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2016 RENCONTRES DE MORIOND
The 51st Rencontres de Moriond were held in La Thuile, Valle d’Aosta, Italy.

The ﬁrst meeting took place at Moriond in the French Alps in 1966. There, experimental as well as
theoretical physicists not only shared their scientiﬁc preoccupations, but also the household chores.
The participants in the ﬁrst meeting were mainly french physicists interested in electromagnetic interactions. In subsequent years, a session on high energy strong interactions was added.

The main purpose of these meetings is to discuss recent developments in contemporary physics and
also to promote eﬀective collaboration between experimentalists and theorists in the ﬁeld of elementary
particle physics. By bringing together a relatively small number of participants, the meeting helps
develop better human relations as well as more thorough and detailed discussion of the contributions.

Our wish to develop and to experiment with new channels of communication and dialogue, which was
the driving force behind the original Moriond meetings, led us to organize a parallel meeting of biologists on Cell Diﬀerentiation (1980) and to create the Moriond Astrophysics Meeting (1981). In the
same spirit, we started a new series on Condensed Matter physics in January 1994. Meetings between
biologists, astrophysicists, condensed matter physicists and high energy physicists are organized to
study how the progress in one ﬁeld can lead to new developments in the others. We trust that these
conferences and lively discussions will lead to new analytical methods and new mathematical languages.
The 51st Rencontres de Moriond in 2016 comprised three physics sessions:
• March 12 - 19: “Electroweak Interactions and Uniﬁed Theories”
• March 19 - 26: “QCD and High Energy Hadronic Interactions”
• March 19 - 26: “Cosmology”
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Celebrating the 50th anniversary
of the Rencontres de Moriond

Personal memories on how particle physics apparatus and experiments evolved in
the 50 years since the ﬁrst Moriond
Jacques Lefrançois
Laboratoire de l’Accélérateur Linéaire,
Centre Scientiﬁque d’Orsay, BP34 - Bat 200
91898 Orsay, France

After recalling memories of the ﬁrst Moriond sessions in 1966, a description of the evolution of
particle physics apparatus over the past years is given. Examples are given on this evolution
and especially on the concept and realisation of General Purpose Detectors.

1

Introduction

I underline in the tittle the “personal” since I hope that the ﬂavour of the evolution is correctly
given, but clearly the choice of the examples reﬂects a bias in my experience. Before embarking
in the overview I will give a few memories of the ﬁrst Moriond in 1966.
2

Moriond - 1966

The idea of the meeting was to encourage and improve communication between the experimental
physicist based at LAL Orsay and the theoretical physicist which were based in LPTHE, a theory
laboratory about 100 meters away. At the meetings we were only about 20 physicists (shared
about equally between the two labs) with 2 secretaries a few spouses and babies. There were
only 2-3 physicists from other labs. We had rented a big “chalet” in a ski station, Moriond,
which was close to Courchevel. We were sharing the practical things: cleaning, cooking, dish
washing etc... Experimentally, I can vouch that discussing with a theorist when jointly washing
dishes is as productive as doing discussions in a chairlift or tele-cabin. Of course some meals
were better than others and I remember a delicious Vietnamese meal prepared by a team of a
theorist (Jean Tran Thanh Van) and an experimentalist (Nguyen Ngoc Hoan).
We had our ﬁrst “not too serious” casualty: a three days snow blindness of an experimentalist
who thought his youth in a south country had trained his eyes to be sun-resistant!
I remember I enjoyed presentation by Michel Gourdin on how one could calculate polarisation
of recoil protons due to two photon exchange in e-p scattering but strangely I also learned about
what other young physicist from my own lab were doing.
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We discovered experimentally how eﬃcient for communication was this functioning of essentially living in the same place and having ample time for discussions. This is at the core of
what has become known as the “Moriond spirit”.
Actually, I enjoyed the meeting so much that I remember I was shocked at ﬁrst by the
conclusion speech. This speech was done by a senior physicist from LAL, Pierre Lehman, who
later became director of Dapnia (Saclay) and after of IN2P3. He insisted that we had discovered
a very good idea but it made no sense to just repeat it (I was 29 at the time... and I thought
why can’t we continue?). He therefore said we should clearly open the meeting to other labs
and therefore adapt to these inevitably larger meetings.
Of course he was right and, with the wonderful guidance of Tran and a few colleagues,
Moriond steadily grew to what it is today, but in my opinion keeping its speciﬁcity of casual
atmosphere, easy discussion and very fruitful encounters.
3

Early Particle Physics Apparatus

I will cheat a bit and deﬁne early as 1959 when I started my thesis at the Harvard Synchrocyclotron. In those days, particle physics experiments were done by two types of instruments, and
very often (almost always) experimental physicist specialised in one of the two types.
There were ﬁrst “visual device” experiments using initially cloud chambers and then bubble
chambers after their invention in 1952. The information was very detailed and complete, one
could follow each particle track in a reaction and measure angles and momenta of all particles
involved in a reaction, the granularity was excellent. However the technique was not ﬂexible,
going from one experiment to another consisted most of the time of changing the incident particle
type or momentum. The liquid in the bubble chamber was the target and detector, Hydrogen
very often, or Heavy Liquid (Freon) if one was interested in a higher mass or of observing
photons through their conversions. Also these bubble Chamber experiments were rather low
rates; typically there was one event (one picture) per accelerator cycle (every few seconds) with
only typically 10-20 incident particles per picture. This technique had wonderful successes in the
studies of resonances or new particles, like studies of vector mesons or discovery of the Ω-baryon
(1964) which was a breakthrough in the acceptance of the SU3 symmetry (1961) and the quark
model. Another great success of this technique was the discovery of neutral current (1973) by
the study of neutrino in the heavy liquid bubble chamber Gargamelle at CERN.
The other main technique in the early days was non visual, it was called counter experiments.
It used scintillators of various shapes and numbers read by photomultiplier tubes (PMT) . These
set up could study decays of particles or scattering in a target. The advantage was the ﬂexibility,
the array of counters could easily be displaced or modiﬁed one could add Cerenkov counters
when needed to identify incident or scattered particles. The other advantage was the great rate
possible consistent with the secondary beam from the accelerator of thousands or even million
particles per accelerator cycle. However the granularity of the technique was limited by the
high price of the PMT and therefore very bad, a typical set up would rarely have more than
100 PMTs. Nevertheless these techniques were quite useful to measure cross sections or for
example to discover the existence of the antiprotons in 1955 or study electron scattering using
spectrometer magnets.
4

The rise and fall of the Spark Chambers

The techniques of the counter experiments changed completely after the invention of the Spark
Chamber in 1959. It was a rather simple device; there was an assembly of plates (or later surface
of wires) with a gap of about 1 cm. Upon the detection by counters of a possibly interesting
event, a short high voltage pulse is applied across the gap (about 10KV/cm), the gas between
the plates being most of the time an Helium Neon mixture. Then sparks form at the position
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of the ionisation left by the particles tracks, and the succession of sparks form a trajectory.
The light from the sparks is intense enough to be photographed by a simple ﬁlm camera. A
very important point, is that a permanent clearing ﬁeld of about 100 volts/cm was applied to
the gaps, this cleared the ionisation electrons from previous tracks in about 1 microsecond, as
a consequence, compared to Bubble Chambers, one could have a much higher rate of incident
particles (104 or 105 /s). However the rate at which events could be recorded was limited to
typically 1-10/sec both by the speed of the cameras and by the time needed for meta-stable
atoms left by the sparks to disappear (otherwise electrons released by these atoms would create
false sparks in the next event).
The idea spread like ﬁre, it allowed the counter experiments to become visual, while keeping
their ﬂexibility. The chambers were quite inexpensive and fast to built, most counter physicist
incorporated them in their apparatus, while the Bubble Chamber technique continued in parallel
until the 80’s. In the following sections a few examples of the impact of this new type of detector
are given.

4.1

An early example, the neutrino experiment at Brookhaven

The experiment initiated by L. Lederman, M. Schwartz and J. Steinberger was done in 1961
with a beautiful apparatus of 10 tons of Aluminium plate spark chambers, therefore only two
years after the invention of the technique (Fig.1). As it is well know, the experiment allowed to
prove that the neutrino ﬂux (mainly produced from pion decays (π → μ + ν)) created mostly
muons in their interaction in the chambers, not electrons, and therefore that νμ = ν e . Typical
ν interactions are given in Fig.2, while typical events with electrons taken in a cosmotron e−
beam are shown in Fig.3.

Figure 1 – The Spark chamber apparatus of the neutrino Brookhaven
experiment

Figure 2 – A typical picture of neutrino interaction in the spark chambers. One can see clearly the long
muon tracks

Figure 3 – Example of electron interactions in the spark chambers.
One can see the shower like aspect distinguishable from the muon
tracks of Fig. 2

It is clear from these ﬁgures that it is very diﬃcult to imagine how the experiment with
the needed mass and granularity would have been possible before the invention of the spark
chambers.
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4.2

The initial apparatus on ACO e+ e− ring in Orsay

The ﬁrst e+ e− ring ADA was built in Frascati and after initial test moved to LAL Orsay in 1962
to use the Orsay Linac as injector. This is were the ﬁrst e+ e− collisions were observed. Then
projects to build e+ e− rings for analysis of the annihilation physics started at Orsay (ACO),
Novossibirsk (VEPPII), Frascati (Adonne), and SLAC (SPEAR). Again without the invention
of spark chamber it is diﬃcult to imagine an eﬃcient detector, in those years. The ﬁrst ACO
detector built in 1962-1965 is shown in Fig.4. Plane optical spark chambers were used, the ﬁrst
3 layers were thin aluminium plate chambers to deﬁne the trajectory. The next layers were 1.5
cm brass plate, in this way e+ e− → μ+ μ− and e+ e− → π + π − events could be separated by the
range of the tracks, e+ e− → e+ e− events were identiﬁed by the showers of the electrons in the
brass plates. The solid angle was rather limited but this apparatus allowed good measurements
of the parameters of the ρ0 resonance produced in the reaction e+ e− → ρ0 → π + π − .

Figure 4 – The ﬁrst detector at the ACO storage ring. The thin plate spark chambers measured the particles
angles. The thick plate chambers allowed to indentify e, μ, π by range for μ and π or showering tracks for
electrons. The absorber above stopped all products from the interaction, while a scintillating counter on top, in
anticoincidence, allowed to veto cosmic ray background.

4.3

The ϕ3C detector at ACO

After the initial data taking at ACO with the detector shown in Fig.4 another specialised
detector was built to study the reaction e+ e− → ϕ0 → k + k − . The kinetic energy of the
kaons (and therefore their range) was very low (about 17 MeV) and the thickness of the ACO
vacuum chamber and of the spark chambers had to be very thin. Than in 1969, 1970 another
detector, ϕ3C, was built. The apparatus is shown in Fig.5 . It is clearly more complex than
the ﬁrst detectors, it could nevertheless be conceived and built in about 2 years. In this case
the chambers were cylindrical allowing to more than double the eﬀective solid angle observed
(0.6X4π vs 0.25x4π for ﬁg 4) To obtain this cylindrical shape , the chambers were made of
2mm low density foam material with Mylar and aluminium foils glued on each side. After
the gluing in an iron cylinder of the proper radius, the chambers thus obtained were light and
rigid. The registering of the sparks was still optical and therefore a hole had to be left in ϕ to
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observe the r-z view . After the ﬁrst layers used to measure the tracks there were 11 cylindrical
0.5x/x0 lead sheets between each layers, thus allowing to materialize photons in reactions like
e+ e− → ϕ0 → η 0 γ → 3γ or e+ e− → ω 0 or ϕ0 → π + π − π 0 → π + π − γγ.

Figure 5 – The ϕ3C detector at the ACO storage ring. Through a 45◦ opening it was possible to photograph the
r-z view. One can see the layers of spark chambers, 2mm lead sheets and scintillation counters.

At these low energies it was suﬃcient to observe the particle angles since, using the 4
kinematical constraints, events, of the type e+ e− → 4 particles or less, can be reconstructed. A
typical event is shown in Fig.6. The data obtained was purely “optical”, in other word the ﬁlm
was the data storage medium and if extra information had to be recorded for each event, this
was coded in little lamps which were photographed with the events as can be seen in Fig.6.

Figure 6 – One can see in Fig 6a the r-ϕ and r-z view a typical event of the type e+ e− → π + π − π 0 → π + π − γγ,
note the small lights photographed with the event that allow to localize the scintillation counters that registered
the passage of particles. To guide the eye the schematics of the event is given in ﬁg 6b
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4.4

The advent of non-optical Spark Chambers

As shown in the preceding paragraph on the ϕ3C apparatus, early spark chamber apparatus
were purely visual. This had the inconvenient that each picture had to be scanned and measured
by physicist or professional scanners, which was a huge task when the data reached the millions
of pictures. In the early 70’s, techniques were invented to code the spark location information
but the use of these techniques had to wait for the arrival of the DAQ computers. Of course
computers existed since the end of the 50’s (or even before) but were not built to receive data in
real time, organise it and copy the output to a storage medium usually magnetic tape. I remember my ﬁrst use of a DAQ computer was a Varian in 1972 and its core memory was 12 Kilobytes
(this probably seems incredible to younger physicist with their smart-phones advertising 10’s
of Gigabytes of memory). The memory was made with small ferrite torus , one torus per bit!
Hence 4 Kbytes was about 10X10x10 cm3 . I remember these numbers since the memory being
too small we had to plead to IN2P3 for a special allowance to buy an extra 4 Kbytes at a cost
of about 20 thousand French Francs!!!
A ﬁrst idea for coding the sparks’ positions was to install microphones at the four corners of
a plane spark chamber; from the time of arrival of the sound of the sparks in the microphones it
was possible to calculate the positions even in the case of more than one spark. Other techniques
were invented, however the technique that had the biggest impact was the magnetostrictive wire
technique. In this case the surfaces of the spark chambers cathodes were made of wires, these
wires carried the spark current to the edge of the chambers, a magnetostrictive wire was placed
orthogonal to the cathode wires just at the edge, the cathode wires current induced a magnetic
ﬁeld and then a sonic signal in the magnetostrictive wire, this signal was then detected at the
end of the wire in the corner of the chambers and from its arrival time the position of the cathode
wire carrying the current could be calculated. Stereo wires conﬁguration allowed in the case of
cylindrical chambers to obtain the Z coordinates of the sparks.
4.5

MARK I at SLAC

The MARK I detector was designed as part of the program to build the 3GeV+3GeV Spear
e+ e− collider at SLAC. It is shown on Fig.7. It started its operation in 1973, and it is probably
the most productive detector in particle physics history co-discovering the J/Ψ, and discovering
the Ψ’, charm particles, tau lepton, spin 1/2 of quarks, etc...

Figure 7 – The overall view of the MARK I detector (left) and the detailed transverse view (right). Note the
structure that is quite close to what has become a classical structure at colliders, the cylindrical shape the
solenoidal ﬁeld etc...
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Its design has now become classical for apparatus at colliders with its solenoid and cylindrical geometry but it was very innovative at the time, the most important innovation was
the insistence that the most eﬀective apparatus at a collider was a general purpose detector
(GPD). A second collision point at Spear allowed for the use of specialised detectors but they
were never as productive as MARK I. The MARK I tracking was performed by magnetostrictive
spark chambers and the detector included shower counters and muon detectors. It should be
noted however (according to the users themselves) that the shower counters to detect gammas
or identify electrons were not of very good performance, lacking in granularity and resolution.

4.6

The drawbacks and end of the Spark Chambers

Even after the invention of non optical-readout, there were still some drawbacks, ﬁrst the data
rate was limited as mentioned at the beginning of section 4, another problem was the diﬃculty
in case of multi-particle events, it was quite diﬃcult to insure that the diﬀerent sparks shared
equally the available charge, often one sparks would start slightly sooner and rob all the energy.
This problem was somewhat alleviated with chambers made of wires (like the magnetostrictive
spark chambers) since the resistance of the wires played a role in equalizing the energy. I
remember that for the ϕ3C chambers (that were optical spark chambers) we added a dopant
in the Helium Neon gas to increase the resistance of the sparks and keep good multi-sparks
eﬃciency. Then in 1968 Georges Charpak invented the MWPC, as usual the invention was
possible since the technology available had evolved; in this case the cost of ampliﬁer was dropping
rapidly and the integrated circuit needed started to arrive. With this new device the problems
of rates and of multi-tracks eﬃciency were much smaller, and therefore it signalled the end of
the spark chambers within 3 to 6 years.

5

The development of General Purpose Detectors

It may seem strange to younger physicist who have always known the GPD, but it is a concept
that took some time to arrive in particle physics. In a certain sense, the Bubble Chamber
experiments were using the same instrument which could be called “general purpose” whether
using it with antiproton beam or kaon beam etc..., high energy beam or particle at rest etc...
However typically in the 60’s and 70’s, counter experiments at the PS and SPS at CERN
were proposed for a precise aim and, if approved by the experimental committee, a dedicated
apparatus was built and then a certain beam period was allocated. (The procedure was similar
at Brookhaven and and Fermilab) The criteria for a good detector were therefore simple, it was
the adequacy with the declared purpose. This is of course simpler to optimise, for example if
you want to study the ratio of decay rate π → eν/π → μν , it is rather simple to understand the
criteria. Even when e+ e− colliders were developed, initially the procedure was similar, as was
discussed above at ACO with a succession of dedicated apparatus obtaining each 12 to 18 months
of data taking. The Adonne collider at Frascati had similarly a series of dedicated detectors but
a greater number could be operated in parallel. As explained above, the fantastically successful
MARK I detector was an exception in that respect.
In the early 70’s, the idea of GPD started to be discussed, actually there is already in 1968
a proposal for a large magnet and spark chamber system to be installed in the west area of the
CERN PS which became the Omega spectrometer, and in 1969 a GPD for the ISR at CERN
was proposed, the Split Field Magnet (SFM).
But there was a subtle diﬃculty with GPD: contrary to dedicated system, the proponents
had to guess also the main physics questions to be covered at later time by the GPD and a good
example of this diﬃculty is the SFM.
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5.1

The SFM

The ISR was the ﬁrst collider with proton beams the beam energy was about 30+30 GeV. In 1968
and 1969 SLAC deep inelastic e-p scattering had shown that there were point-like constituents
inside protons, however all hadronic interaction experiments up to then had shown that the
products had limited transverse momentum (Pt) with cross section decreasing exponentially
with Pt. Therefore the aim of the SFM apparatus, proposed in 1969 and operational in 1973,
was to be able to measure accurately high energy and limited Pt particles. The device is
shown Fig.8. The technique for the tracker was very ambitious, proposing in 1969 to use the
Charpak MWPC that had just been invented in 1968, and use them in large quantities almost
105 channels!!! The magnet design seemed a very clever idea, it used vertical ﬁeld and the two
halves had ﬁeld in opposite directions, this minimized the required amount of iron and also
partially cancelled the eﬀect of the SFM ﬁeld on the stored protons. This was an excellent
design for forward or backward reactions but there was no ﬁeld at 90◦ and therefore the SFM
was essentially blind in this region. However it turned out that by the time of the start of the
detector the most important physics was the study of high Pt phenomena around 90◦ !

Figure 8 – Above, the side view of the Split Field Magnet detector at the ISR. Below a top view of a schematics
of the MWPC layout is shown.

5.2

Examples of other ISR detectors

There had been other proposals for the ISR GPD, optimised for central physics, but they were
turned down by the experiments committee in favour of the SFM.
Luckily other speciﬁc detectors optimised for the central region were approved however they
were less eﬃcient, using magnetostrictive spark chambers instead of MWPC. As an example
the CCR (CERN Columbia Rockfeller) and CCRS (same+ Saclay) are given in Fig.9. Such set
up did very good physics on high Pt studies of hadrons or electrons but its limited data taking
rate prevented the threshold in Pt to be low enough to see the J/Ψ. This was certainly a lesson
learned for future collider detectors.
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Figure 9 – This was the apparatus of the CERN Columbia Rockefeller (CCR) experiment at the ISR. As shown this
apparatus was well adapted to studies of high Pt particle production around 90 in the center of mass system. (left)
This represents the CCRS apparatus (CCR+Saclay) it was a further evolution of the CCR detector, nevertheless
both detectors still used spark chambers as tracking detectors.(right)

6

The CERN ppbar collider and the GPD UA1 and UA2

Everybody knows the story of the CERN ppbar collider and the discovery of the W and Z,
nevertheless it is interesting to look at the detectors UA1 and UA2 as example of the evolution
of GPD. In this case the main physics motivation was clear: the discovery of the W and Z
and this required good momentum/energy measurement, good lepton identiﬁcation, complete
detector for missing pt measurement ( a new concept), this was very well done and the results
speaks for itself. The apparatus UA1 and UA2 are shown in Fig.10 and 11. UA2 was a less
complete (and less expensive!) detector with no magnetic ﬁeld in the central region the ﬁeld
being only in the forward backward region to have access to the predicted charge asymmetry in
W decay produced in ppbar collisions, the lack of ﬁeld meant UA2 could not study decays of W
and Z to muons certainly a rate handicap. However the calorimeters (ECAL and HCAL) had
a tower structure with a reasonable granularity in θ and ϕ which is now “classical” in collider
experiments.
The UA1 detector had a vertical magnetic ﬁeld a very complete acceptance for the tracker
and calorimeters however the calorimeters had a rather coarse granularity both for HCAL and
especially for the ECAL that was built as “gondola” having in ϕ a granularity of π/2. This had
an impact on the observation of jets in ppbar collisions.
Before mentioning this measurement, one has to realize that jets had been seen and studied at
e+ e− colliders before at SPEAR and PEP and PETRA, however they had not been seen in a
convincing way in hadronic collisions, neither at the ISR nor in ﬁxed target experiments at the
SPS or Fermilab. For example at the SPS the NA5 experiments was built with an ensemble
of tower calorimeter cells to trigger in an unbiased way on total transverse energy, hoping to
observe jets. However the energy was too low (about 20 GeV in the center of mass) and therefore
the trigger selected only high multiplicity events without clear structure.
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Figure 10 – Overall view of the UA1 apparatus (left) and detailed view of the calorimeter part. (right)

Figure 11 – The polar view of the UA2 apparatus (left) and the ϕ view (right). Note the insertion in ϕ of a
special region to allow an analysis with a magnets for a fraction of the particles produced around θ = 90◦ in the
center of mass; this system was removed after initial data taking in favor of a detector uniform in ϕ.

While the UA2 experiment, could present at the ICHEP 1982 the results with a similar trigger
on the sum of transverse energy obtained in the calorimeter. This is shown in Fig.12 and 13
and was a clear ﬁrst evidence for the observation of Jets in hadronic collisions. UA1 succeeded
after, to do similar jet studies but nevertheless, the clear lesson was that high energy physics
would be dominated by jet studies and this therefore required good granularities of the trackers
and calorimeters.

Figure 12 – Angular distribution of an event with
the sum of transverse energy equal to 150 GeV .
The jet structure of the event is obvious.

Figure 13 – The fraction h of the total transverse
energy of events measured in one (open circle) or
in two jets (ﬁlled circles). When Et is greater than
80 GeV, on average about 80% of the Et is found
in two clusters.
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7

The LEP detectors

The LEP detectors ALEPH DELPHI L3 OPAL were built in ﬁve years 1983 to 1988. By then
the understanding on how to build GPD had improved a lot. This does not mean the apparatus
were identical and some were better adapted to part of the physics, this reﬂected in measurement
errors of physics parameters which could vary up to sqrt(2) from one experiment to another.
Of course the correct optimisation of the detectors reﬂected also the fact that, contrary to the
situation at the ISR for example, the expected physics was far better understood, and sadly
there were no major surprises! For examples if series of onium resonances had existed at 70
GeV then the Bismuth Germanate (BGO) ECAL modules of the L3 experiment with its better
accuracy at low photon energy would have played a major role, so the question was still relevant:
a General Purpose Detector is never fully general so is the one you want to build general enough
for the physics you think will happen.
It was clear that the physics was going to be in form of high energy jets i.e. closely spaced
particles (even more closely spaced in the case of Z → τ + τ − → few particles with high energies)
so it was obvious that granularity was important ALEPH and DELPHI made it a key point
in their choices. Their track detectors were TPC’s giving points along the tracks in space and
therefore excellent multi-track eﬃciency.
The calorimeter granularity was also an important argument and the ALEPH ECAL had
70,000 towers with 3 readouts in depth. An interesting observation is that while Liquid Argon
ECAL had been used at the ISR, SPS, PETRA etc... no such detectors were built at LEP. At
least for ALEPH, I know that the argument was the limited granularity possible for the lead
liquid Argon sandwiches (because of mechanical construction diﬃculties) : the energy resolution
would have been better compared a detector of lead MWPC sandwiches that was chosen but
the better granularity of this latter design was the key arguments. As you know the argument
changed at the LHC after the invention of the accordion structure for the ATLAS ECAL that
allowed to obtain high granularity in Liquid Argon detectors.
The detector granularity turned out to be a very important at LEP, not only it eased studies
of particles in jet or from tau decays but it allowed also the development of the particle ﬂow
technique to measure in a superior way the energy and angle of jets.
One new development arrived at LEP, the Silicon Vertex Detectors. Silicon detectors had
been invented and used before LEP but it was clearly still a quite diﬃcult technique in the 80’s
and their installations were delayed for all four experiments until 1991-1992
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The LHC detectors

The information, on these detectors, being very recent and therefore well known by most listeners
or readers I will be brief. The motivation for the GPD ATLAS and CMS apparatus choices did
not change in a major way compared to detectors at the Fermilab collider or compared to LEP
detectors. The aims continued to be completeness, hermiticity, granularity and accuracy. This
did not mean there were no innovations: I have already mentioned the accordion technique for
the ATLAS ECAL but one can also mention, among others, the tracker of CMS made only of
Silicon or the use of RICH for particle identiﬁcation in LHCb.
But, in my opinion, the biggest breakthrough, compared to previous experiments, is the key
role played by the large computing farms. This is not to say these farms did not exist before but
now they are playing an essential role in the event selection, the power of those farm allowing
far more complete event reconstruction than before and therefore for more subtle triggers. They
also allowed an event data collection rate which is indeed remarkable.
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9

Conclusion and the future

The opinion of an experimentalist who started to built his ﬁrst apparatus 57 years ago is probably
not the most relevant to think of the future, nevertheless let me give a few worries I have when
thinking of what future apparatus will be.
The main one is linked to the greater and greater time that exist now between ﬁrst design
of a future project and the actual construction, we are certainly far from the 2 years to build
the spark chamber apparatus of the neutrino experiment mentioned in section 4.1, the worry is
that, because of this, apparatus would not proﬁt from the best ideas available at the construction
time. Can we design apparatus years before construction time and nevertheless keep ﬂexibility.
Another worry is that the qualities of the most recent detectors have been obtained at
the cost of a notable increase in the amount of material in the trackers. This is certainly not
optimum! Will we succeed in building lighter detectors?
Another point which is more a hope than a worry is the advent of large scale very fast
detectors, timing of the order of 50 picoseconds are envisaged, if this is achieved it will certainly
have an important impact.
Seeing what was achieved over the past years is certainly a good reason of hope for the
future.
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FIFTY YEARS THAT CHANGED OUR PHYSICS
Jean Iliopoulos
ENS, Paris

As seen through the Moriond meetings

1

Introduction

Going through the Proceedings of the Moriond meetings, from 1966 to 2016, we have a panoramic
view of the revolution which took place in our understanding of the fundamental interactions.
As we heard from J. Lefrançois, these meetings started as a gathering among a group of friends
who loved physics and loved skiing. Through the years they became a major International
Conference, still trying to keep part of the original spirit. The driving force behind this evolution
has been our friend Jean Tran Than Van and this Conference is one of his many children. In
1966 Jean was ﬁfty years younger and for a young man of that age ﬁfty years is eternity. These
years brought to each one of us their load of disappointments and sorrows, but also that of
achievements and successes. We witnessed the birth and rise of the Standard Model and our
greatest joy is to be able to say I was there!
Four years ago you discovered the last piece of this Model and, hopefully, this will open the
way to new and greater discoveries. I wish all the young people in this room to be able to say,
ﬁfty years from now, I was there!
The twentieth century was the century of revolutions in Physics. Just to name a few:
Relativity, Special and General – Atoms and atomic theory – Radioactivity – The atomic nucleus
– Quantum Mechanics – Particles and Fields – Gauge theories and Geometry.
Each one involved new physical concepts, new mathematical tools and new champions. Some
of these revolutions were radical, others were conservative. Here, I will talk about the last two:
Particles and Fields – Gauge theories and Geometry. They were conservative: things changed
just enough so that they could remain the same. Yet, they inﬂuenced profoundly our way of
looking at the fundamental laws of Nature. Not surprisingly, they were mostly rejected by the
champions of the previous revolutions.
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In this talk I will concentrate on the work done during the early Moriond meetings, essentially
the 1960’s and the early 1970’s. I will cover: (i) the foundations of the Electroweak theory, (ii)
the Renormalisation group and QCD and (iii) the importance of quantum anomalies.
2

The story

I start from the early Moriond meetings:
Moriond 1966: 20 Participants – Almost all talks were in French – The subjects were mostly
of local interest, such as: Photoproduction, Electroproduction, The deuteron, Some projects for
e+ − e− physics.
Moriond 1967: 32 Participants – Still most talks were in French – The subjects expand to cover
topics from the main stream of international research: Analyticity, Regge poles, Bootstrap,
CP -violation, Quark model.
Moriond 1968: 39 Participants – Still most talks were in French – The subjects cover practically all the international research: Analyticity, Regge poles, CP -violation, Weak interactions,
Current algebras.
As you can see, the science became almost immediately fully international. The point which
took longer to follow was the language.
3

The scene

In the 1960’s there were two main lines of research in theoretical high energy physics: (i)
The analytic S-matrix theory, which was the dominant subject. (ii) Symmetries and Current
Algebras, Weak Interactions and CP -violation, which were some secondary subjects. Quantum
Field Theory was noticeable mainly by its absence. A totally marginal subject.
The title of this talk could have been: Quantum Field Theory strikes back, but, instead I
want to show that our present ediﬁce is built on results coming from all three lines of research
and each one contributed its fair share to it.
• The analytic S-matrix theory. The suggestion to use the scattering matrix to formulate
the theory of fundamental interactions goes back to John Archibald Wheeler (1911-2008) in
1937 and it was further expanded by Werner Karl Heisenberg (1901-1976) in 1943, but it is
only in the late 1950’s and early 1960’s that it was developed as an alternative to quantum
ﬁeld theory. It is motivated by the fact that, in elementary particle physics, practically all
information is obtained through scattering experiments, so one should formulate a theory in
which the scattering amplitudes are the fundamental objects. This approach was developed by
Geoﬀrey Foucar Chew, Stanley Mandelstam, Tullio Eugenio Regge (1931-2014) et al. The basic
object is the S-matrix which is assumed to satisfy certain axioms. They include the obvious
ones: (i) Unitarity, (ii) Poincaré invariance, (iii) invariance under possible internal symmetries,
(iv) crossing symmetry, but also more speciﬁc ones, such as: (v) Maximum analyticity. This
is the main new axiom in the theory. It can be formulated intuitively as the requirement
that the Lorentz invariant functions representing a scattering amplitude are analytic functions
of the external momenta with only those singularities imposed by unitarity. The trouble is
that, although it is easy to give speciﬁc examples of this axiom, the precise mathematical
formulation for the general case, as well as its self-consistency, have remained somehow vague.
(vi) Polynomial boundedness. This axiom is necessary to write multi-dimensional dispersion
relations. It states that the amplitude, considered as a function of several complex variables, is
bounded at inﬁnity by a polynomial at any complex direction. Although easy to formulate, it is
not easy to study mathematically. In particular, it is not known under which conditions it may
follow from the general axioms of quantum ﬁeld theory.
The ﬁrst dispersion relations in particle physics were written in the United States between
1955 and 1957. Soon afterwards, in 1958, Stanley Mandelstam extracted from the square dia-
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gram in φ3 quantum ﬁeld theory the analyticity properties of the two-particle elastic scattering
amplitude as a function of two complex variables, energy and momentum transfer. He wrote a
double dispersion relation which remained in the literature as the Mandelstam representation.
A second most inﬂuential result of this period is the one ﬁrst obtained by Tullio Regge in
1959. He studied the properties of potential scattering using the Schrödinger equation in which
one can compute, in terms of the potential V , the partial wave amplitudes fl (E), where E is
the incident energy and l = 0, 1, 2, ... the value of the angular momentum. Regge showed that
there exists a unique function F (J, E) with well deﬁned analyticity properties in the complex
J plane and which, when J takes integer values J = 0, 1, 2, ..., coincides with the partial wave
amplitudes: F (J, E)J=l = fl (E). The extension of this result to the general relativistic case
is based on an assumption about the asymptotic behaviour of the amplitude for large J and
uses a mathematical theorem by Carlson. It was done by André Martin, a regular contributor
to the Moriond meetings. One of the practical results of Regge theory was the proof that the
high energy behaviour of the scattering amplitude could exhibit a non-trivial dependence on the
momentum transfer.
The Mandelstam representation on the one hand and the Regge behaviour on the other,
became soon the corner stones of the analytic S-matrix theory. This approach, which from
exaggerated heights of almost religious faith, fell into totally unjustiﬁed depths of oblivion, gave
nevertheless rise to many fundamental concepts in high energy physics some of which I want to
mention brieﬂy here. This approach has been a constant subject in the Moriond meetings of the
sixties and seventies.
1) Cutkosky unitarity relations. They are presented in Figure 1. It is not really a new
concept but rather a method to compute amplitudes in a more eﬃcient way and many complex
QCD calculations done today are inspired from these relations.

a

a

a

a

A

A

Figure 1 – The Cutkosky cutting rules: The imaginary part of a Feynman diagram can be computed by: (i)
Cutting the diagram in all possible ways. (ii) For each cut replacing the cut propagators by the mass-shell delta
functions. (iii) Integrating each time over the corresponding phase-space. (iv) Summing over all possible cuts.
The value of the entire diagram can now be obtained by a dispersion relation.

2) Duality. Historically this concept was introduced in 1967 through the work of R. Dolen, D.
Horn and C. Schmid. It is the dual resonance model shown schematically in Figure 2. When the
momentum transfer t is suﬃciently small, the amplitude can be written as a sum of contributions
from s-channel resonances. Similarly, if s is suﬃciently small, it may be written as a sum of
t-channel resonances. Attention: We are not supposed to sum over s and t channel resonances,
as we would if these were elementary particles in a ﬁeld theory. The entire amplitude is given as
a sum in either s, or t channel. There exist two equivalent descriptions of the same amplitude,
hence the name ”duality”.

Figure 2 – The sum over s-channel resonance equals that over the t-channel ones.
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This concept turned out to be fundamental in most modern developments of quantum ﬁeld
theory and string theory.
3) The Veneziano amplitude. This brings me to one of the most inﬂuential papers of the
late sixties, the celebrated 1968 article by Gabriele Veneziano. The title is: Construction of a
crossing-symmetric, Regge-behaved amplitude for linearly rising trajectories. Usually one starts
from a dynamical model, for example a ﬁeld theory, and computes the scattering amplitude.
Veneziano did the opposite: He guessed a very special form and postulated it directly at the
level of the amplitude, without asking the question of the existence of an underlying theory
which would give rise to such an amplitude. The form is:
A(s, t) ∼

Γ(−1 + s/2)Γ(−1 + t/2)
Γ(−2 + (s + t)/2)

(1)

where the Γ functions are the ones which generalise the notion of the factorial. Γ(n) = (n − 1)!
for positive integer n. They are analytic functions of their argument with simple poles for
n = 0, −1, −2, ... This extremely simple form has almost magic properties. It is crossing symmetric by construction, the singularities of the Γ functions reproduce a spectrum of particles
lying on linearly rising Regge trajectories and it has the correct Regge asymptotic behaviour.
Most important, it exhibits the property of duality: the sum of Regge exchanges in the cross
channels gives rise to the resonances in the direct channel. This model was the basis of an
entire branch of theoretical physics, that of dual models and string theories. Initially, it was
meant to be a theory for hadronic physics and gave rise to phenomenological models such as
the Lund model, but it was soon realised that it contains a version of quantum gravity. Out
of its study emerged new fundamental concepts, such as supersymmetry, inﬁnite dimensional
algebras, or two dimensional conformal ﬁeld theories, whose importance transcends the domain
of high energy physics. Incidentally, let me point out that the Veneziano amplitude was written
in the fall of 1968 and it was presented in the Moriond session of 1969.
• Symmetries and Current Algebras, Weak Interactions and CP violation. The subject is
very vast and its review goes far beyond my competence. Let me just point out some milestones
before coming to more recent developments.
1) Space-time and internal symmetries. The space-time symmetries go back to the dawn of
science with the ﬁrst direct reference found in Euclide’s Elements. Internal symmetries have a
much more recent origin. In 1932 Heisenberg introduced a kind of incomplete isospin symmetry
for the nuclear forces. The complete picture is due to Nicholas Kemmer, who, in 1938, wrote
down what we call today the Yukawa interactiona , as:
LI = g Ψ̄(x)τ · π(x)γ5 Ψ(x)

(2)

As a last step I want to mention a little known work of Fermi’s: In 1951 he used a simple
isospin argument in order to deduce the I=3/2 dominance in 140 MeV pion nucleon scattering.
It was the ﬁrst time that results of this kind were obtained in particle physics from symmetry
principles alone, independently of any detailed dynamical model. From this time Symmetry
became the name of the game. It entered the world of particle physics and proved to be the
most profound and most powerful concept.
I have discussed elsewhere the history of gauge symmetries, so I will skip this part here.
2) Higher internal symmetries. With the discovery of strange particles it became obvious
that isospin symmetry ought to be extended to a higher group. Going from SU (2) to SU (3)
a
Today we know that pions are pseudoscalars, but Kemmer did not know it. In fact in 1938 there was evidence
for the existence of a charged Yukawa meson, although, as it turned out, it was the muon, but there was no
evidence for a neutral one. Kemmer understood that isospin symmetry required such a neutral meson and in
1940 S. Sakata and Y. Tanikawa remarked that it could have escaped detection because it could decay into two
photons with a very short life time. It is precisely what it turned out to do. So, π 0 is the ﬁrst particle whose
existence was predicted as a requirement for an internal symmetry.
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sounds like a natural step but, in fact, it was not. SU (2) is realised in a simple way with the
nucleons belonging to the fundamental two-dimensional representation. The direct generalisation would yield a triplet (p, n, Λ). This scheme was ﬁrst proposed in 1956 by Shoichi Sakata
but it was disproved by the data. The correct solution was found independently by Murray
Gell-Mann and Yuval Ne’eman in 1961 and it is known as the Eightfold Way. It assigns mesons
and baryons in 8 and 10 dimensional representations of SU (3) leaving the fundamental triplet
empty. Its most important early success was the Gell-Mann – Okubo mass formula which predicted the existence of the Ω− . This representation pattern, together with the proliferation of
“elementary” particles, led some theorists to wonder whether we were not simply uncovering
another layer of the onion. The quark model was proposed independently by Gell-Mann and
George Zweig in 1964 and became soon quite popular. Since 1967 it has been a constant theme
in many Moriond meetings. Incidentally, one of the main motivations behind the decision by
Victor Weisskopf, then CERN’s Director General, to approve the building of ISR, was precisely
the discovery of quarks. This programme was realised in an unexpected way: ISR did support
the evidence, ﬁrst found at SLAC, for the existence of quarks, although it did not produce them
as physical particles.
3) The Weak Interactions. Following an impressive series of experimental and theoretical
investigations, the weak interaction hamiltonian took the current×current form with the current
being a sum of a leptonic and a hadronic part in the V − A combination:
GF
HI = √ J μ (x)Jμ† (x)
2

;

J μ (x) = lμ (x) + hμ (x)

(3)

This simple and elegant form, not only described all weak interaction phenomena known at
the time, but also led to the discovery of several fundamental symmetry properties in particle
physics, such as chiral symmetry. Its only drawback was the bad high energy behaviour. Already
in 1936 Markus Fierz? computed the cross section for neutrino scattering and found that, at high
energies, it increases with the neutrino energy:
dσ(ν̄ + p → n + e+ ) =

G2F 2
p dΩ
2π 2 ν

(4)

where pν is the neutrino momentum in the centre-of-mass system and dΩ is the element of the
solid angle of the positron momentum. Similar conclusions were reached also by Heisenberg for
the inelastic cross sections. It became immediately obvious that such a behaviour is unacceptable
and this problem haunted weak interactions for many years. It ﬁnally led to the formulation of
a new theory, the Standard Model.
4) Current Algebras. After discovering SU (3), Gell-Mann proposed in 1964 the chiral Algebra of Currents. The symmetry group is assumed to be U (3) × U (3) ∼ U (1) × U (1) × SU (3) ×
SU (3). It has 18 conserved, or approximately conserved, currents out of which we can construct
18 charges, the generators of the group transformations. It is convenient to write them as follows: (i) QV for the vector U (1). (ii) QA for the axial U (1). (iii) QaR for the right-hand SU (3)
and (iv) QaL for the left-hand part, a = 1, 2, ..., 8. In the limit of exact symmetry they satisfy
the commutation relations:
[QaR , QbR ] = if abc QcR

;

[QaL , QbL ] = if abc QcL

;

a, b, c = 1, 2, ..., 8

(5)

with all other commutators vanishing. f abc are the structure constants of SU (3) and a sum
over repeated indices is understood. It is instructive to see the fate of the various group factors:
(i) The vector U (1) remains as an exact symmetry and the corresponding conservation law is
that of baryon number. (ii) The axial U (1) puzzled people for a long time and it took some
years before it was ﬁnally understood that, at the quantum level, the symmetry is broken by
a phenomenon we shall see later, called ”the axial anomaly”. (iii) The SU (3) × SU (3) part is
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spontaneously broken as:
SU (3)R × SU (3)L → SU (3)V

(6)

with SU (3)V being the diagonal subgroup of the chiral SU (3)R × SU (3)L which contains only
vector currents. It is called “the ﬂavour group”. The corresponding Nambu-Goldstone bosons
belong to the 0− octet of ﬂavour SU (3). It was immediately realised that Current Algebra was
a very powerful scheme and for several years it was an important research themeb . Its ﬁrst
success was the Adler-Weisberger relation obtained in 1965. It expresses the weak axial vector
coupling in terms of the pion-nucleon scattering amplitude. A masterful application of the idea
of P.C.A.C. (Partially Conserved Axial Current) giving direct experimental support to chiral
symmetry.
4

Fermi’s theory as a an eﬀective ﬁeld theory

Fermi’s theory cannot be viewed as a fundamental theory because, in technical terms, it is nonrenormalisable. In practical terms this means that, if we write any physical amplitude as a power
series in the Fermi coupling constant GF , every term in the expansion requires the introduction
of a cut-oﬀ parameter Λ. In a renormalisable theory, such as quantum electrodynamics, there
exists a well-deﬁned prescription to take the limit Λ → ∞ and obtain unambiguous results, but
to a non-renormalisable theory the prescription does not apply. The cut-oﬀ must remain ﬁnite
and its value determines the energy scale above which the theory cannot be trusted. This is the
deﬁnition of an eﬀective theory.
• Where is the cut-oﬀ, or the vital importance of precision measurements. Can we estimate an
order of magnitude for the cut-oﬀ? A very simple method is the following: Ordinary dimensional
analysis tells us that a physical quantity A, for example a weak decay amplitude, can be written
in a series expansion as:


∞

2 n−1
(7)
An (GF Λ )
A = A1 G F 1 +
n=2

where, in every order of the expansion, we have kept only the highest power in Λ. We see that
the expression geﬀ = GF Λ2 acts as an eﬀective, dimensionless coupling constant. The expansion
will become meaningless when geﬀ ∼ 1, which, for the numerical value of GF , gives Λ ∼ 300
GeV, a value which, for the accelerators of the 1960’s, was essentially inﬁnite.
It was B.L. Ioﬀe and E.P. Shabalin, from the Soviet Union, who ﬁrst remarked that, in fact,
one can do much better. Let us go back to the expansion (7) and consider also the sub-dominant
terms in powers of Λ. We can rephrase their argument and write any physical quantity as a
double expansion in geﬀ and GF :
A=

∞


n
2
A(0)
n geﬀ + GF M

n=0

∞


n
2 2
A(1)
n geﬀ + (GF M )

n=0

∞


n
A(2)
n geﬀ + . . .

(8)

n=0

(i)

where the quantities An may contain powers of the logarithm of Λ. M is some mass parameter,
which, for a typical quantity in particle physics, is of the order of 1 GeV. The ﬁrst series
contains the terms with the maximum power of Λ for a given power of GF , they are called the
leading divergences. Similarly, the second series contains all the next-to-leading divergences, the
third the next-to-next-to-leading divergences, etc. Following Ioﬀe and Shabalin, let us choose
for A a quantity in strong interactions, for example the energy levels in a nucleus. The leading
divergences represent the weak interaction corrections to this quantity. But weak interactions
b

It was also a recurrent subject in the Moriond meetings, already from that of 1966.
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violate parity and/or strangeness, therefore the high precision with which such eﬀects are known
to be absent in nuclear physics gives a much more stringent bound for Λ, of the order of 2-3 GeV.
Similarly the next-to-leading divergences contribute to ”forbidden” weak interaction processes,
such as ΔS=2 transitions (the KL0 − KS0 mass diﬀerence), or KL0 → μ+ μ− decays. Again, the
precision measurements of such quantities give the same 2-3 GeV limit for Λ.
Let me make a digression at this point and remind that, for many people, the important
problem of the time was that of the strong interactions. Once solved, it was believed that it would
provide the cut-oﬀ for the weak interactions and any eﬀort to look at the latter independently
was pointless. The signiﬁcance of the estimations presented in (7) and (8) was precisely that
they used only the symmetry properties of the weak currents, in particular the Current Algebra
relations (5). For example, the expression for the leading divergences can be written as:
G
A∼ √
2


d4 k eikx < a|T (Jμ (x), Jν (0))|b >

k μ k ν /m2W
k 2 − m2W

(9)

with mW the mass of the intermediate vector boson. It is clear that this expression is divergent no
matter what you assume for the strong interactions, as long as they satisfy the chiral symmetry
(5).
5

Fighting the inﬁnities

A cut-oﬀ as low as 2-3 GeV was clearly unacceptable. It meant that, at least for some processes,
Fermi’s theory should be corrected already at low energies. The fact that the Fermi theory was
non-renormalisable was known since the early years, but I believe it is fair to say that it was
the work of Ioﬀe and Shabalin which showed that the problem was not only mathematical but
also physical. A long and painful struggle against the inﬁnities started. Although it was fought
by few peoplec , it has been an epic battle given in two fronts: The ﬁrst, the phenomenology
front, aimed at ﬁnding the necessary modiﬁcations to the theory in order to eliminate the disastrous leading and next-to-leading divergences. The second, the ﬁeld theory fronttried to ﬁnd
the conditions under which a quantum ﬁeld theory involving massive, charged, vector bosons is
renormalisable. It took the success in both fronts to solve the problem.
• The Phenomenology front. In a purely phenomenological approach the idea was to push
the value of the cut-oﬀ beyond the reach of the experiments. The search went through several
steps.
1) Early attempts. In the early attempts the eﬀort was not focused on a particular physical
problem, but aimed instead at eliminating the divergences, at least from physically measurable
quantities. Some were very ingenious and a very incomplete list contains:
(i) The physical Hilbert space contains states with negative metric. The introduction of
negative metric states is considered unacceptable because it implies violation of the unitarity
condition. However, Tsung Dao Lee and Gian Carlo Wick observed that, if the corresponding
”particles”, in this case the weak vector bosons, are very short lived, the resulting unitarity
violations could be conﬁned into very short times and be undetectable.
(ii) The V-A form of the Fermi theory is an illusion and, in reality, the intermediate bosons
mediating weak interactions are scalars. By a Fierz transformation, the eﬀective Lagrangian
could look like a vector theory for some processes. This way the theory is renormalisable, but
at the price of loosing all insight into the fundamental role of the weak currents.
(iii) The coeﬃcient of the divergent term may vanish accidentally. The idea was to compute
the coeﬃcient, for example in a loop expansion, for both the weak and the electromagnetic
c
Most people doubted about the physical signiﬁcance of the problem because of widespread mistrust towards
ﬁeld theory in general and higher order diagrams in particular. Since we had no theory, why bother about its
higher order eﬀects?

21

contributions. Setting it equal to zero gives an equation for the Cabibbo angle. The work by
itself has today only a historical interest, but, as by-products, two interesting results emerged,
summarised in the following two relations:

|md − mu |
md
tan θ =
;
∼ O(1)
(10)
ms
md + mu
where the masses are those of the three quarks. The ﬁrst is in good agreement with experiment
and relates the Cabibbo angle with the medium strong interactions which break SU (3). The
second, obtained by Cabibbo and Maiani, is more subtle: The prevailing philosophy was that
isospin is an exact symmetry for strong interactions broken only by electromagnetic eﬀects. In
this case one would expect the mass diﬀerence in a doublet to be much smaller than the masses
themselves. The second relation of (10) shows instead that isospin is badly broken in the quark
masses and the approximate isospin symmetry in hadron physics is accidental, due to the very
small values, in the hadronic mass scale, of mu and md .
2) The leading divergences and the breaking of SU (3) × SU (3). The leading divergences in
the series (8) raised the spectrum of strangeness and parity violation in strong interactions. The
ﬁrst step was to ﬁnd the conditions under which this disaster could be avoided. The argument
is based on the following observation: at the limit of exact SU (3) × SU (3) one can perform
independent right- and left-handed rotations in ﬂavour space and diagonalise whichever matrix
would multiply the leading divergent term. As a result, any net eﬀect should depend on the part
of the interaction which breaks SU (3) × SU (3). In particular, one can prove that, under the
assumption that the chiral SU (3) × SU (3) symmetry breaking term transforms as a member of
the (3, 3̄)⊕(3̄, 3) representation, the matrix multiplying the leading divergent term is diagonal
in ﬂavour space, i.e. it does not connect states with diﬀerent quantum numbers, strangeness
and/or parity. Therefore, all its eﬀects could be absorbed in a redeﬁnition of the parameters of
the strong interactions and no strangeness or parity violation would be induced. This was ﬁrst
found for the one loop diagrams and then extended to all orders. This particular form of the
symmetry breaking term has a simple interpretation in the formalism of the quark model: it
corresponds to an explicit quark mass term and it was the favourite one to most theorists, so it
was considered a welcome result.
3) The next-to leading divergences. Lepton-hadron symmetry - Charm. The solution of the
leading divergence problem was found in the framework of the commonly accepted theory at
that time. On the contrary, the next to leading divergences required a drastic modiﬁcation,
although, in retrospect, it is a quite natural one. It is the introduction of a fourth quark ﬂavour,
called charm, which implied a prediction for the existence of an entire class of new hadrons.
The mechanism is well known, so I will not present it here.
• The Field Theory front. The main characters here are Martinus Justinus Godefriedus
(known as ”Tini”) Veltman and his student Gerardus ’t Hooft, but the subject received important contributions from many other physicists. Soon after the formulation of the Yang-Mills theories and the Intermediate Vector Boson (IVB) hypothesis (Schwinger 1957), several attempts
were made to apply this formalism to the weak interactions (Schwinger 1957, S.A. Bludman
1958). The most important contribution from this period dates from 1961 and it is due to Sheldon Lee Glashow who was the ﬁrst to introduce the idea of a mixing between the photon and
the weak neutral boson with an angle which he called θ, (today it is called θW ). None of these
attempts addressed the question of renormalisation. In 1962 T.D. Lee and C.N. Yang studied
the electrodynamics of massive charged vector bosons, (the ξ-limiting formalism) but no deﬁnite
conclusion was reached.
The ﬁrst important result on the Yang-Mills ﬁeld theory was obtained by R.P. Feynman in
1963d . By an explicit computation of one loop diagrams he showed that the contribution of the
d

Feynman was not interested in the Yang-Mills theory per se, he used it only as a laboratory for gravitation.
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unphysical degrees of freedom, the longitudinal and scalar components of the vector ﬁeld, does
not cancel, contrary to what happens in QED. He postulated that the correct quantisation of
the theory should include an additional unphysical ﬁeld which should be added to every loop
with a minus sign and conjectured that this trick should work to all orders. This result was
shown systematically, using Feynman’s path integral quantisation, by L.D. Faddeev and V.N.
Popov in 1967 and the unphysical ﬁelds are called Faddeev-Popov ghosts.
Veltman was at CERN when he understood that the solution of the problems in weak
interactions should be the Yang-Mills gauge theory. He reached this conclusion by studying
the set of Ward identities which the weak currents should satisfy. In his direct way he decided
to attack the problem frontally. He computed all the one loop divergences of the theory and
looked whether and how they could cancel. He was using massive gauge bosons because, at that
time, he was still unaware of the spontaneous breaking mechanisme . By the late sixties, when
he had moved to Utrecht, he was joined by a young graduate student named Gerardus ’t Hooft.
’t Hooft’s ﬁrst papers, appeared in 1971 and marked the real turning point. From an obscure
esoteric subject, gauge theories became all of a sudden the centre of attention. Immediately
after ’t Hooft and Veltman presented the ﬁrst proof of the renormalisability and unitarity of
spontaneously broken gauge theoriesf .
6

Intermezzo

In the middle of the nineteen sixties two sets of papers appeared which were seemingly unrelated
to anything else. They were largely ignored by the community.
• The spontaneous symmetry breaking in the presence of gauge interactions. It was the work
of F. Englert and R. Brout ; P. Higgs ; G.S. Guralnik, C.R. Hagen and T.W.B. Kibble. They
showed that the gauge bosons could acquire a mass by absorbing the Goldstone bosons which
are expected in a spontaneous symmetry breaking. The resulting theory could have ably massive
particles. These papers went unnoticed when ﬁrst presented. The initial motivation appeared
to be the breaking of ﬂavour SU (3) and no connection with weak interactions was made. The
history of this phenomenon is very interesting but it has been presented in many places, so I
will not elaborate on it here.
• A model for leptons. In 1967 S. Weinberg wrote the celebrated paper which contains
the synthesis of Glashow’s 1961 model of an electroweak theory with the Brout-Englert-Higgs
mechanism of spontaneous symmetry breaking. He showed that the symmetry breaking was the
origin of both, the separation of the weak and the electromagnetic interactions, as well as the
fermion masses. The same model was presented the following year by A. Salam. The importance
of this work does not need to be emphasised, but it was certainly not appreciated when ﬁrst
published. The reason is that it applied only to leptons and we were all strongly attached, and
rightly so, to the idea of the universality of weak interactions. A model which seemed to break
this universality was not taken seriouslyg .
e
The calculations were quite involved and Veltman developed the ﬁrst symbolic manipulation programme
which he called Scoonship.
f
Their proof was diagrammatic, but it was followed by a more formal one by B.W Lee and J. Zinn-Justin in
1972. The Ward identities for these theories were written by J.C. Taylor (1971) and A.A. Slavnov (1972). The
ﬁnal synthesis, which revealed the full geometrical origine of both the Yang-Mills ﬁelds and the Faddeev-Popov
ghosts, was found between 1974 and 1976 by C.M. Becchi, A. Rouet and R. Stora, as well as by I. Tyutin. It is
based on a new symmetry, called BRST, which has played an important role in the study of all gauge theories,
including gravitation. It is a rather strange symmetry because it acts trivially on all physical observables.
g
In the paper Weinberg conjectured that this theory could be renormalisable. It seems that he assigned this
problem to a graduate student at MIT, but, apparently, nothing came out of it.
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• Back to Moriond. Not surprisingly, none of these almost secret developments found their
way in the early Moriond meetings. We know today that the decade of 1960 was an extraordinary
one, but nobody at the time realised that a revolution was taking place. The ﬁrst presentation
of the electroweak gauge theory appears in Moriond 1973 but, since that time, we ﬁnd regular
dedicated sessions practically every year.
7

The renormalisation group and QCD

The second pillar of the Standard Model is QCD and its proposal went against every single
prejudice we had developed in the sixties concerning the strong interactions. As we mentioned
earlier, it was ﬁrmly believed that quantum ﬁeld theory was irrelevant for such processes and
only the S-matrix theory could give meaningful resultsh . If the electroweak theory was invented
for essentially aesthetic reasons, QCD was found as a response to an experimental challenge.
For many years the eﬀorts to understand the nature of strong interactions were concentrated in
the study of the experimental results from hadronic collisions. The resulting picture invariably
appeared to be too complicated to allow for a simple interpretation. We understand now that
this complexity should not be attributed to the fundamental interactions themselves, but is
instead due to the fact that the objects we are dealing with, namely the hadrons, are themselves
too complicated. It is as if we were trying to discover quantum electrodynamics by studying
the interactions among complex molecules. The decisive progress came with the deep inelastic
scattering experiments at SLAC, by the late sixties and early seventies. The surprising result
was the appearance of scale invariance, a property which is very easy to understand using a
naı̈ve and wrong reasoning. If the nucleon is made out of constituents which interact with the
electromagnetic ﬁeld as point-like free particles, the scaling behaviour follows immediately. It
is the well-known parton model. The trouble is that we cannot understand how free partons
can bind so strongly inside the nucleons. As we all know today, the answer is asymptotic
freedom, a surprising property of non-Abelian unbroken gauge theories. The tool here was the
renormalisation group.
The RG equation was ﬁrst written down by E.C.G. Stückelberg and A. Petermann in 1953.
In today’s notation it reads:
∂
∂
∂
(11)
+β
+ γm m
− nγ]Γ(2n) (p1 , ..., p2n ; m, λ; M ) = 0
M
∂λ
∂m
where M is the subtraction point necessary to deﬁne the renormalisation procedure. β and the
γ’s are functions of the coupling constant and the other dimensionless parameters, such as m/M .
They can be computed order-by-order in perturbation theory. M is an unphysical parameter
and every M deﬁnes a diﬀerent set of Green functions. The equation gives the condition under
which all of them describe the same theory.
In 1970 C.G. Callan and K. Symanzik wrote an diﬀerent equation, which was the broken
scale invariance Ward identity:


∂
∂
(2n)
(2n)
+β
+ nγ ΓR = m2R δ Γφ2 R
(12)
mR
∂mR
∂λR
[M

Here m is the physical mass. The equation involves a diﬀerent set of dimensionless functions
β, γ and δ, which depend only on the coupling constant. The meaning of this equation is the
following: in four dimensions a renormalisable ﬁeld theory has a formal scale invariance broken
only by the mass parameters. At the quantum level this invariance is violated by the need of
renormalisation. In the usual jargon, scale symmetry has anomalies. The C-S equation is the
right way to incorporate the anomalies and gives the correct form of the Ward identities.
h
It is remarkable that David Gross, one of the inventors of QCD, was a student of Geoﬀrey Chew at Berkeley
and was trained as an S-matrix theorist.
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As we just explained, each one of these two equations, (11) and (12), which look similar,
expresses in fact diﬀerent properties of the theory. They both appear to be of limited physical
interest. Nobody cares much about the dependence on an unphysical parameter and nobody
knows how to design an experiment in which the mass of a particle varies continuously.
Now that we explained in what these equations are diﬀerent, we can turn into what they
have in common. They both describe the response of the Green functions under a change of a
dimensionful parameter. Therefore, by ordinary dimensional analysis we hope to be able to relate
this response to that of the Green functions under the change of other dimensionful quantities.
Of particular interest are, of course, quantities related to the incident energy because it can be
varied in physical experiments. Already in 1954 M. Gell-Mann and F.E. Low understood that the
renormalisation group equation could be used to study the asymptotic behaviour of scattering
amplitudes but no physical results were obtained until the early seventies. The progress came
from two fronts: (i) the study of phase transitions in statistical mechanics and (ii) the desire
to give a ﬁeld theoretic justiﬁcation to the parton model. A central ﬁgure in both has been
Kenneth Geddes Wilson. A student of Gell-Mann’s, not only he was among the ﬁrst persons to
understand the physical meaning of the renormalisation group in describing the scaling properties
of a theory, but also he developed many of the necessary tools to do it. They include the operator
product expansion in ﬁeld theory and the  expansion in statistical mechanicsi .
The negative sign of the ﬁrst term in the expansion of the β function of unbroken non-Abelian
gauge theories was ﬁrst discovered by ’t Hooft in 1972, but he did not propose a concrete ﬁeld
theory model for strong interactions. It was rediscovered a few months later by David Politzer
and, independently, David Gross and Franck Wilczek, who are credited with the discovery of
QCD. Sydney Coleman and David Gross showed that there were no other asymptotically free
theories. The important underlying assumption was conﬁnement. Indeed, QCD has massless
gluons and it is only by assuming conﬁnement that we can explain their absence from the
spectrum of physical states. Proving the property of conﬁnement from the ﬁrst principles of
quantum ﬁeld theory remains one of the great unsolved problems of theoretical physics.
With QCD we could reconstruct the successes of the parton model and go further and
compute the small departures from exact scaling. We thus had two pictures to describe the
composite structure of hadrons. The ﬁrst, the parton model, is intuitively very simple. Hadrons,
such as protons or neutrons, are made out of elementary constituents, the partons, interacting
with the incident photon as quasi-free particles. The strong point of this picture is its simplicity.
Among the weak points we can mention the lack of a theoretical basis for the free-particle
assumption, the absence of a systematic way to estimate the corrections to this “zero-order”
approximation and the diﬃculty to understand why partons are not kicked out of the hadron
after they are hit by the virtual photon. The second picture is based on the property of nonAbelian gauge theories to be asymptotically free. It identiﬁes the partons with quarks, antiquarks and gluons. It explains the quasi-free particle behaviour and oﬀers a consistent expansion
scheme to compute the logarithmic corrections to scale invariance. Finally, through the property
of the eﬀective coupling constant to increase with distance, it provides for an intuitive, albeit
neither rigorous nor quantitative, understanding of conﬁnement. However, all this is achieved
at the price of using a rather heavy formalism in which the simple intuitive picture of the
photon interacting with individual point-like partons is lost. The combination of the two was
achieved with the A.P.D.G.L. (Altarelli-Parisi, Dokshitzer-Gribov-Lipatov) equations. They
extract out of QCD the evolution equations of the parton distribution functions and can be
written at any desired order in the expansion. But in fact they are more than just a convenient
reparametrisation. They help understanding and extending the limits of the validity of the
expansion. In fact, most of the computations which provide the background estimations of the
i
Wilson’s ideas have inﬂuenced profoundly our views on the meaning of quantum ﬁeld theory, but I shall not
present them here. Let me only mention that he was also the ﬁrst to propose the use of lattice simulations in
order to study the strong coupling regime of QCD.
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LHC experiments are based on these equations.
It is not necessary for me to show in this audience the results of these computations and their
remarkable agreement with experiment. They establish the validity of the theory in the weak
coupling regime. What is probably less well known is that the recent progress in the numerical
lattice simulations has given impressive results also in the strong coupling regime, at least for
the masses of the low lying hadron states.
QCD has been present in the Moriond meetings, albeit with a small delay. The ﬁrst reference
I found dates from 1976. For the early years the dominant theme was diﬀraction scattering.
But by the late seventies it became a recurrent subject, often of dedicated sessions.
8

The importance of anomalies

The GIM mechanism implies that the quarks should form doublets of the weak SU (2). The
Kobayashi-Maskawa suggestion respects this structure. When later the b quark was discovered
in FermiLab this was interpreted as a prediction for the existence of its partner, the t quark,
prediction brilliantly veriﬁed by experiment. However, the mechanism does not tight together
leptons and quarks, in spite of the fact that the title of the original GIM paper was Weak
interactions with lepton-hadron symmetry. Such a symmetry is not implied by the requirement
for the suppression of processes with FCNC. It is remarkable that such a symmetry is imposed
by the mere mathematical consistency of the theory and it was discovered immediately after
the renormalisability of general Yang-Mills theories, with or without spontaneous symmetry
breaking, was proven.
In order to explain how the argument goes we have to remind an essential feature of gauge
theories: their mathematical consistency is based on a set of complicated identities which relate
the various Green functions of the theory. They are the Ward identities, or the Slavnov-Taylor
identities we mentioned before. They translate the consequences of the symmetry of the theory to
the level of the Green functions and they ensure the conservation of the symmetry currents. They
are obtained by the standard Noether construction. However, there are cases where Quantum
Mechanics brings an important complication. Going from the classical equations to the quantum
theory involves a series of steps which often include a limiting procedure, for example the limit
of some cut-oﬀ parameter going to inﬁnity. This limit, although well deﬁned, may not respect
some of the symmetries of the classical equations. We call such symmetries anomalousj , which
means, in fact, that their consequences will not be satisﬁed in the quantum theory. The simplest
example we shall use is that of quantum electrodynamics. In order to simplify the discussion we
consider the case of a massless electron moving in an external electromagnetic ﬁeld. It is easy
to check, using the Dirac equation, that the theory admits two conserved currents:

Jμ (x)
Jμ5 (x) =

= Ψ̄(x)γμ Ψ(x)
5

Ψ̄(x)γμ γ Ψ(x)

;

∂ μ Jμ (x) = 0

;

∂ μ Jμ5 (x) = 0

(13)

The two conserved currents of (13) correspond to the invariance of the massless Dirac equation under two sets of phase transformations, called chiral transformations. In the presence of
a mass term the divergence of the axial current equals:
∂ μ Jμ5 (x) = 2ime Ψ̄(x)γ 5 Ψ(x) ≡ 2ime J 5 (x)

(14)

What we can prove is that the two conservation equations cannot be simultaneously satisﬁed
in the quantum theory. The simplest way to obtain this result is to compute explicitly the
triangle diagrams of Figure 3.
j
The term may be misleading, as it may give the impression that something contrary to common sense has
happened.
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Figure 3 – The two lowest order diagrams contributing to the axial current Ward identity.

If we enforce the conservation of the vector current Jμ (x) , the equation for the axial one
becomes:
e2
νρστ F νρ (x)F στ (x)
(15)
8π 2
where e is the charge of the electron. The second term in the r.h.s. of equation (15) is called
the axial anomaly, which is a fancy way to say that the axial current of massless quantum
electrodynamics is not conserved, contrary to what the classical equations of motion indicate.
This result has important physical consequences in particle physics but here we shall present
only its implications for the electro-weak theory. For quantum electrodynamics the non-conservation
of the axial current can be considered as a curiosity because this current does not play any direct
physical role. However, in the electro-weak theory both vector and axial currents are important
because of the non-conservation of parity in weak interactions. In proving the renormalisability
of the gauge theory we need the full power of all its symmetries and, therefore, the conservation of all its currents. The axial anomaly breaks this conservation and the entire program
collapses. As a result, the purely leptonic model, the one which was ﬁrst constructed in 1967, is
mathematically inconsistent.
The solution was ﬁrst found in 1972 by Claude Bouchiat, J.I. and Philippe Meyer, as well as
David Gross and Roman Jackiw. The important observation is that the anomaly is independent
of the fermion mass. Every fermion of the theory, light or heavy, contributes the same amount
and we must add all contributions in order to get the right answer. For the electroweak theory
this means that we need both the leptons and the quarks. Each one will go around the triangle
loop of Figure 3 and its contribution will depend only on the coeﬃcients in the three vertices.
A simple calculation shows that the total anomaly produced by the fermions of each family will
be proportional to A given by:
∂ μ Jμ5 (x) = 2ime J 5 (x) +

A=



Qi

(16)

i

where the sum extends over all fermions in a given family and Qi is the electric charge of the ith
fermion. Since A = 0 is a necessary condition for the mathematical consistency of the theory,
we conclude that each family must contain the right amount of leptons and quarks to make the
anomaly vanish. This condition is satisﬁed by the three colour model with charges 2/3 and -1/3,
but also by other models such as the Han-Nambu model which assumes three quark doublets
with integer charges given by (1,0), (1,0) and (0,-1). In fact, the anomaly cancellation condition
(16) has a wider application. The Standard Model could have been invented after the Yang-Mills
theory was written, much before the discovery of the quarks. At that time the ”elementary”
particles were thought to be the electron and its neutrino, the proton and the neutron, so we
would have used one lepton and one hadron doublet. The condition (16) is satisﬁed. When
quarks were discovered we changed from nucleons to quarks. The condition is again satisﬁed.
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If to-morrow we ﬁnd that our known leptons and/or quarks are composite, the new building
blocks will be required to satisfy this condition again. Since the contribution of a chiral fermion
to the anomaly is independent of its mass, it must be the same no matter which mass scale we
are using to compute it.
The moral of the story is that families must be complete. The title of the GIM paper was
correct. Thus, the discovery of a new lepton, the tau, implied the existence of two new quarks,
the b and the t, prediction which was again veriﬁed experimentally.
The above discussion was conﬁned to the SU (2) × U (1) gauge theory but the principle of
anomaly cancellation should be imposed in any gauge theory in order to ensure mathematical
consistency. This includes models of strong interactions and grand-uniﬁed theories. H. Georgi
and S.L. Glashow found the generalisation of the anomaly equation (16) for a gauge theory
based on any Lie algebra. It takes a surprisingly simple form:
Aabc = Tr γ 5 {Γa , Γb }Γc

(17)

where Γa denotes the Hermitian matrix which determines the coupling of the gauge ﬁeld Waμ to
the fermions through the interaction Ψ̄γμ Γa ΨWaμ . As we see, Γa may include a γ 5 . Georgi and
Glashow showed that the anomaly is always a positive multiplet of Aabc , so this quantity should
vanish identically for all values of the Lie algebra indices a, b and c.
Since gauge theories are believed to describe all fundamental interactions, the anomaly
cancellation condition plays an important role not only in the framework of the Standard Model,
but also in all modern attempts to go beyond, from grand uniﬁed theories to superstrings. It
is remarkable that this seemingly obscure higher order eﬀect dictates to a certain extent the
structure of the world.
9

Epilogue

This short review cannot cover ﬁfty years of theoretical high energy physicsk . If you go through
the Proceedings of the Moriond meetings you will get a much more complete picture of the
evolution of our discipline. You will be impressed, as I was, by the wide coverage, (even subjects
still remote from experiment, such as string theory, are present), but also by the reactivity which
was often very fast. Many subjects are presented months after they were invented. The selection
I presented here is necessarily partial and personal. Obviously, this is not The End of History.
It is not even the end of the story. The Moriond meetings will continue. It is only the end of
the time which was allocated to me.

k
For lack of time I left out many important subjects and the few I discussed I did so only superﬁcially. At this
stage a list of references will not be very useful. I promise a more complete review which I will put in the arXiv.
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Recently, the LHC has found several anomalies in exclusive semileptonic b → s+ − decays.
In this proceeding, we summarize the most important results of our global analysis of the
relevant decay modes. After a discussion of the hadronic uncertainties entering the theoretical
predictions, we present an interpretation of the data in terms of generic new physics scenarios.
To this end, we have performed model-independent ﬁts of the corresponding Wilson coeﬃcients
to the data and have found that in certain scenarios the best ﬁt point is prefererred over
the Standard Model by a global signiﬁcance of more than 4σ. Based on the results, the
discrimination between high-scale new physics and low-energy QCD eﬀects as well as the
possibility of lepton-ﬂavour universality violation are discussed.

1

Introduction

The ﬂavour-changing neutral current (FCNC) transition b → s+ − can be probed through
various decay channels, currently studied in detail at the LHCb, CMS and ATLAS experiments.
Recent experimental results have shown interesting deviations from the SM: The LHCb analysis 1
of the 3 fb−1 data on B → K ∗ μ+ μ− in particular conﬁrms a ∼ 3σ anomaly in two large-recoil
bins of the angular observable P5 2,3 that was already present in the 1 fb−1 results presented in
2013 4 . The observable RK = Br(B → Kμ+ μ− )/Br(B → Ke+ e− ) was measured by LHCb 5
in the dilepton mass range from 1 to 6 GeV2 as 0.745+0.090
−0.074 ± 0.036, corresponding to a 2.6σ
tension with its SM value predicted to be equal to 1 (to a very good accuracy). Finally, also
the LHCb results 6 on the branching ratio of Bs → φμ+ μ− exhibit devitions at the ∼ 3σ level
in two large-recoil bins.
a
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processes
B → Xs γ, B → K ∗ γ
B → Xs μ+ μ−
Bs → μ+ μ−
B(s) → (K (∗) , φ)μ+ μ−
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Figure 1 – Eﬀective couplings C7,9,10 contributing to b → s+ − transitions and sensitivity of the various radiative
and (semi-)leptonic B(s) decays to them.
()

The appearance of several tensions in diﬀerent b → s+ − channels is quite intriguing because
()
all these observables are sensitive to the same eﬀective couplings C7,9,10 illustrated in Fig. 1 and
induced by the operators
()

α
[s̄γ μ PL(R) b][μ̄γμ μ],
4π
α
=
mb [s̄σμν PR(L) b]F μν ,
4π

O9 =
()

O7

()

O10 =

α
[s̄γ μ PL(R) b][μ̄γμ γ5 μ],
4π
(1)

where PL,R = (1 ∓ γ5 )/2 and mb denotes the b quark mass. It is thus natural to ask whether a
new physics contribution to these couplings could simultaneously account for the various tensions
()
in the data. Beyond the SM, contributions to C9,10 are for instance generated at tree level in

scenarios with Z bosons or lepto–quarks. Note that additional scalar or pseudoscalar couplings
CS,S  ,P,P  cannot address the above-mentioned anomalies since their contributions are suppressed
by small lepton masses. Therefore we will not discuss this possibility in the following.
()
The parameter space spanned by the couplings C7,9,10 is probed through various observables
in radiative and (semi-)leptonic B(s) decays, each of them sensitive to a diﬀerent subset of coeﬃcients (see Fig. 1). A complete investigation of potential new physics eﬀects thus requires
a combined study of these observables including correlations among them. The ﬁrst analysis
in this spirit, performed in Ref. 7 with the data of 2013, pointed to a large negative contribution to the Wilson coeﬃcient C9 . This general picture was conﬁrmed later on by other groups,
using diﬀerent/additional observables, diﬀerent theoretical input for the form factors etc. (e.g.
Refs. 8,9 ). In this proceeding, we report the most important results of our analysis in Ref. 10
which can be compared to other recent global analyses 11,12,13 and which improves the original study in Ref. 7 in many aspects: It includes the latest experimental results of all relevant
channels, uses reﬁned techniques to estimate uncertainties originating from power corrections to
the hadronic form factors and from non-perturbative charm loops, and consistently takes into
account experimental and theoretical correlations.
Before presenting the results from our ﬁts in Sec. 3, with a special emphasis on the possibility
of discriminating between high-scale new physics and low-energy QCD eﬀects as well as on the
possibility of lepton-ﬂavour universality violation, we discuss in Sec. 2 the hadronic uncertainties
entering the theoretical predictions of the relevant observables. Our conclusions are given in
Sec. 4.
2

Hadronic uncertainties

Predictions for exclusive semileptonic B decays are plagued by QCD eﬀects of perturbative and
non-perturbative nature. At leading order (LO) in the eﬀective theory, predictions involve treelevel diagrams with insertions of the operators O7,9,10 (generated at one loop in the SM), as well
as one-loop diagrams with an insertion of the charged-current operator O2 = [s̄γ μ PL c][c̄γμ PL b]
(generated at tree level in the SM). In contributions of the ﬁrst type, the leptonic and the
hadronic current factorize, and QCD corrections are constrained to the hadronic B → M current
(ﬁrst two diagrams in Fig. 2). This class of factorizable QCD corrections thus forms part of the
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Figure 2 – Illustration of factorizable (ﬁrst two diagrams) and non-factorizable (third diagram) QCD corrections
to exclusive B → M + − matrix elements.

hadronic form factors parametrizing the B → M transistion. Contributions of the second type,
on the other hand, receive non-factorizable QCD corrections (third diagram in Fig. 2) that
cannot be absorbed into form factors. In the following we discuss the uncertainties stemming
from the two types of corrections and their implementation in our analysis.
2.1

Form factor uncertainties

The form factors are available from lattice as well as from light-cone sum rule (LCSR) calculations, with the former being suited for the region of high q 2 > 15 GeV2 and the latter for the
region of low q 2 < 8 GeV2 . Since the form factors introduce a dominant source of uncertainties
into the theory predictions, it is desirable to reduce the sensitivity to them as much as possible.
For B → V + − decays, with V being a vector meson, this can be achieved in the low-q 2 region
by exploiting large-recoil symmetries of QCD. At LO in αs and Λ/mb , these symmetries enforce
certain relations among the seven hadronic form factors V , A1 , A2 , A0 , T1 , T2 , T3 , like e.g.
mB (mB + mK ∗ )A1 − 2E(mB − mK ∗ )A2
= 1 + O(αs , Λ/mb ),
m2B T2 − 2EmB T3

(2)

where mB denotes the mass of the B meson, and mK ∗ and E the mass and the energy of the K ∗
meson. From the experimentally measured coeﬃcients of the diﬀerential angular distribution
of B → V + − , one can construct observables that involve ratios like the one in eq. (2). The
()
resulting observables Pi then only exhibit a mild form factor dependence, suppressed by powers
of αs and Λ/mb .
For the cancellation of the form factor uncertainties in ratios like the one in eq. (2), it is
crucial to have contral of the correlations among the errors of the diﬀerent form factors. These
correlations can be taken into account via two orthogonal approaches: Either they can be assessed directly from the LCSR calculation (Ref. 14 provides LCSR form factors with correlation
matrices), or they can be implemented resorting to the large-recoil symmetry relations. Whereas
the former method is limited to the particular set of LCSR form factors from Ref. 14 and hence
sensitive to details of the corresponding calculation, the latter method determines the correlations in a model-independent way from ﬁrst principles and can thus also be applied to diﬀerent
sets of form factors like the ones from Ref. 15 . As a drawback, correlations are obtained from
large-recoil symmetries only up to Λ/mb corrections which have to be estimated. For the estimate of these factorizable power corrections, we follow the strategy developed in Ref. 16 , which
is based on and further reﬁnes a method ﬁrst proposed in Ref. 17 .
2.2

Uncertainties from cc̄ loops

Long-distance charm-loop eﬀects (third diagram in Fig. 2) can mimick the eﬀect of an eﬀective
coupling C9cc̄ . Due to the non-local structure of these corrections, their contribution is expected
to have a non-constant q 2 -dependence, where q 2 is the squared invariant masses of the lepton

33

pair. Together with the perturbative SM contribution C9eﬀSM pert and a potential constant NP
coupling C9SM , it can be cast into an eﬀective Wilson coeﬃcient
C9eﬀ i (q 2 ) = C9eﬀSM pert. (q 2 ) + C9NP + C9cc̄ i (q 2 ),

(3)

with a diﬀerent C9cc̄ i and hence also a diﬀerent C9eﬀ i for the three transversity amplitudes i =
i
that tend to
0, , ⊥. Currently, only a partial calculation 15 exists, yielding values C9cc̄KMPW
enhance the anomalies. In our analysis, we assume that this partial result is representative for
the order of magnitude of the total charm-loop contribution and we assign an error to unknown
charm-loop eﬀects varying
i
C9cc̄ i (q 2 ) = si C9cc̄KMPW
(q 2 ),

3

for − 1 ≤ si ≤ 1.

(4)

Results of the global ﬁt

Our reference ﬁts are obtained using the following experimental input: branching ratios and
angular observables of the decays B → K ∗ μ+ μ− and Bs → φμ+ μ− , branching ratios of the
charged and neutral modes B → Kμ+ μ− , the branching ratios of B → Xs μ+ μ− , Bs → μ+ μ−
and B → Xs γ, as well as the isospin asymmetry AI and the time-dependent CP asymmetry
SK ∗ γ of B → K ∗ γ. For the theoretical predictions, we use lattice form factors from Refs. 18,19
in the low-recoil region, and LCSR form factors from Ref. 15 (except for Bs → φ where Ref. 14 is
used), with correlations assessed from the large-recoil symmetries.
Table 1: Results of various one-parameter ﬁts for the Wilson coeﬃcients {Ci }.

Coeﬃcient

Best ﬁt

1σ

3σ

PullSM

C7NP

−0.02

[−0.04, −0.00]

[−0.07, 0.03]

1.2

C9NP

−1.09

[−1.29, −0.87]

[−1.67, −0.39]

4.5

NP
C10

0.56

[0.32, 0.81]

[−0.12, 1.36]

2.5

C7NP

C9NP

NP
C10
NP
NP
C9 = C10

0.02

[−0.01, 0.04]

[−0.06, 0.09]

0.6

0.46

[0.18, 0.74]

[−0.36, 1.31]

1.7

[−0.44, −0.06]

[−0.82, 0.31]

1.3

−0.25
−0.22

[−0.40, −0.02]

[−0.74, 0.50]

1.1

NP
C9NP = −C10

−0.68

[−0.85, −0.50]

[−1.22, −0.18]

4.2

C9NP = −C9NP


−1.06

[−1.25, −0.85]

[−1.60, −0.40]

4.8

Starting from a model hypothesis with n free parameters for the Wilson coeﬃcients {CiNP },
we then perform a frequentist Δχ2 -ﬁt, including experimental and theoretical correlation matrices. In Tab. 1 we show our results for various one-parameter scenarios. In the last column
we give the SM-pull for each scenario, i.e. we quantify by how many sigma the best ﬁt point is
preferred over the SM point {CiNP } = 0 in the given scenario. A scenario with a large SM-pull
thus allows for a big improvement over the SM and a better description of the data. From
the results in Tab. 1 we infer that a large negative C9NP is required to explain the data, with
C9NP ∼ −1.1 in the scenario where only this coeﬃcient is generated. A decomposition into the
diﬀerent exclusive decay channels, as well as into low- and large-recoil regions, shows that each
of these individual contributions points to the same solution, i.e. a negative C9NP , albeit with
varying signiﬁcance. We refer the reader to Ref. 10 for further results, e.g. for ﬁts in various

34

()NP

2-parameter scenarios as well as for the full 6-parameter ﬁt of C7,9,10 resulting in a SM-pull of
3.6σ.
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Figure 3 – Left: Bin-by-bin ﬁt of the one-parameter scenario with a single coeﬃcient C9NP . Right: Fit with
NP
indpendent coeﬃcients C9NP
μ and C9 e .

3.1

New physics vs. non-perturbative charm-contribution

According to Eq. (3), a potential NP contribution C9NP enters amplitudes always together with a
charm-loop contribution C9cc̄ i (q 2 ), spoiling an unambiguous interpretation of the ﬁt result from
the previous section in terms of new physics. However, whereas C9NP does not depend on the
squared invariant mass q 2 of the lepton pair, C9cc̄ i (q 2 ) is expected to exhibit a non-trivial q 2 dependence. Following Ref. 12 , we show in Fig. 3 on the left a bin-by-bin ﬁt for the one-parameter
scenario with a single coeﬃcient C9NP . The results obtained in the individual bins are consistent
with each other, allowing thus for a solution C9NP that is constant in the whole q 2 region, as
required for an interpretation in terms of new physics, though the situation is not conclusive
due to the large uncertainties in the single bins.
An alternative strategy to address this question, consists in a direct ﬁt of the q 2 -dependent
charm contribution C9cc̄ i (q 2 ), as performed in Ref. 20 using a parametrization which introduces
18 free parameters. Given the large number of free parameters, it is neither surprising that a
good ﬁt to the data can be achieved in this way, nor that one of the 12 parameters encoding
a non-trivial q 2 -dependence ﬂuctuates from zero by  2σ. Therefore, the results obtained in
Ref. 20 do not disfavour a q 2 -independent NP solution C9NP . A solid interpretation of the results
in Ref. 20 would require a comparison of the goodness of the 18-parameter ﬁt for C9cc̄ i (q 2 ) with
the 1-parameter ﬁt for C9NP , taking into account the diﬀerent number of degrees of freedom, a
task that has not been undertaken in Ref. 20 .
3.2

Lepton-ﬂavour universality violation

Since the measurement of RK suggests the violation of lepton-ﬂavour universality, we also stud()
ied the situation where the muon- and the electron-components of the operators C9,10 receive
NP
NP
independent new physics contributions CiNP
μ and Ci e , respectively. The electron-couplings Ci e
are constrained by adding the decays B → K (∗) e+ e− to the global ﬁt. Note that the correlated
ﬁt to B → Kμ+ μ− and B → Ke+ e− simultaneously is equivalent to a direct inclusion of the
observable RK .
In Fig. 3 on the right we display the result for the two-parameter ﬁt to the coeﬃcients C9NP
μ
+ −
and C9NP
e . The ﬁt prefers an electron-phobic scenario with new physics coupling to μ μ but not
to e+ e− . Under this hypothesis, that should be tested by measuring RK ∗ and Rφ , the SM-pull
increases by ∼ 0.5σ compared to the value in Tab. 1 for the lepton-ﬂavour universal scenario.
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4

Conclusions

LHCb data on b → s+ − decays shows several tensions with SM predictions, in particular in the
angular observable P5 of B → K ∗ μ+ μ− , in the branching ratio of Bs → φμ+ μ− , and in the ratio
RK = Br(B → Kμ+ μ− )/Br(B → Ke+ e− ) (all of them at the ∼ 3σ level). In global ﬁts of the
Wilson coeﬃcients to the data, scenarios with a large negative C9NP are preferred over the SM
by typically more than 4σ. A bin-by-bin analysis demonstrates that the ﬁt is compatible with
a q 2 -indepedent eﬀect generated by high-scale new physics, though a q 2 -dependent QCD eﬀect
cannot be excluded with current precision. Note, however, that a QCD eﬀect could not explain
the tension in RK . The latter observable further favours a lepton-ﬂavour violating scenario with
new physics coupling only to μ+ μ− but not to e+ e− , a scenario to be probed by a measurement
of the analogous ratios RK ∗ and Rφ to probe this hypothesis.
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CP violation in B-hadrons
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Latest LHCb measurements of CP violation in b-hadrons are presented based on pp colli√
sion data collected in 2011 and 2012 at centre-of-mass energies of s = 7 TeV and 8 TeV,
−1
respectively. The total integrated luminosity collected is 3.0 f b . Results include recent
measurements of CP violation in B 0 and Bs0 mixing, along with those of quantifying the effects of b → ccs loop pollution. Standard Model CP violation tests in loop transitions are
discussed with results consistent with expectations. New decays of b-baryons are presented
and preliminary studies of CP violation are performed.

1

Overview of CP violation

In the Standard Model (SM), CP violation is governed by the Cabibbo-Kobayashi-Maskawa
(CKM) mechanism. The most common way of depicting the global ﬁt to the four free parameters
is via the CKM triangle in the η̄-ρ̄ plane, where η̄ and ρ̄ are Wolfenstein parameters. The current
CKM global ﬁt in this plane is presented in Fig. 1, where the eﬀect of individual observables
is shown (see Ref. 1 for a detailed description of the inputs). At LHCb, J/ψ → μμ decays are
selected with high eﬃciency. The relatively high branching fraction of decays such as Bs0 →
J/ψ φ and B 0 → J/ψ K0S gives large samples of b → ccs decays and enables LHCb to provide
important inputs to CP violation in the interference between neutral meson mixing and decay.
The observable measured is the time-dependent CP asymmetry, deﬁned as
0

Aq (t) ≡

Γ(B q (t) → J/ψ Xq ) − Γ(Bq0 (t) → J/ψ Xq )
0

Γ(B q (t) → J/ψ Xq ) + Γ(Bq0 (t) → J/ψ Xq )

=

Sq sin(Δmq t) − Cq cos(Δmq t)
cosh(

ΔΓq t
2 )

+ AΔΓq sinh(

ΔΓq t
2 )

,

(1)

where Xs indicates an (ss) state and Xd an (sd) state; t indicates the decay time. The parameters
Δmq and ΔΓq are the mass and the decay width diﬀerences between the heavy and light mass
0
eigenstates of the Bq0 -B q system, and Sq , Cq , and AΔΓq are CP observables. The CP observable,
ccs
Sq ≡ sin(−2βq ) = sin(φccs
q ) is the most sensitive to φq . The angle βq is related to CKM matrix
∗
elements through the relation βq ≡ arg[−(Vcq Vcb )/(Vtq Vtb∗ )]. The time-dependent CP asymmetry
has recently been measured by LHCb in B 0 → J/ψ K0S decays 2 . The distribution of Ad (t) as a
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Signal yield asymmetry

Figure 1 – Current picture of the CKM global ﬁt in the η-ρ plane 1 .
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Figure 2 – Raw CP asymmetry as a function of decay time obtained from B 0 → J/ψ K0S decays2 .

function of decay time for candidates is shown in Fig. 2. The results of a maximum likelihood
ﬁt including the eﬀects of ﬂavour tagging result in a value of sin(2βd ) = 0.731 ± 0.035 (stat) ±
0.020 (syst), which is consistent with measurements from the B-factories and comparable in
precision. The largest systematic uncertainty on the measurement of sin(2βd ) arises from possible
ﬂavour asymmetries in the background candidates. The comparison of the LHCb result against
those of the B-factories, CDF and LEP experiments is given in Fig. 3, along with the combination
provided by HFAG 3 .
The corresponding CP observables in the Bs0 system are measured in decays that are not
pure CP eigenstates. This provides an extra complication as an angular analysis in the helicity
basis is performed to disentangle the CP eigenstates. The SM prediction for φsccs is obtained from
global ﬁts to experimental data yielding a value of −0.036 ± 0.002 rad 7,8,9 . There are however
many BSM theories that provide additional contributions to Bs0 mixing diagrams that alter this
is performed using a combination of
value 10,11 . The most recent LHCb measurement of φccs
s
4
Bs0 → J/ψ K+ K− and Bs0 → J/ψ π + π − decays, yielding a value of φccs
s = 0.010 ± 0.039 rad . The
result can be seen to dominate the world average, shown in Fig. 4.
Experimentally, measurements of the CP -violating phases in B mixing are aﬀected by loop
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Figure 3 – Experimental measurements of the CKM angle β along with the world average as performed by the
Heavy Flavour Averaging Group 3 .

Figure 4 – The two-dimensional 68%̇ conﬁdence level contours of ΔΓs vs. φccs
from the LHC and the Tevatron,
s
along with the combination3 compared to theoretical predictions.

topologies, causing the measured value to be polluted. The eﬀect of loop topologies or so-called
penguin pollution is determined through the analysis of decay modes related via SU (3) ﬂavour
symmetry 13 , in which the penguin contribution is not suppressed. For the case of Bs0 -B 0s mixing,
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∗0

one such decay mode is Bs0 → J/ψ K 14 a . When decomposed into its diﬀerent sources, the angle
φccs
s takes the form
BSM
φ
,
(2)
+ ΔφJ/ψ
φccs
s = −2βs + φs
s
J/ψ φ

is a possible beyond the SM phase, and Δφs
where −2βs is the SM contribution, φBSM
s
is a shift introduced by the presence of penguin pollution. The transition amplitude for the
∗0
Bs0 → J/ψ K decay may be written as

∗0
A Bs0 → (J/ψ K )i = −λAi 1 − ai eiθi eiγ
(3)
where λ = |Vus | and i labels the diﬀerent polarisation states. In eq. 3, Ai is a CP -conserving
hadronic matrix element that represents the tree topology, and ai parametrises the relative
contribution from the penguin topologies. The CP -conserving phase diﬀerence between the two
terms is parametrised by θi , whereas their weak phase diﬀerence is given by the CKM angle γ.
∗0
The branching fraction, the CP asymmetries, and the polarisation fractions of the Bs0 → J/ψ K
decay depend on the penguin parameters ai and θi .
The transition amplitude for the Bs0 → J/ψ φ decay can be written as



λ2

Ai 1 + ai eiθi eiγ ,
(4)
A Bs0 → (J/ψ φ)i = 1 −
2
where the penguin parameters ai and θi are deﬁned in analogy to ai and θi . Assuming SU (3)
ﬂavour symmetry, and neglecting contributions from exchange and penguin-annihilation topologies, ai = ai and θi = θi . The penguin parameters ai and θi are found from their relations to
the branching fractions and CP asymmetries in the three polarisation states. These can then be
used to determine the CP phase pollution using external CKM inputs on γ and λ. The phase
shift is calculated to be
J/ψ φ

Δφs,0

J/ψ φ
Δφs,
J/ψ φ
Δφs,⊥

=
=

0.003

+0.084
−0.011

0.031

+0.047
−0.037

+0.014
−0.009

(syst)

(stat)

+0.010
−0.013

(syst)±0.032 (|Ai /Ai |),

= −0.045±0.012 (stat)±0.008 (syst)

+0.047
−0.030

(|Ai /Ai |),

(stat)

+0.017
−0.024

(|Ai /Ai |).

These limits are improved with a combined analysis using the additional input from an earlier
analysis of the B 0 → J/ψ ρ decay 15 , which then gives phase shifts of
J/ψ φ

Δφs,0

= 0.000+0.009
−0.011 (stat)

J/ψ φ
Δφs,
J/ψ φ
Δφs,⊥

+0.004
−0.009

= 0.001+0.010
−0.014 (stat) ±0.008 (syst) rad,

(syst) rad,

= 0.003+0.010
−0.014 (stat) ±0.008 (syst) rad.

The eﬀect of SU (3) breaking is found to be small. The results show that the penguin phase
shift is consistent with zero in all polarisations. This then means that at the current level of
precision, there is no signiﬁcant level of penguin pollution, and with increased dataset sizes, the
control of penguin pollution can be determined using data-driven methods.
2

BSM searches in loop B-decays

In addition to being sources of pollution to other measurements, penguin loops oﬀer tests of the
SM, provided the theoretical expectations are understood. The CP -violating phase in the SM
is predicted to be close to zero for the cases of b → sss and b → sdd ﬂavour changing neutral
a
Similar studies have also been undertaken in the study of B 0 -B 0 mixing, most recently using the Bs0 → J/ψ K0S
decay channel 12 .
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∗0

Table 1: Results of the Bs0 → K∗0 K angular ﬁt 16 (phases are measured in radians). The ﬁrst uncertainties are
statistical and the second systematic.

Parameter
fL
f
2
|A+
s|
2
|
|A−
s
|Ass |2
δ
δ⊥ − δs+
δs−
δss

Value
0.201 ± 0.057 ± 0.040
0.215 ± 0.046 ± 0.015
0.114 ± 0.037 ± 0.023
0.485 ± 0.051 ± 0.019
0.066 ± 0.022 ± 0.007
5.31 ± 0.24 ± 0.14
1.95 ± 0.21 ± 0.04
1.79 ± 0.19 ± 0.19
1.06 ± 0.27 ± 0.23

current (FCNC) transitions 17 . This makes CP violation searches with decays such as Bs0 → φφ
∗0
and Bs0 → K∗0 K important null tests of the SM. In addition, the polarisation structure of
such pseudoscalar to vector-vector (P → V V ) decays provides not only tests of the predictions
of QCD factorisation in the measurement of the polarisation fractions 17,18 , but also gives rise
to T -odd observables that can probe CP violation without the need for ﬂavour-tagging or the
∗0
resolution of Bs0 -B 0s oscillations 19,20 . Most recently, the Bs0 → K∗0 K decay channel has been
−1
used to perform such tests in FCNC transitions, using 1.0 f b of 7 TeV data collected in 2011 16 .
As an example of a pseudoscalar to vector-vector (P → V V ) decay, the ﬁnal state is a mixture
of CP eigenstates. This can be described by three polarisation amplitudes in the helicity basis
(A0 , A⊥ , A ). The Kπ ﬁnal state is known to contain a signiﬁcant scalar (S) contribution, which
can also be described by the addition of three amplitudes (AV S , ASV , ASS ). The contributions
involving a single scalar Kπ contribution can be re-parameterised as
1
A+
s = √ (AVS + ASV )
2

and

1
A−
s = √ (AVS − ASV ) ,
2

(5)

such that the total decay rate is expressed in CP -even and CP -odd terms. The ﬁnal decay
2
− 2
rate consists of 21 terms. The determination of the polarisation fractions (fL , f , |A+
s | , |As | ,
2
+
−
|Ass | ) and the strong phase diﬀerences between the polarisations (δ , δ⊥ − δs , δs , δss ) consists
of a maximum likelihood ﬁt to the decay angles and the Kπ invariant masses. The results of
the angular ﬁt are shown in Table 1. The relatively small value of fL is consistent with that
reported in other FCNC b → s transitions, most notably the Bs0 → φφ decay, where LHCb has
reported a longitudinal polarisation fraction of 0.364 ± 0.012 (stat) ± 0.009 (syst) 21 .
ccs
In the decay rate, the coeﬃcients (A⊥ A∗0, − Ā⊥ Ā∗0, ) and [(Ā⊥ A∗0, + A∗⊥ Ā0, )e−iφs ]
are T -odd observables. The decay-time-integrated coeﬃcients summed over Bs0 and B 0s decays
correspond to triple product asymmetries that probe CP violation. The interference with the
longitudinal and parallel polarisation is denoted by A1T and A2T , respectively. When the spin0 contribution is taken into account, two additional CP -even amplitudes, A−
s (t) and ASS (t),
interfere with A⊥ (t), and give rise to two additional CP -violating terms, denoted as A3T and A4T ,
respectively. Since A+
s (t) is also CP -odd, its interference terms with the CP -even amplitudes
∗
+
∗
also give rise to CP violating asymmetries. These take the form (A+
s (t)Ak (t) − Ās (t)Āk (t)),
.
Each
triple
product
asymmetry
is
accessed
with k = 0, , s− , ss, and are denoted by A1,2,3,4
D
through angular observables that isolate the corresponding coeﬃcient. The results of the CP
violation measurements are given in Table 2 and are consistent with CP conservation although
uncertainties are relatively large. The observance of CP conservation is consistent with that
reported in Bs0 → φφ decays, in which the weak phase was found to be 0.17 ± 0.15 (stat) ±
0.03 (syst) rad 21 .
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Table 2: Triple product and direct CP asymmetries measured in Bs0 → K∗0 K
are statistical and the second systematic.

Asymmetry
A1T
A2T
A3T
A4T
A1D
A2D
A3D
A4D
3

0.003
0.009
0.019
−0.040
−0.061
0.081
−0.079
−0.081

Value
± 0.041
± 0.041
± 0.041
± 0.041
± 0.041
± 0.041
± 0.041
± 0.041

±
±
±
±
±
±
±
±

∗0

decays 16 . The ﬁrst uncertainties

0.009
0.009
0.008
0.008
0.012
0.008
0.023
0.010

Searches and CPV studies in b-baryon decays

The vast majority of CP violation measurements in beauty decay have focused on B mesons
due to the rich phenomenology available in meson mixing and the large datasets collected by
the B-factories. The LHC also produces beauty in the form of Λ0b baryons at the level of ∼ 1/9
that of B 0 mesons 22 , which gives large samples of Λ0b baryons for CP measurements.
At LHCb, dataset sizes have allowed for searches of loop transitions with suppressed branching fractions. An example of a b → sss transition in the baryonic sector is the Λ0b → Λφ decay.
A recent analysis of the decay has been performed using 3.0 f b−1 of LHCb data 23 . Due to the
long-lived nature of the Λ baryon, the dataset is split according to whether the Λ baryon decayed inside or outside the vertex locator. This then allows for the diﬀerent selection eﬃciencies
and resolutions to be accounted for. The approach taken is to ﬁt in the three invariant mass
dimensions (MK+ K− pπ− , MK+ K− , Mpπ− ). The projection on to each dimension split according
to long and downstream categories is shown in Fig. 5. The mass ﬁt results in a yield of 89 ± 13.
On the inclusion of systematic uncertainties, the signiﬁcance is calculated to be 5.9 standard
deviations representing a ﬁrst observation. In order to calculate the branching fraction, the
B 0 → K0S φ decay is used as a control mode due to the similarity both in terms of selection
requirements and the presence of a long-lived resonance. The value of the branching fraction is
−6
then measured to be (5.18±1.04±0.35 +0.67
−0.62 )×10 , where the ﬁrst uncertainty is statistical, the
second is systematic, and the third is related to external inputs. Triple product asymmetries
can also be computed in the Λ0b → Λφ decay due to the spin structure of the decay. These
have been performed following the formalism of Leitner and Ajaltouni 24 . Four triple products
are possible, corresponding to cos ΦnΛ,φ and sin ΦnΛφ observables, which are azimuthal angles of
c,s
the resonance decay planes (with normal vector nΛ,φ ). The asymmetries Ac,s
Λ and Aφ , where
c and s correspond to the cosine and sine respectively, are determined experimentally through
a simultaneous unbinned maximum likelihood ﬁt to datasets in which the relevant observables
are positive and negative. The results are determined to be
AcΛ = −0.22 ± 0.12 (stat) ± 0.06 (syst),
AsΛ =
Acφ
Asφ

0.13 ± 0.12 (stat) ± 0.05 (syst),

= −0.01 ± 0.12 (stat) ± 0.03 (syst),
= −0.07 ± 0.12 (stat) ± 0.01 (syst),

where systematic contributions mainly arise from the mass model.
In addition to the exclusive Λ0b → Λφ search, an inclusive measurement of Λ0b → Λhh decays,
where h, h ∈ {K, π}, has been performed using 3.0 f b−1 of LHCb data 25 . The analysis uses the
−
abundant Λ0b → Λ+
c π control mode. The result of the maximum likelihood mass ﬁt is shown
in Fig. 6. The statistical signiﬁcance is found to be 5.2 standard deviations for the case of the
Λ0b → ΛK+ K− decay, 8.5 for the Λ0b → ΛK+ π − decay, and 20.5 for the Λ0b → ΛK+ K− decay.
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Figure 5 – Fit projections to the K+ K− pπ − invariant mass in the (a) long and (b) downstream datasets, the
K+ K− invariant mass in the (c) long and (d) downstream datasets, and the pπ − invariant mass in the (e) long
and (f) downstream datasets. The total ﬁt projection is given by the blue solid line. The blue and green dotted
lines represent the φ + Λ and pure combinatorial ﬁt components, respectively. The red and magenta dashed
lines represent the Λ0b → Λφ signal and the Λ0b → ΛK+ K− non-resonant components, respectively. Black points
represent the data. Data uncertainties are Poisson 68% conﬁdence intervals.

No Ξ0b decay evidence is seen. Although the statistical signiﬁcance of the Λ0b → Λπ + π − channel
is over 5 standard deviations, the systematic uncertainty reduces the signiﬁcance of the channel
to evidence. The branching fractions are measured to be
B(Λ0b → Λπ + π − ) = (4.6 ± 1.2 ± 1.4 ± 0.6) × 10−6 ,
B(Λ0b → ΛK+ π − ) = (5.6 ± 0.8 ± 0.8 ± 0.7) × 10−6 ,
B(Λ0b → ΛK+ K− ) = (15.9 ± 1.2 ± 1.2 ± 2.0) × 10−6 ,
where the last quoted uncertainty is due to the precision with which the normalisation channel
branching fraction is known. The signiﬁcant yields observed in the Λ0b → ΛK+ K− and Λ0b →
ΛK+ K− decays allows for the determination of phase-space-integrated CP asymmetries, which
are found to be
ACP (Λ0b → ΛK+ π − ) = −0.53 ± 0.23 ± 0.11,
ACP (Λ0b → ΛK+ K− ) = −0.28 ± 0.10 ± 0.07,
and are therefore consistent with CP conservation, though will be interesting with larger dataset
sizes.
4

Summary

Measurements of the CP -violating phases in B 0 and Bs0 mixing have been presented, along with
measurements of the eﬀects of penguin pollution in the latter. Results are consistent with SM
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Figure 6 – Results of the ﬁt for the (left) ΛK± π ∓ , (middle) ΛK+ K− and (right) Λπ + π − ﬁnal states for all
subsamples combined. Superimposed on the data are the total result of the ﬁt as a solid blue line, the Λ0b (Ξ0b )
decay as a short-dashed black (double dot-dashed grey) line, cross-feed as triple dot-dashed brown lines, the
combinatorial background as a long-dashed green line, and partially reconstructed background components with
either a missing neutral pion as a dot-dashed purple line or a missing soft photon as a dotted cyan line.

predictions of CP violation in B mixing and also with small penguin contamination eﬀects. BSM
searches have been performed using FCNC b → sdd and b → sss transitions where CP violation
is expected to be close to zero in the SM. No CP violation is seen, though uncertainties are
dominated by the limited dataset sizes. Preliminary analyses of FCNC transitions of beauty
baryons have been performed, with ﬁrst observations of the Λ0b → Λφ, Λ0b → ΛK+ K− , and
Λ0b → K+ K− decay modes reported. Measurements of CP violation in the form of direct CP
asymmetries and triple product asymmetries are consistent with zero and will become very
interesting with increased dataset sizes provided by Run II of the LHC.
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B → K ∗  Standard Model contributions – Zooming in on high q 2
G. Hiller
Institut für Physik, Technische Universität Dortmund, D-44221 Dortmund, Germany
To further precision studies with B → K (∗)  decays in the high-q 2 window uncertainties
related to the operator product expansion (OPE) need to be scrutinized. How well can the
OPE describe B → K ∗ (→ Kπ) angular distributions for a given binning in view of the local
charm resonance structure? We present a data-driven method to access this quantitatively.
Our analysis suggests that the bins which are near the kinematic endpoint are best described
by the OPE and should be pursued for precision studies. At the same time measurements
with ﬁner binning help controlling the uncertainties.

1

Introduction

Rare decays of B-mesons into leptons are key modes to test the Standard Model (SM) and look
for New Physics 1 . In particular B → K ∗ (→ Kπ)μμ decays have received high and growing
interest due to their sensitivity to ﬂavor physics in and beyond the SM and the feasibility
for precision studies at hadron and e+ e− -colliders. Recent data from the LHC cover several
thousands of events into muons, and include various angular distributions 2 3 4 . There are great
prospects for Run II and future machines 5 , including various other ﬁnal lepton species (e, τ, ν).
B → K (∗)  decays are described by 1/mb -methods, in both the region of low dilepton
mass squared q 2 , below the J/Ψ, and the high-q 2 region above the Ψ . In the latter is q 2 ∼
O(m2b ) and an operator product expansion (OPE) applies 6 . Among its beneﬁts is the good
convergence, power corrections linear in 1/mb receive additional parametric suppression, and
the resulting universality of short-distance coeﬃcients C L,R in the longitudinal (0), parallel ( )
and perpendicular (⊥) transversity amplitudes 7
2
L,R 2
AL,R
(q )fj (q 2 ) + O(1/mb ) ,
j (q )  C

j = 0, , ⊥ .

(1)

Here,
2mb mB eﬀ 2
C7 (q ) ,
(2)
q2
where Ci are the Wilson coeﬃcients of the radiative and semileptonic operators, respectively,
C L,R (q 2 ) = C9eﬀ (q 2 ) ∓ C10 + κ

O7 =

e
mb s̄σ μν PR bFμν ,
16π 2

O9 =

e2
¯ μ ),
(s̄γ μ PL b)(γ
16π 2

O10 =

e2
¯ μ γ5 ) , (3)
(s̄γ μ PL b)(γ
16π 2

eﬀ equal C
and the fj are transversity form factors. The eﬀective coeﬃcients C7,9
7,9 up to contributions from 4-quark operators. Including right-handed currents from BSM physics, the
universality of amplitudes Eq. (1) breaks down to a partial one between the (0) and ( ) amplitudes.
As the OPE relies on duality 8 its perforance depends on bin size and location. In particular,
too small bin intervals will start to resolve local resonance structure induced by charm contributions B → K ∗ (cc̄) → K ∗ , shown in Figure 1, and limit the accuracy of the OPE predictions
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Figure 1 – The diﬀerential branching fraction dB/dq 2 (B → K ∗ μμ) in the SM (solid curves) and BSM scenarios
(dotted and dash-dotted curves). Black curves include resonances based on the KS-approach 10 while the magenta
ones are short-distance only. The high-q 2 region begins above the ψ  -peak, note the wiggles. Figure taken from 9 .

at high q 2 . As we can’t tell this from within the OPE, we employ a local model parametrization
as a test-case against the OPE.
2

The high-q 2 region locally

Charm contributions are electromagnetically induced and modify the operator with vector coupling to leptons, O9 . The OPE covers such eﬀects; they are part of the eﬀective coeﬃcient
C9eﬀ and read, up to terms of order αs and neglecting contributions from non-charm penguin
operators,


C9eﬀ (q 2 ) = C9 + h(q 2 , m2c )



4
C1 + C2 + 6C3 + 60C5 + . . . .
3

(4)

The loop function h(q 2 , m2c ) is obtained perturbatively from insertions of s̄bc̄c-type operators
and is smooth in the high-q 2 region 6 .
In Figure 2 the “short-distance-free” observables S3 , S4 and FL in the OPE (red curves and
boxes with form factors from 11 ) are compared to data (black, converted to theory conventions),
zooming in from 2 GeV2 bins (upper plots) to 1 GeV2 bins (lower plots). Quite generally one
expects from the R-ratio 12 an onset of resonance structure with this resolution. Indeed the
alternating patterns in the 1 GeV2 bins may be hinting at resonances, however, due to the
limited experimental precision, one cannot draw ﬁrm conclusions presently. Plots with further
observables, S5 , AFB and dB/dq 2 , are given in 13 .
2
= (mB − mK ∗ )2 , which
Furthermore, the data have to meet the endpoint relations at qmax
follow from Lorentz-invariance and hold irrespective of the underlying electroweak model 14
2
2
2
FL (qmax
) = 1/3 , S3 (qmax
) = −1/4 , S4 (qmax
) = 1/4 ,

2
S5,6,7,8,9 (qmax
) = 0.

(5)

In particular with 1 GeV2 bins data on S3,4,5 are presently in mild conﬂict with the endpoint
relations. Further data with improved precision is required to clarify these points.
To test the accuracy of the OPE for a given binning we employ a model that is able to locally
capture resonance eﬀects which show up as “wiggles” in the B → K ∗  distributions. We follow
the method of Krüger and Sehgal (KS) 10 , which uses e+ e− -data on the vacuum polarization
to describe the charm-loop function as
C9eﬀ (q 2 )|KS = C9 + (3a2 ) ηc hc (q 2 ) + . . . ,
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(6)
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Figure 2 – FL , S3 and S4 in the OPE for 2 GeV2 bins (upper plots) and 1 GeV2 bins (lower plots) shown as red
boxes versus data (black) from LHCb 3 . Systematic and statistical uncertainties are added in quadrature. The
light-shaded red bands illustrate the OPE for inﬁnitesimal binning. Plots taken from 13 .

where
Im hc (q 2 ) =

π
Rc (q 2 ) ,
3

Rc =

σ(e+ e− → cc̄)
.
σ(e+ e− → μ+ μ− )

(7)

The real part of hc (q 2 ) is obtained from a dispersion integral. The real and imaginary part of
hc extracted from a ﬁt to BES data 12 can be seen in Figure 3, consistent with 15 . a2 is the same
combination of Wilson coeﬃcients that accounts for the perturbative charm-loop


a2 =



1 4
C1 + C2 + 6C3 + 60C5 .
3 3

(8)

3.0

2.0
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Rehc q2 

Imhc q2 

Numerically, to NNLO accuracy at the b-mass scale, a2 = 0.2. (In the operator basis used
in earlier works 3a2 corresponds to C (0) 9 .) The factor ηc has been introduced to account for
corrections from beyond naive factorization, ηc = 1. Such eﬀects are expected quite generally
as B → K (∗) (cc̄) decays are prominent examples of modes with violent breaking of naive factorization 16 , yet a comparison of the factorization formula with measured branching ratios yields
|η(J/ψ,Ψ(2S)) K ∗ |  0.9 − 1.
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Figure 3 – The charm polarization function hc (q 2 ) from e+ e− → hadrons data (blue 1σ band). The corresponding
OPE-contributions, imaginary and real part of h(q 2 , m2c ), are shown by the blue dashed lines. Plots taken from13 .

We go beyond the original works 10 and generalize Eq. (6) by introducing transversitydependent fudge functions ηc (Kj∗ , q 2 ) to obtain a model that can ﬁt B → K ∗  distributions
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in principle with any precision limited only by input other that of the resonances, such as
perturbative one and form factors. Note that symmetries at the endpoint dictate 14
2
2
ηc (K0∗ , qmax
) = ηc (K∗ , qmax
),

(9)

but other than that the functions should be constrained experimentally.
To make progress we use constant η⊥ and η = η0 to comply with Eq. (9). We deﬁne
ηj ≡ ηc (Kj∗ , q 2 ). With improved data one can consider diﬀerent shapes.
3

Fitting B → K ∗ μμ observables

One beneﬁts from the availablility of B → K ∗ (→ Kπ)μμ data 3 in diﬀerent binings
[15 − 19] GeV2 ,

[15 − 17], [17 − 19] GeV2 ,

[15 − 16], . . . , [18 − 19] GeV2

(10)

allowing to zoom in with resolution Δq 2 = 4, 2 and 1GeV2 , respectively. As we assume new
physics at the electroweak scale and beyond, a binning-related eﬀect is due to resonances, not
New Physics.
In addition to S3 , S4 and FL , in which universal eﬀects drop out, we consider the angular
observables J5,...,9 and the diﬀerential branching fraction, dB/dq 2 . As these are short-distance
dependent, we are forced to perform a joined extraction of η’s and C’s. We simultaneously ﬁt
to η⊥ , η and New Physics contributions δC9 , δC10 for each q 2 -resolution Δq 2 = 4, 2 and 1 GeV2 .
Results are shown in Figure 4 for the η’s and in Figure 5 for the Wilson coeﬃcients. As presently
there are no data on the branching ratio for 1GeV2 bins available, we use in the latter analysis
the 2GeV2 ﬁnding 4 . This is not ideal as it certainly blurs the zooming eﬀect, however we chose
to keep the branching ratio as an important constraint in the ﬁt. Form factors are taken from
lattice QCD 11 .

4

1 GeV2 bins
2 GeV2 bins
4 GeV2 bins

Η

2
0
2
4
3 2 1 0 1 2 3
ΗΗ0
Figure 4 – 1 and 2 σ constraints on η⊥ , η = η0 from B → K ∗ μμ data 3 at high q 2 for ﬁxed binning 4 GeV2 (green,
dotted), 2 GeV2 (blue) and 1 GeV2 (red) as in Eq. (10). The dashed magenta straight line denotes the universalitylimit η⊥ = η0 = η . Plot taken from 13 .

From Figure 4 we learn that naive factorization, ηj = 1, is allowed, but also solutions away
from universality, η⊥ = η0 = η , shown by the dashed line. The constraints from the largest
q 2 -resolution (green, dotted) are the weakest. The ﬁts are presently consistent with no wiggles,
ηj = 0. However, modulo experimental uncertainties, binning-induced diﬀerences hint at the
presence of such structure.
Fits to the BSM-coeﬃcients δC9 , δC10 , see Figure 5, give very similar results for the OPE
and the local model, for each Δq 2 -resolution. This implies that at current level of precision, the
OPE describes the data suﬃciently well as we are not yet fully sensitive to charm resonances.
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Figure 5 – 1 and 2 σ constraints on δC9 , δC10 from B → K ∗ μμ data 3 at high q 2 for ﬁxed binning 4 GeV2 (left), 2
GeV2 (center) and 1 GeV2 (right) as in Eq. (10). Red shaded areas (black contours) denote the allowed regions
in the OPE (in the KS-approach with η⊥ , η = η0 simultaneously ﬁtted). Plots taken from 13 .

The plots also show that the SM is allowed but also sizable BSM eﬀects, in agreement with
the plain low recoil analysis of 17 . An analogous ﬁt to η⊥ , η and the Wilson coeﬃcients of the

, gives qualitatively very similar results 13 .
chirality-ﬂipped operators, C9,10
4

Binning performance

To estimate the uncertainties of the OPE prediction, for a given binning, we use the ratios


i = 

KS 2
2
bin ρi (q )dq
OP
E
2
(q )dq 2
bin ρi



, i = 1, 2 ,

12 = 

KS 2
2
bin ρ2 (q )dq
OP
E
2
(q )dq 2
bin ρ2



E (q 2 )dq 2
ρOP
1
,
KS
2
2
bin ρ1 (q )dq

· bin

(11)

where



2


ρ1 (q 2 ) ≡ 12 (|C R (q 2 )|2 + |C L (q 2 )|2 ) = C9eﬀ (q 2 ) + κ 2mqb2mB C7eﬀ (q 2 ) + |C10 |2 ,

(12)

∗ ,
C9eﬀ (q 2 ) + κ 2mqb2mB C7eﬀ (q 2 ) C10

(13)



ρ2 (q 2 ) ≡ 14 (|C R (q 2 )|2 − |C L (q 2 )|2 ) = Re





are the short-distance factors at high q 2 . They have to be evaluated with the respective eﬀective
coeﬃcient C9eﬀ (q 2 ), Eq. (6) for the KS-model and Eq. (4) for the OPE. The closer k to one,
the better the performance of the OPE. We calculate the k model-independently, i.e., within
the global ﬁt, within the 1σ ranges of Figure 4 and corresponding C9,10 values. The outcome is
shown in Table 1. As expected, a larger bin interval and one closer to the kinematic endpoint is
best. The bins with the best performance are presently [17 − 19] and [18 − 19] GeV2 , both near
the endpoint, followed by the full one [15 − 19] GeV2 . The deviations |k − 1| from the OPE also
include uncertainties within the local charm model. Therefore, improved understanding of the
resonance parameters can reduce the uncertainty on the OPE’s performance. Such information
requires measurements in bins that do resolve the wiggles.
Table 1: Ranges of k deﬁned in Eq. (11) for diﬀerent q 2 -bins in GeV2 and 1σ ranges of parameters η⊥. , C9,10 .

1
2
12

15 − 19
(0.85,1.16)
(0.82,1.0)
(0.86,1.05)

15 − 17
(0.81,1.30
(0.74,1.13)
(0.87,1.05)

17 − 19
(0.87,1.03)
(0.85,0.91)
(0.84,1.05)

15 − 16
(0.76,1.20)
(0.71,1.17)
(0.95,1.06)
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16 − 17
(0.84,1.38)
(0.78,1.08)
(0.78,1.05)

17 − 18
(0.84,1.03)
(0.76,0.95)
(0.75,1.05)

18 − 19
(0.86,1.05)
(0.84,0.97)
(0.93,1.05)

5

Conclusions

The high-q 2 region in semileptonic rare |Δb| = |Δs| = 1 decays is inhabited by wider charm
resonances. Using a local model against the OPE provides a data-driven method to test the
binning and limitations of the OPE. The k ratios deﬁned in Eq. (11) provide data-extracted
upper limits on the OPE’s binning-related uncertainty, and are useful to identify the most
suitable binning. The two bins near the kinematic endpoint perform best, see Table 1. Besides
precision studies in these bins measurements in ﬁner q 2 -bins are desirable to improve the local
description of resonances. B → K ∗ μμ observables at low recoil are presently consistent with the
SM, however, large BSM eﬀects are also allowed. We look forward to future data.
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CHARM MIXING AND CP VIOLATION AT LHCb

A. PEARCE
School of Physics and Astronomy, University of Manchester, Manchester, United Kingdom, and
STFC Rutherford Appleton Laboratory, Didcot, United Kingdom
LHCb collected the world’s largest sample of open charm decays during Run 1 of the Large
Hadron Collider. This has permitted many precision measurements of charm mixing and
CP violation parameters, the most precise of which is ΔACP , a measurement of the relative
strength of direct, time-integrated CP asymmetries between two singly-Cabibbo suppressed
D0 decays. This measurement has recently been updated using promptly produced D0 mesons
with the full Run 1 dataset, and has a precision below the per mille level. In addition, LHCb
has recently made the ﬁrst observation of D0 mixing in a multibody D0 decay, also measuring
associated coherence parameters which can be used as input to measurements of the CKM
angle γ. LHCb has also measured the mixing parameters x and y with a model-independent
analysis of D0 → KS0 π + π − decays, and the size of direct CP violation in D0 → KS0 KS0 decays.

1

Introduction

The Standard Model predicts small values for the size of CP violation in weak decays, and
measuring such values necessitates high-precision experiments. The discoveries of direct CP
violation in the neutral kaon and B meson systems opened an era of high-precision particle
physics.
There are pieces of the CP violation puzzle that are missing. In particular, CP violation
is yet to be observed in the charm sector. For the neutral D0 charm meson, Standard Model
predictions for the size of direct CP violation can be at the per mille level, and so the related
processes are sensitive to small eﬀects introduced by physics beyond the Standard Model. The
large charm cross-section at LHCb makes it the ideal place to probe such quantities, where
during Run 2 of the LHC 1012 D0 mesons will be produced within the LHCb acceptance per
inverse femtobarn of integrated luminosity 1 .
The LHCb detector 2 is a single-arm forward spectrometer covering the pseudorapidity range
2 < η < 5, designed for the study of particles containing b or c quarks. The detector elements
that are particularly relevant to charm analyses are: a silicon-strip vertex detector surrounding
the pp interaction region that allows c- and b-hadrons to be identiﬁed from their characteristically long ﬂight distance; a tracking system that provides a measurement of momentum, p,
of charged particles; and two ring-imaging Cherenkov detectors that are able to discriminate
between diﬀerent species of charged hadrons.
This report will highlight the charm mixing and CP violation results published by LHCb in
late 2015 and early 2016.

51

2

Mixing and CP violation formalism

As in the neutral kaon and B meson systems, the mass eigenstates |D1  and |D2  are superpo0
sitions of the ﬂavour eigenstates |D0  and |D ,
0

|D1,2  = p |D0  ± q |D  ,
with complex coeﬃcients p and q. This mixing of the ﬂavour eigenstates permits oscillations,
where the two ﬂavour eigenstates transform into one another with time. The mixing is usually
parameterised as
Γ2 − Γ1
M2 − M 1
x=
, y=
,
(1)
Γ
2Γ
where M1,2 and Γ1,2 are the masses and widths of the two mass eigenstates, and Γ is the average
width, (Γ1 + Γ2 )/2, which is equal to the inverse of the average lifetime.
The kaon system exhibits a large lifetime asymmetry y, which manifests itself in the large
diﬀerence in lifetimes between the KS0 and KL0 states, while the large mass diﬀerence x in the Bs
system leads to very fast oscillations between the two mass eigenstates. In the D0 system, both
x and y are small, meaning that observing the existence of the two eigenstates is challenging,
and requires large samples of charm decays.
Violation of the CP symmetry in the D0 system can manifest itself in three distinct ways:
where the rate for a decay process D0 → f diﬀers from that of the CP conjugate process
0
D → f¯; where the probability of oscillation in one direction is diﬀerent to that for the inverse
process; and in the superposition between mixing and decay. The ﬁrst mechanism is referred to
as direct CP violation, while the latter two mechanisms are collectively referred to as indirect
CP violation.
3

Mixing in multibody D0 decays

To observe indirect CP violation, the existence of mixing must be established. This was ﬁrst
observed using the two-body doubly-Cabibbo suppressed (DCS) D0 → K + π − decay 3 . A similar
measurement has recently been performed using the four-body D0 → K + π − π + π − DCS decay,
with 3 fb−1 of integrated luminosity collected in 2011 and 2012 4 . The analysis counts the number
of both the Cabibbo-favoured (CF) D0 → K − π + π − π + decay and the DCS decay, and computes
the ratio between them R in bins of D0 proper decay time t,
2
R(t) ≈ rD
+ R D rD y 

t
x2 + y 2
+
τ
4

 2

t
τ

,

(2)

where rD is the ratio of the CF and DCS decay amplitudes, RD is a phase space factor that
accounts for the ﬁve-dimensional phase space aﬀecting the mixing magnitude, x and y  are
rotations of x and y by the average strong phase δ across the phase space, and τ is the D0
0
lifetime. A change in the ratio with decay time is indicative of D0 -D mixing.
There are two contributions to each ﬁnal state, as shown in Figure 1. The ‘right-sign’ ﬁnal
0
state K − π + π − π + can be reached either by the direct CF decay, or by an oscillation D0 → D
followed by the DCS decay. The right-sign amplitude is considered to be dominated by the
CF process, and the other path is neglected. The ‘wrong-sign’ ﬁnal state can be reached either
by the DCS decay or by an oscillation followed by the CF decay. The two amplitudes for the
wrong-sign ﬁnal state are of a similar magnitude, so the total wrong-sign amplitude contains
an interference term between them which can be large, allowing the x and y parameters of the
mixing amplitude to be measured by ﬁtting the R(t) distribution deﬁned in Equation 2.
Several experimental uncertainties cancel in the ratio of right-sign to wrong-sign yields, such
as the knowledge of the decay time acceptance (the eﬃciency of reconstructing and selecting the
ﬁnal state as a function of decay time). The initial ﬂavour eigenstate of the D0 meson is found
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Figure 1: The two contributing amplitudes to each right-sign and wrong-sign ﬁnal states.
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by reconstructing the strong decay of the D∗+ meson, D∗+ → D0 π + , where a positive pion from
0
the D∗+ tags a D0 , and a negative pion tags a D . In total, 11 × 106 right-sign and 42 × 103
∗+
0
wrong-sign D -tagged D candidates are selected. The diﬀerences between the reconstructed
masses of the D∗+ and D0 candidates, Δm, for right-sign and wrong-sign ﬁnal states are shown
in Figures 2a and 2b.
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Figure 2: Mass distributions of fully selected Cabibbo-favoured D0 → K − π + π − π + and doubly-Cabibbo
suppressed D0 → K + π − π + π − candidates, and the ratio between the CF and DCS signal yields in bins
of D0 proper decay time. The mass shown, Δm, is the diﬀerence between the reconstructed D∗+ and D0
masses.

The four-body decay is more experimentally challenging than the two-body decay, due to the
lower reconstruction eﬃciency from requiring two extra tracks, the higher levels of combinatorial
background, and the ﬁve-dimensional phase space, which must be correctly parameterised to
ensure that any right-sign/wrong-sign eﬃciency diﬀerences do not dilute the mixing eﬀect.
The no-mixing hypothesis is rejected at 8.2 σ, with the ratio R(t) shown in Figure 2c. This
measurement is not only useful to conﬁrm the existence of mixing in charm, but also serves
as input to measurements of the CP -violating phase γ, when measured using B ± → DK ±
decays 5,6 .
4

CP violation in two-body D0 decays

Direct CP violation in the decay D0 → f can be parameterised as the diﬀerence in decay rates
Γ,
0
Γ(D0 → f ) − Γ(D → f¯)
.
(3)
ACP (f ) =
0
Γ(D0 → f ) + Γ(D → f¯)
Decay rates are diﬃcult to measure experimentally, and so instead the asymmetry in the observed
number of decays N is measured,
0

ARaw
CP (f ) =

N (D∗+ → (D0 → f )π + ) − N (D∗− → (D → f¯)π − )
,
0
N (D∗+ → (D0 → f )π + ) + N (D∗− → (D → f¯)π − )
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(4)

where the D∗+ tagging is shown explicitly, to highlight the experimental method of determining
the D0 ﬂavour at production. This asymmetry ARaw
CP contains several terms in addition to the
term of interest ACP ,
∗+
+
ARaw
CP (f ) ≈ ACP (f ) + AProduction (D ) + ADetection (π ) + ADetection (f ).

(5)

The background asymmetry A(D∗+ ) arises because the production rates of D∗+ and D∗− are
not necessarily equal at the LHC. The detection asymmetries A(π + ) and A(f ) arise because the
LHCb detector is not equally eﬃcient at detecting particles and their CP conjugates (due to
diﬀerences between particle and antiparticle interaction cross-sections).
By choosing a CP -symmetric ﬁnal state, such as K − K + or π − π + , A(f ) becomes zero. If
the remaining terms are independent of the D0 ﬁnal state, then the diﬀerence ΔACP of the raw
asymmetries between two CP -symmetric ﬁnal states can be measured
− +
Raw − +
− +
− +
ΔACP = ARaw
CP (K K ) − ACP (π π ) ≈ ACP (K K ) − ACP (π π ).

(K −

K +)

(π −

(6)

π+)

In addition, ACP
and ACP
are predicted to be of opposite sign, and so the
diﬀerence enhances the experimental sensitivity to CP violation.
The ﬁrst measurement of ΔACP at LHCb was made using 0.6 fb−1 of integrated luminosity
collected in 2011 7 . The result diﬀered from the CP conservation hypothesis by 3.5 σ and this
generated much interest in the theory community. It was measured twice more using D0 decays
that were tagged in the semileptonic decays of B hadrons: ﬁrst using 1 fb−1 of data 8 , and then
with 3 fb−1 9 , neither of which found evidence for CP violation. The D∗+ -tagged measurement
has now been updated using the full Run 1 dataset of 3 fb−1 10 .
With the 3 fb−1 dataset, the analysis measures 7.7 × 106 D0 → K − K + and 2.5 × 106 D0 →
π − π + signal candidates. As the production and detection nuisance asymmetries A(D∗+ ) and
A(π + ) depend on the kinematics of the D∗+ and tagging pion, they are normalised by weighting
the D0 kinematics to be the same between the K − K + and π − π + ﬁnal states.
A measurement is made of
ΔACP = (−0.10 ± 0.08 (stat) ± 0.03 (syst)) %,

(7)

which is compatible with the no-CP -violation hypothesis. The robustness of the result is checked
by measuring ΔACP using data partitioned by data-taking period and by the values of several
reconstructed quantities, such as the number of primary vertices and the D0 transverse momentum, and using data with diﬀerent particle identiﬁcation requirements. No dependence is found
on any quantity.
As the analysis was made using a newer version of the reconstruction software than the
0.6 fb−1 analysis, and this analysis measured ΔACP to be much closer to zero, the data are
divided in to three samples to perform further checks. The ﬁrst (second) sample contains
events that are selected when using the old (new) version of the reconstruction software and are
discarded by the new (old) one, while the third sample consists of events that are selected by
both versions. No evidence of incompatibility among the sub-samples was found.
The result of the analysis is the most precise measurement of a time-integrated CP asymmetry in charm from a single experiment.
5

Model-independent mixing measurement with D0 → KS0 π + π − decays

For ﬁnal states such as D0 → K + π − π + π − , it is possible to measure mixing by considering the
right-sign and wrong-sign processes. This is not possible for CP -symmetric ﬁnal states such as
KS0 π + π − , as even though the ﬁnal state contains CF and DCS contributions, they cannot be
disentangled by inspecting charges. Instead, an analysis of the amplitudes comprising the full
phase space is generally performed.
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Candidates per 1.7 MeV/c2

In an amplitude analysis, the variation of the strong phase δ between the CF and DCS
contributions can be measured, as this aﬀects the magnitude of the mixing. A new technique
for extracting x and y was recently proposed that does not require a model of the amplitudes 11 ,
and LHCb has been the ﬁrst to use it 12 . With this technique, the phase space is partitioned
into regions of near-constant strong phase, and the mixing parameters can be extracted by
0
ﬁtting models to the D0 and D proper time distributions in these regions. The strong phase
partitions are deﬁned by measurements made with the CLEO experiment 13 , in e+ e− collisions
at a centre-of-mass energy designed for resonant ψ(3770) production.
A model-independent approach is challenging, however, as the D0 → KS0 π + π − sample is
contaminated with background candidates and by D0 candidates from B decays, which can
lead to an incorrect D0 proper decay time measurement. These contributions are statistically
separated from the signal by maximum likelihood ﬁts to the D0 candidate mass, the diﬀerence
in mass of the D∗+ and D0 candidates, and to the ln χ2IP distribution, which is a measure of
how well the D0 candidate points back to the primary vertex. An example ﬁt to the D0 mass
distribution is given in Figure 3, showing the very high purity of the sample.

104

LHCb

103

102

1.8

1.85

1.9

1.95

mD [GeV/ c2]
Figure 3: Mass distribution of D0 → KS0 π + π − candidates, along with the total ﬁt result (solid black
curve) and combinatorial background component (dashed grey curve). The y-axis uses a logarithmic
scale.

As a validation of the novel technique, the analysis was performed on 1 fb−1 of integrated
luminosity. The mixing parameters were measured to be
x = (−0.86 ± 0.53 (stat) ± 0.17 (syst)) %,

and

y = (0.03 ± 0.46 (stat) ± 0.13 (syst)) %.
The statistical uncertainty includes a small contribution from the CLEO strong phase measurements used as input, and the size of this contribution could be reduced in the future with the
BESIII experiment 14 .
6

Direct CP violation in D0 → KS0 KS0 decays

Although most predicted values of the size of direct CP violation in charm are very small, those
for the decay D0 → KS0 KS0 can be as high as 1 %. This channel is then an ideal place to continue
searching for the ﬁrst evidence of CP violation in charm.
Reconstructing D0 → KS0 KS0 is experimentally diﬃcult, however, as the long lifetime of the
KS0 meson causes a large fraction of its decays to occur outside of the highly precise Vertex
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Locator (VELO) sub-detector. Mesons that decay downstream of the VELO are referred to as
‘downstream’ KS0 , and have a poorer momentum resolution, and therefore a poorer D0 mass
resolution, and hence suﬀer from larger combinatorial background.
Due to a high downstream tracking eﬃciency, LHCb is able to reconstruct KS0 KS0 ﬁnal
states 15 , in the KS0 → π + π − channel, and the D0 → KS0 KS0 analysis splits the data in to three
samples: where both KS0 mesons decay inside the VELO (long-long); where only one meson
does (long-down); and where neither do (down-down). These are analysed separately due to the
diﬀerent momentum resolutions and background compositions. Maximum likelihood ﬁts to the
distributions of the D∗+ -D0 mass diﬀerence for each sample are shown in Figure 4.
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Figure 4: Mass distributions for the three D0 → KS0 KS0 samples: one where both KS0 mesons decay inside
the LHCb Vertex Locator (long-long); one where one KS0 decays inside it (long-down); and one where
both decay outside the VELO (down-down). The total ﬁt result is overlaid (solid black curve).

Similarly to the other analyses described here, the ﬂavour of the D0 at production is tagged
with D∗+ decays. Direct CP violation is parameterised as
0

ACP =

N (D∗+ → (D0 → KS0 KS0 )π + ) − N (D∗− → (D → KS0 KS0 )π − )
0

N (D∗+ → (D0 → KS0 KS0 )π + ) + N (D∗− → (D → KS0 KS0 )π − )

.

(8)

This is computed for each sub-sample, and the ﬁnal result is obtained with a weighted mean
ACP = (2.9 ± 5.2 (stat) ± 2.2 (syst)) %.
The D∗+ production asymmetry and π + detection asymmetry are accounted for in the context
of systematic uncertainties, where the total contribution on ACP is found to be 1.1 %.
This is the single best measurement of ACP (D0 → KS0 KS0 ) to date, with a statistical uncertainty three times smaller than the previous measurement 16 .
7

Summary

The LHCb collaboration continues to make very precise measurements of charm mixing and CP
0
violation parameters. With D0 -D mixing now ﬁrmly established, the search for CP violation
continues with increasing precision, both indirectly in mixing and directly in decay.
Run 2 of the LHC will bring enormous charm samples to LHCb, and with this, along with
the remaining Run 1 analyses to be completed soon, the future of charm physics is looking
particularly interesting.
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STUDY OF THE RARE DECAYS OF Bs0 AND B 0 INTO MUON PAIRS
WITH THE ATLAS DETECTOR
SANDRO PALESTINI
CERN, 1211 Geneva 23, Switzerland

on behalf of the ATLAS Collaboration

A study of the decays Bs0 → μ+ μ− and B 0 → μ+ μ− has been performed using data corresponding to an integrated luminosity of 25 fb−1 of 7 TeV and 8 TeV proton–proton collisions
collected with the ATLAS detector during the LHC Run 1. For B 0 , an upper limit on the
branching fraction is set at B(B 0 → μ+ μ− ) < 4.2 × 10−10 at 95% conﬁdence level. For Bs0 , the
−9
branching fraction B(Bs0 → μ+ μ− ) = 0.9+1.1
is measured. The results are consistent
−0.8 × 10
with the Standard Model prediction with a p-value of 4.8%, corresponding to 2.0 standard
deviations.

1

Introduction

The decays B 0(s) → μ+ μ− are highly suppressed in the Standard Model (SM), as they are
ﬂavour-changing neutral-current (FCNC) processes, with additional helicity suppression. They
are predicted accurately as B(Bs0 → μ+ μ− ) = (3.65 ± 0.23) × 10−9 and B(B 0 → μ+ μ− ) =
(1.06 ± 0.09) × 10−10 , 1 and deviations from the predicted values represent a sensitive test of
new physics (e.g., Ref. 2). The CMS and LHCb collaborations have reported the observation of Bs0 → μ+ μ− and evidence of B 0 → μ+ μ− , with combined values: B(Bs0 → μ+ μ− ) =
−9 and B(B 0 → μ+ μ− ) = (3.9+1.6 ) × 10−10 . 3 The results of a search performed
(2.8+0.7
−0.6 ) × 10
−1.4
with the ATLAS detector on the full sample of data collected during LHC Run 1 are reported
here for the ﬁrst time.a
2

Analysis method, data samples, trigger and preliminary selection

In order to minimise systematic uncertainties, the Bs0 → μ+ μ− and B 0 → μ+ μ− branching
fractions are measured relative to the normalisation decay B + → J/ψ (→ μ+ μ− )K + , using the
a

More details can now be found in Ref. 4.
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equation




0
→ μ+ μ− ) = Nd(s) × B(B + → J/ψK + ) × B(J/ψ → μ+ μ− ) ×
BR(B(s)

with
Dnorm =




k
NJ/ψK
+ αk

k=1,4

ε μ+ μ−
εJ/ψK +

fu
1
×
,
fd(s) Dnorm



.
k

The B 0(s) → μ+ μ− branching fractions are obtained from the number of decay candidates (Nd(s) ),
0 (f /f
the known values of the B + branching fractions, the production ratio B + /B(s)
u d(s) ), and
+
a normalisation term Dnorm that includes the yield of B and the eﬃciency ratio between the
search and the normalisation channel. This term is formed by four independent contributions,
corresponding to the sample of data collected in 2011 and three exclusive trigger selections used
in 2012. The coeﬃcients αk correct for the prescaling performed by the trigger selection. The
notation used in the equation refers to both the stated and charge-conjugate process, without
distinction between B 0(s) and B 0(s) and summing the J/ψK + and J/ψK − contributions. A
blind analysis was performed in which data in the dimuon invariant mass region from 5166 to
5526 MeV were removed until the procedures for event selection and the details of signal yield
extraction were completely deﬁned.
A description of the ATLAS detector can be found in Ref. 5. The total integrated luminosity
√
of good quality data used in this analysis is 4.9 fb−1 for the 2011 sample (collected at s =
√
−1
7 TeV) and 20 fb for 2012 ( s = 8 TeV). Samples of simulated MC events are used for the
determination of the eﬃciency ratios, for guiding the signal extraction ﬁts, and for training
and validation of the multivariate selections designed for the reduction of the background. In
particular, a large sample of 1.4 billion inclusive dimuon events pp → bb̄X → μ+ μ− X  was used
0 → h+ h − were generated
for the reduction of the combinatorial background. Samples of B(s)
for the resonant background due to two-body decays with both hadrons misidentiﬁed as muons.
Additional background samples were generated for partially reconstructed B-hadron decays
0 and B + signals, including three-body
(PRD) that contribute to the background to the B(s)
−
+
semileptonic decays h μ ν with the hadron misidentiﬁed as a muon.
The online selection for the signal and the reference channels was based on dimuon trigger
requirements. For the data collected in 2011 a threshold of 4 GeV was required on the transverse
momentum (pT ) of both muons. The peak luminosity was higher in 2012 and, because of rate
limitations, the same trigger was prescaled for part of the data taking. The loss of integrated
luminosity was recovered to a large extent including two additional trigger selections, which
require at least one of the muons in the barrel region (pseudorapidity |η| < 1.05) or above a
higher threshold pT > 6 GeV.
Events compatible with Bs0 → J/ψφ (→ μ+ μ− K + K − ) are also reconstructed, and used
together with B + → J/ψK + to validate the simulation. The muon candidates were required
to have tracks reconstructed in the inner detector and the muon spectrometer with a good
matching between them. Kaons candidates are required to have pT > 1 GeV. For all tracks,
the requirement of |η| < 2.5 is applied. The requirement of pT > 4 GeV is placed on the
B candidates.
The association between the decay vertex and a primary vertex is necessary for the ﬁnal
selection, discussed below. The matching is made by propagating the the B candidate to the
point of closest approach to the collision axis, and choosing the primary vertex with the smallest longitudinal separation. Simulation shows that this method achieves a correct matching
probability of better than 99%.
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3

Background and multivariate selections

After the preliminary selection, the sample of B 0(s) → μ+ μ− candidates is largely dominated
by the combinatorial background due to uncorrelated decays of of b and b hadrons, denoted
as the continuum background. A multivariate analysis, the continuum-BDT, is employed to
enhance the signal relative to this background. This classiﬁer is based on the 15 discriminating
variables, which assess the characteristics of the decay vertex (e.g.: separation between decay
and primary vertices, and collinearity between the separation between the two vertices and
the momentum of the B candidate), the compatibility between the muon candidates and any
reconstructed primary vertex, the compatibility of additional tracks with the B-meson decay
vertex, and other general characteristics of the events, such us isolation, based on the comparison
of the pT of the
 B candidate with the sum of the pT of the charged tracks reconstructed within a
cone of size Δη 2 + Δφ2 < 0.7 around the B direction. Figure 1-left shows the distribution of
the BDT output variable for signal and background, separately for the continuum background
and others sources. The classiﬁer is trained on simulation, using the large sample of uncorrelated
b decays containing muons, and the signal samples. The ﬁnal selection requires a continuumBDT output value larger than 0.24, corresponding to a signal relative eﬃciency of 54% and to
a reduction of the continuum background by a factor of about 10−3 .
A second multivariate classiﬁer, the fake-BDT, is used to enhance the signal against background containing hadrons misidentiﬁed as muons. This type of background represents a rather
small fraction of the continuum and PRD components, but is relevant because of the resonant
background of two-body hadron decays, in which both particles are misidentiﬁed as muons. Due
to depth of the calorimeters and to the match between the tracks reconstructed in the inner
detector and in the muon spectrometer, the hadronic punch-through is not relevant, and the
fake muons are to a large extent due to decays in ﬂight K(π) → μν, when the muon takes almost
all the meson momentum. In the pT and η range of interest for this study, the misidentiﬁcation
probability for a kaon (pion) is about 0.4% (0.2%). This probability is further reduced applying
the fake-BDT, which performs a multivariate classiﬁcation on variables related to the quality of
the reconstruction of the tracks in the inner detector and in the muon spectrometers, and to the
match between the two. The misidentiﬁcation probability is reduced by a factor 0.37, for a loss
of genuine muons from B decays of 5%. Studies performed on data conﬁrm the results of simulation within a factor 1.2 ± 0.2, which is used as calibration and uncertainty. From the known
0 → h+ h− ) and the eﬃciency obtained from simulation,
values of the branching fractions B(B(s)
the expected number of events from resonant background in the full sample of data is equal
to 1.0 ± 0.4 events. A consistency check is performed inverting the selection applied with the
fake-BDT. Doing so, the number of events containing real muons is largely reduced, while the
number of resonant-background events is approximately three times larger than in the sample
obtained with the nominal selection. A ﬁt to the background-enhanced sample gives 0.5 ± 3.0
events of resonant background, in good agreement with the expectation.
4

Yield extraction for B + → J/ψK + and normalisation term

The B + yield for the normalisation channel is extracted with an unbinned extended maximumlikelihood ﬁt to the J/ψK + invariant mass distribution. The ﬁt is performed separately on the
four trigger/data categories, and performed on a prescaled sample of the data, corresponding
to 2.7 fb−1 , collected and processed together with the B 0(s) → μ+ μ− candidates. The use of
a reduced sample of B + → J/ψK + events does not aﬀect the sensitivity of this study. Detailed functional forms, based on simulation, are used for the signal (including a non-Gaussian
detector response, radiative tails, Cabibbo suppressed B + → J/ψπ + component), and for the
background (including a separate description of the main channels contributing to PRD). An
example of the ﬁt is shown in Figure 1-right. The total statistical and systematic uncertainty in the B + normalisation yield are in the range 0.9–4.0%, with the larger uncertainties
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Figure 1 – Left: Continuum-BDT distribution for the μ+ μ− sideband data and MC samples of background
0
(continuum, Bc → J/ψμ+ (→ μ+ μ− μ+ ), partially reconstructed decays, B(s)
→ π − (K − )μ+ ν) and signal. All
distributions are normalised to unity. Right: J/ψK + invariant mass distribution for B + candidates in the trigger
category with the largest sample. The result of the ﬁt is overlaid. The inset at the bottom shows the diﬀerence
between the data point and the ﬁt function, divided by the ﬁt error.

in the categories that contribute less to the normalisation term Dnorm . The ratio of branching fractions B(B + → J/ψπ + )/B(B + → J/ψK + ) is extracted from data, and found equal to
0.035 ± 0.003 ± 0.012, in agreement with the world average. 6
The eﬃciency ratio between the B + → J/ψK + and the B 0(s) → μ+ μ− channels is obtained
from simulation, separately in each category of data, and combined with the B + yield to obtain
the value of Dnorm . Simulation and data are compared using the background subtracted samples
of B + → J/ψK + and Bs0 → J/ψφ, and the MC samples are tuned in order to reproduce more
accurately the data, Corrections of 3–4% absolute size are due to (a) tuning to the pT and η
production spectrum of B mesons used in the generator, (b) use of trigger eﬃciencies extracted
from studies performed on data, and (c) reweighting of the isolation variable, separately for B +
and for B 0(s) → μ+ μ− , using Bs0 → J/ψφ data for the latter. The total correction on Dnorm is
+3.2%. Finally, the decay time distribution of the Bs0 → μ+ μ− MC sample of is reweighted using
the lifetime of the Bs,H eigenstate of the Bs0 -B 0s system, according to the SM based prediction
for B 0(s) → μ+ μ− decays 7 and the world average width diﬀerence ΔΓs 6 (−4% eﬀect for Bs0 ,
negligible for B 0 ). The value of Dnorm is (2.88 ± 0.17) × 106 for Bs0 and (2.77 ± 0.16) × 106
for B 0 .
5

Fit to event yields and branching fractions

The ﬁt to the B 0(s) → μ+ μ− signal is an unbinned extended maximum-likelihood ﬁt performed
on the dimuon invariant mass distribution, with the events classiﬁed according to three intervals
in the continuum-BDT output: 0.240–0.346, 0.346–0.446 and 0.446–1.
The model for describing signal and background is based on simulation and on data collected
0 signal is described by the superposition of two
in the sidebands of the dimuon mass. The B(s)
Gaussian distributions, with a combined width of about 70 MeV. The eﬃciency of the BDT
intervals is studied comparing data and simulation in the reference channels B + → J/ψK +
and Bs0 → J/ψφ. Relative corrections of +10% and −10% are applied to the ﬁrst and third
interval, together with systematic uncertainties of ±14%, ±6% and ±13% respectively in the
three intervals, due to MC inaccuracies in the modelling of the discriminating variables and of
the continuum-BDT output.
The dependence of the continuum background on the dimuon mass is parameterised as a
straight line, as observed in simulation and in good agreement with data in the sidebands. The
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normalisation is determined independently in each BDT interval. The slope is extracted from
the data, applying a loose Gaussian constraint of uniformity across the intervals.
The background due to partially reconstructed decays is described by an exponential dependence on the invariant mass. Both data and simulation show that the shape does not vary
signiﬁcantly across the BDT intervals. The normalisation in each interval and the common shape
parameter are extracted from the ﬁt to data. The mass distribution of the resonant background
is determined from simulation, and is very similar to the B 0 signal. It is is described with a
Gaussian, with the normalisation equal to 1.0 ± 0.4 events, equally distributed among the three
intervals of continuum-BDT.
Studies based on pseudo-experiments are used to assess the sensitivity to variations in the
ﬁt model. The eﬀects considered include uncertainties in the reconstructed momentum scale
and momentum resolution, in the mass dependence of the background components and in its
variation across the continuum-BDT intervals. A direct modelling of semileptonic two-body
decays Bs0 (B 0 ) → K(π)μ ν followed by K(π) misidentiﬁcation as a μ is included among the
systematic studies. The total systematic uncertainty in the ﬁt is equal to about ±3 events for
both Bs0 and B 0 , with a correlation coeﬃcient of −0.7.
The branching fractions B(Bs0 → μ+ μ− ) and B(B 0 → μ+ μ− ) are obtained by including in
the ﬁt: (a) the B + branching fraction to the ﬁnal state (product of (1.027 ± 0.031) × 10−3 and
(5.961 ± 0.033) × 10−2 , 6 (b) the production fractions, with fd /fu = 1 and fs /fd = 0.240 ± 0.20, 8
and (c) the normalisation term Dnorm , discussed above. The product of the three terms, i.e. the
single-event sensitivity, is equal to (8.9±1.0)×10−11 for Bs0 → μ+ μ− and (2.21±0.15)×10−11 for
B 0 → μ+ μ− . All systematic uncertainties are included in the likelihood as nuisance parameters
with corresponding Gaussian constraints, and are treated with the proﬁle-likelihood method.
6

Results

Including both the 2011 and 2012 data-taking periods, 1951 dimuon candidates are found in
the full mass range of 4766–5966 MeV, including all three intervals of continuum-BDT. About
1680 events are determined as continuum background, 360 as PRD background, 16 ± 12 as
Bs0 → μ+ μ− events, and −11 ± 9 as B 0 → μ+ μ− . The primary result of this analysis is obtained
by applying the natural boundary of non-negative yields, for which the ﬁt returns the central
values 11 and 0 respectively for Bs0 and B 0 .
Figure 2-left shows the dimuon mass distributions in the third BDT interval, together with
the projection of the likelihood ﬁt.
The result of the ﬁt, applying the constraint of non-negative branching fractions, is:
−9
B(Bs0 → μ+ μ− ) = 0.9+1.1
−0.8 × 10 ,

B(B 0 → μ+ μ− ) < 4.2 × 10−10 (95% CL) ,

where the uncertainties include both the statistical and systematic contributions and are based
on pseudo-experiments. The upper limit is obtained with the CLs method. The observed
signiﬁcance of the Bs0 → μ+ μ− signal is equal to 1.4 standard deviations. The corresponding
expected signiﬁcance for the SM prediction is 3.1 standard deviations.
In addition to the central value and the 68.3% conﬁdence range, an upper limit
B(Bs0 → μ+ μ− ) < 3.0 × 10−9 (95%CL)
is obtained. The limit is lower than the SM prediction, and compatible with the combination of
the measurements by CMS and LHCb. 3
The upper limit on B(B 0 → μ+ μ− ) is above the SM prediction and also covers the central
value of CMS and LHCb.
Pseudo-experiments are used to evaluate the compatibility of the observation with the SM
prediction. A hypothesis test is performed for the simultaneous ﬁt to both branching fractions.
The result is p = 0.048, corresponding to 2.0 standard deviations.
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Figure 2 – Left: Dimuon invariant mass distributions in the third interval of continuum-BDT output, superimposed
to the the maximum-likelihood ﬁt. Right: Contours in the plane B(Bs0 → μ+ μ− ), B(B 0 → μ+ μ− ) for likelihood
intervals relative to the absolute maximum. Also shown are the corresponding contours for CMS&LHCb, the SM
prediction, and the maximum of the likelihood within the boundary of non-negative branching fractions, with the
error bars covering the 68.3% conﬁdence range for B(Bs0 → μ+ μ− ).

Figure 2-right shows the contours in the plane of B(Bs0 → μ+ μ− ) and B(B 0 → μ+ μ− ) drawn
for values of −2 Δ ln(L) equal to 2.3, 6.2 and 11.8, relative to the maximum of the likelihood,
allowing negative values of the branching fractions. The maximum within the physical boundary
is shown with error bars indicating the 68.3% interval for the value of B(Bs0 → μ+ μ− ). Also
shown are the corresponding contours obtained in the combination of the results of the CMS
and LHCb experiments, and the prediction based on the SM.
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We describe the current situation of lepton ﬂavor univesality tests in B meson decays. We
primarily focus on explanation of the observed deviation from 1 in neutral current processes
observable RK = B(B → Kμμ)/B(B → Kμμ)[1,6]GeV2 . Demonstrating the broad requirements of any NP scenario in the framework of eﬀective theory we focus on concrete models
with scalar or vector leptoquark playing the role of tree-level mediator of B → Kμ+ μ− .

1

Introduction

The universality of lepton couplings has been a subject of continuous testing ever since the
discovery of a muon. In the context of Fermi theory of weak interactions it was experimentally
observed in weak decays (e.g. beta decays) that the eﬀective couplings are insensitive to lepton
ﬂavor, Ge ≈ Gμ . Later on, with the advent of the Standard Model (SM) the universality of
leptonic gauge couplings was built into the theory by providing three copies of matter with same
quantum numbers. With neutrinos being (approximately) massless, one can work in the ﬂavor
basis of neutrinos where all the charged leptons have equal gauge couplings. The only property
that distinguishes leptonic ﬂavors are disparate mass scales stemming from non-universal Yukawa
couplings to the SM Higgs boson. Thus the ratios of weak decay widths will diﬀer from 1 only
due to diﬀerent leptons masses aﬀecting kinematics. In such lepton ﬂavor universality (LFU)
ratios many of the theoretical as well as experimental uncertainties cancel out and can serve to
test validity of the SM.
Experimental tests of lepton ﬂavor universality span from low energy weak interactions to
tests in highest achievable energies in colliders. In charged currents the most notable are LFU
P
= Γ(P → eν̄)/Γ(P → μν̄) where P stands for a pseudoscalar
ratios in leptonic decays Re/μ
meson π or K. On the other hand, for the weak neutral currents the LEP measurements of the
Z-boson partial decay widths agree very well with the SM LFU predictions.
However, recent experimental advance of LFU tests to the sector of third generation quarks
and/or involving the τ lepton has given as a hint of possible LFU violation in both charged
and neutral current processes. For the former, the LFU ratio RD(∗) =
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Γ(B→D (∗) τ − ν̄) 1,2,3,4,5,6
Γ(B→D (∗) − ν̄)

deviates from the SM is at 3.5σ level and has attracted a lot of attention recently 7,8,9,10,11 .
Since the denominator of these ratios are the well measured decay rates with light leptons in the
ﬁnal states,  = e, μ, the simplest conceivable NP scenario would aﬀect semileptonic b → cτ − ν̄
processes 12 .
Rare neutral current processes with ﬂavor structure (s̄b)(μ+ μ− ) also persistently indicate
anomalous behaviour 13,14,15,16,17,18,19,20,21,22,23,24,25,26 . Thesizable violation of LFU in the ratio
RK =

Γ(B → Kμμ)q2 ∈[1,6]GeV2
Γ(B → Kee)q2 ∈[1,6]GeV2

= 0.745 ±0.090
0.074 ±0.036

(1)

has been found by the LHCb experiment 27 and is 2.6σ below the SM prediction 1.0003 28 . It
seems that this ratio, being largely free of theoretical uncertainties and experimental systematics,
is smaller than 1 due to downward deviation of the muonic mode rate relative to the SM as
indicated by diﬀerential rates of B → K (∗) μ+ μ− processes 29 . Furthermore, in this case RK
is consistent with the deviation in B → K ∗ μ+ μ− . Namely, the decay B → K ∗ μ+ μ− deviates
from the SM in the widely discussed angular observable P5 at the conﬁdence level of above
3σ 30,31,32 . In terms of new physics (NP), global analyses point to modiﬁcations of the operator
with leptonic vector current μ̄γ ν μ, which is unfortunately also a subject of large uncertainties
due to nonlocal QCD eﬀects. Several studies have shown that even with generous errors assigned
to QCD systematic eﬀects, the anomaly is not washed away 33 .
2

Eﬀective theory analysis

The SM can be extended at or above the electroweak scale by heavy degrees of freedom representing a particular New Physics (NP) scenario. Once the NP states are integrated out
we are left with the eﬀective theory consisting of SM complemented by dimension-6 operators at the electroweak
scale (SMEFT), schematically represented by the eﬀective Lagrangian

L = LSM +Λ−2 i Ci Qi . The following eﬀective operators are important for rare processes in the
¯
Evolving the eﬀective Lagrangian
down-quark sector: (H̄Dμ H)(q̄γ μ q), H(q̄σμν V μν q), ()(q̄q).
down to the scale of b quark we ﬁnd
⎤
⎡
6


4GF
∗⎣


Heﬀ = − √ Vtb Vts
Ci (μ)Oi (μ) +
(2)
Ci (μ)Oi (μ) + Ci (μ)Oi (μ) ⎦ ,
2
i=1
i=7,...,10
with the operators
()

e
mb (s̄σμν PR b)F μν ,
(4π)2
e2
¯ μ ),
=
(s̄γμ PL(R) b)(γ
(4π)2
e2
¯ μ ),
=
(s̄PR(L) b)(γ
(4π)2

O7 =
()

O9

()

OS

()

e2
¯ μ γ5 ),
(s̄γμ PL(R) b)(γ
(4π)2
e2
¯ μ γ5 ).
=
(s̄PR(L) b)(γ
(4π)2

O10 =
()

OP

(3)

Starting from the SMEFT and assuming that electroweak gauge symmetry is realized linearly,
already imposes some features on the low energy theory of Eq. (2) 34,35 . First, tensor operators
are not allowed. a Second, correlations arise in the (pseudo)scalar sector: CS = −CP , CS = CP .
The global ﬁt of the (s̄b)(μ̄μ) observables guides us to invoke intervening NP that decreases
muonic decay rates instead of having increased electronic rates as a means to have RK smaller
()
than 1. While O7 is clearly blind to leptons, (pseudo)scalar operators’ contributions would
be too ampliﬁed in Bs → μ+ μ− if they were to explain the RK deviation. Finally, some
()
()
combinations of (axial)vector operators O9 , O10 are suited to explain the RK puzzle, while
a

In similar charge-2/3 quark processes, e.g. c → u+ − , tensor operators are allowed.
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global agreement with the s̄bμ+ μ observables can be much improved by assigning large negative
contribution to C9 , C9 ∈ [−0.81, −0.50] 36 . Such scenario is implemented by a Z  model where
only μ and τ are charged under Lμ − Lτ number 14,37 and in turn contribute to C9 and C9
coeﬃcients with opposite signs for μ and τ , respectively. Among the preferred scenarios is also
one involving left-handed fermions, C9 = −C10 , which will be discussed in the following, where
we will focus on the leptoquark models.
3

Leptoquarks

Leptoquarks are color triplet bosons that switch between quarks and leptons. They typically
appear in model of uniﬁcations, e.g., Pati-Salam models or SU (5) GUTs.
3.1

Scalar leptoquark R̃2 (3, 2, 1/6)

There are 4 scalar leptoquark states potentially contributing to RK at tree level: (i) (3, 2, 7/6)
that increases B → Kμ+ μ− , (ii) (3, 2, 1/6) which can explain RK , and, (iii) proton destabilizing
states (3̄, 3, 1/3) and (3̄, 1, 4/3). Thus R̃2 (3, 2, 1/6) is the most suitable candidate state. Its
interactions to fermions are described by a renormalizable Lagrangian 38
L = Yij Li iτ 2 R̃2∗ dRj + h.c.
(2/3)∗

= Yij −¯Li dRj R̃2

+ ν̄Lk (V PMNS )†ki dRj R̃2

(−1/3)∗

+ h.c.,

(4)

with Y a 3 × 3 complex matrix, Li and dRj are the lepton doublet and down-quark singlet.
(2/3)
(−1/3)
and R̃2
.
Degenerate charge eigenstates of the leptoquark doublet are denoted with R̃2
The last line in the above equation is written in the fermion mass basis. The scalar LQ exchange
generates (axial)vector current operators 39 :
∗
Yμb Yμs
π

= −C9 = √
.
C10
2
∗
2 2GF Vtb Vts α mR̃2

(5)

We will assume other elements of Y are negligibly small. The same state also contributes at
loop level to operator O7 , where the corresponding coeﬃcient will be suppressed by loop factor
and electromagnetic coupling α/(4π), which turns out to be completely negligible. In RK the
uncertainties of the hadronic form factors cancel out to a large extent in the ratio and the
 boils down to 38 :
formula for the scenario C9 = −C10



 2
) = 1.001(1) − 0.46 Re[C10
] − 0.094(3) Im[C10
] + 0.057(1)|C10
| .
RK (C10

(6)

Remaining uncertainties are indicated by the numbers in parentheses. Fig. 1 shows on the right
 plane using the formula (6). Dark gray region
hand side contours of constant RK in the C10

corresponds to the measured value of RK . In the left hand side we plot the 1σ prediction of C10
after we take into account rate of Bs → μ+ μ− and high-q 2 partial width of B → Kμ+ μ− 38 . We
see an appreciable overlap with the measured RK . Mapping the ﬁtted region (green) to RK we
LHCb = 0.745 ±0.090 ±0.036 27 :
obtain good agreement with RK
0.074
pred.
= 0.88 ± 0.08.
RK

(7)

The considered leptoquark R̃2 couples to the neutrinos with the same couplings as to the
charged leptons, only modiﬁed by a PMNS rotation matrix. Namely, the charge −1/3 state will
generate (s̄b)(ν̄ν) operators while the box diagrams will lead to modiﬁcation of Bs − B̄s mixing
frequency. The latter constraint also implies, in principle, an upper mass bound on R̃2 , since
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Figure 1 – Left: Regions in the complex C10
plane that are in 1σ agreement with Bs → μ+ μ− (blue), B → Kμ+ μ−
(gray). Green area corresponds to the 1σ coverage of RK from ﬁt to both observables. Black dot is the SM. Right:
Contours of constant RK are indicated by dashed lines. Gray region represents the 1σ measured range of RK

projected onto the C10
plane, whereas green contour denotes the region allowed by Bs → μ+ μ− and B → Kμ+ μ− .

 38 :
the modiﬁcation of the ΔB = 2 matrix element scales with m2R̃ for ﬁxed value of C10
2

ΔmBs




m2 
G2 m2
1
α2

∗ 2 R̃2 
= F 2W |Vtb∗ Vts |2 fB2 s mBs BBs ηB S0 (xt ) 1 − 2
) 2 .
(C10
2π S0 (xt )
mW 
 6π



(8)

ΔmSM
Bs

Currently the Δms bound would be sensitive at mR̃2 ≈ 100 TeV.
4

Vector leptoquark U3 (3, 3, 2/3)

In this section, we extend the SM by a vector SU (2) triplet leptoquark, which generates purely
left-handed currents with quarks and leptons. One can address with this state also the charged
LFU violation in RD(∗) . The couplings to the SM matter are
A
LU3 = gij Q̄i γ μ τ A U3μ
Lj + h.c..

(9)

Here τ A , A = 1, 2, 3 are the Pauli matrices in the SU (2)L space whereas i, j = 1, 2, 3 count
generations of the left-handed lepton and quark doublets, L and Q. The couplings gij are
assumed to be real, for the sake of simplicity. The absence of any other term at mass dimension
4 of the operators ensures the conservation of baryon and lepton numbers and this allows the
leptoquark U3 to be close to the TeV scale without destabilizing the proton. The interaction
Lagrangian (9) is written in the mass basis with gij entries deﬁned as the couplings between
(2/3)
the Q = 2/3 component of the triplet, U3μ , to d¯Li and Lj . Remaining three types of vertices
(2/3)

(5/3)

(−1/3)

to eigencharge states U3μ , U3μ , and U3μ
are then obtained by rotating the g matrix,
where necessary, with the Cabibbo-Kobayashi-Maskawa (CKM) matrix V from the left or with
the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix U from the right:
(2/3)

(VgU )ij ūi γ μ PL νj − gij d¯i γ μ PL j
(5/3) √
+ U3μ ( 2Vg)ij ūi γ μ PL j
(−1/3) √
+ U3μ
( 2gU )ij d¯i γ μ PL νj + h.c..

LU3 = U3μ
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(10)

If ultraviolet origin of the U3μ LQ is a gauge boson ﬁeld of some higher symmetry group (e.g.
Grand Uniﬁed Theory), then the coupling matrix g in the mass basis should be unitary. Furthermore, in such theories the ability to choose gauge and the presence of additional Goldstone
degrees of freedom would ensure renormalizability, in contrast to the eﬀective theory of Eq. (9).
In this section we limit ourselves to the tree-level constraint for which the details of the underlying ultraviolet completion are irrelevant.
∗ g
The b → sμ+ μ− processes are aﬀected by the product gbμ
sμ whereas the crucial parameter
for b → cτ − ν̄ is gbτ . We do not insist on a particular ﬂavor structure of the matrix g but note that
the explanation of the LFU puzzles in the neutral and charged currents involves parameters gsμ ,
gbμ , and gbτ , which will be our tunable ﬂavor parameters of the model. We assume the remaining
elements gij are negligibly small:
⎛

⎞
0 0
0
g = ⎝0 gsμ 0 ⎠ .
0 gbμ gbτ

(11)

The leptoquark U3 implements a combination of Wilson coeﬃcients in the b → sμ+ μ− eﬀective
Lagrangian 17,39 ,
v2
π
∗
C9 = −C10 =
gsμ 2 ,
(12)
gbμ
∗
Vtb Vts α
MU
which has been shown to signiﬁcantly improve the global ﬁt of the b → sμ+ μ− observables with
the 1σ preferred region C9 ∈ [−0.81, −0.50] 36 , see also 35 . Here v = 246 GeV is the electroweak
vacuum expectation value. In this case we ﬁnd
∗
gsμ ∈ [0.7, 1.3] × 10−3 (MU /TeV)2 .
gbμ

(13)

Note that the eﬀective coupling (12) also brings the LFU observable RK in agreement with the
experimental value 36 . Nonzero gbτ is required to address the RD(∗) puzzle.
In order to address RK , global s̄bμ+ μ− ﬁt, as well as RD(∗) the couplings have to satisfy the
following conditions:
gbμ gsμ ≈ 10−3 ,
2
Vcb (gbτ

−

2
gbμ
)

− gbμ gsμ ≈ 0.18,

(14)

if MU = 1 TeV. From
√ the ﬁrst equation we learn that, once we impose perturbativity condition
(|gsμ , gbμ , gbτ | < 4π), that both |gsμ | and |gbμ | are also bounded from below, |gsμ |, |gbμ | >
3 × 10−4 . The second equation can be simpliﬁed to
2
2
− gbμ
≈ 4.4,
gbτ

(15)

which indicates |gbτ | ∼ 2.
However additional constraints may not allow for the above conditions to be satisﬁed. See
Ref. 40 for a thorough analysis of constraints posed by LFU in the kaon sector, t → bτ + ν,
B → Kτ μ, and B → K ν̄ν. In Fig. 2 we show the eﬀect of the constraints projected onto gsμ -gbτ
space; gbμ is free parameter of the ﬁt. The best ﬁt point with all the constraints and signals
included is obtained at χ2  3 and is much favoured over the SM situation. Clearly there is
preference for large gbτ to correct the large SM tree-level eﬀect in b → cτ − ν̄. On the other hand,
gsμ is two orders of magnitude smaller, and is responsible, together with moderately large gbμ
(0.1 < |gbμ | < 1, not shown in Fig. 2), for the correction of the 1-loop SM eﬀect in b → sμ+ μ− .
Quite interestingly, the most stringent constraint in this model comes from the B → Kν ν̄,
which also probes the coupling combinations responsible for lepton ﬂavor violating B → Kμτ
albeit with signiﬁcantly better sensitivity.
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Excluded by B  K
Excluded by t  b
Excluded by B  K
Preferred by RD(*) and B  K(*) 

Figure 2 – Constraints of real parameters gsμ and gbτ in units MU /TeV. The ﬁtted regions are outlined in red
(1σ) and red dashed (2σ). The region preferred by RD(∗) and b → sμ+ μ− data is enclosed by blue dashed contour.

5

Conclusion

We have presented the current status of the LFU tests in B meson decays. We have focused on
the neutral current transitions driven by b → sμ+ μ− , and discussed how to explain the value of
lepton ﬂavor universality observable RK . A scalar leptoquark (3, 2, 1/6) can explain RK at tree
level and could be exposed by further improvements in B → K (∗) ν ν̄ 38 . For the vector leptoquark
(3, 3, 2/3) which couples to the left-handed fermions one can even attack simultaneously RK and
RD(∗) puzzles. This scenario will ultimately be probed by improved sensitivity in B → K (∗) ν ν̄.
∗ , will help to settle the issue of
Improved measurements of RK and related observables, e.g. RK
whether New Physics is at work in B decays or not.
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25. Geneviève Bélanger, Cédric Delaunay, and Susanne Westhoﬀ. A Dark Matter Relic From
Muon Anomalies. Phys. Rev., D92:055021, 2015.
26. Heinrich Päs and Erik Schumacher. A common origin of RK and neutrino masses. 2015.
27. Roel Aaij et al. Test of lepton universality using B + → K + + − decays. Phys. Rev.
Lett., 113:151601, 2014.
28. Gudrun Hiller and Frank Kruger. More model independent analysis of b → s processes.
Phys. Rev., D69:074020, 2004.
29. R. Aaij et al. Diﬀerential branching fractions and isospin asymmetries of B → K (∗) μ+ μ−
decays. JHEP, 06:133, 2014.
30. Sebastien Descotes-Genon, Joaquim Matias, Marc Ramon, and Javier Virto. Implications
from clean observables for the binned analysis of B− > K ∗ μ+ μ− at large recoil. JHEP,
01:048, 2013.

71

31. Sebastien Descotes-Genon, Joaquim Matias, and Javier Virto. Understanding the B →
K ∗ μ+ μ− Anomaly. Phys. Rev., D88:074002, 2013.
32. Wolfgang Altmannshofer and David M. Straub. New physics in b → s transitions after
LHC run 1. Eur. Phys. J., C75(8):382, 2015.
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RECENT HOT RESULTS (INCLUDING SEMILEPTONIC B DECAYS)
J. VAN TILBURG
on behalf of the LHCb collaboration
Nikhef, Science Park 105,
1098 XG Amsterdam, Netherlands

The LHCb experiment has collected large samples of heavy ﬂavoured hadrons during Run 1
of the LHC. The conjectured tetraquark state X(5568), observed by D0 in the Bs0 π ± ﬁnal
state, is not conﬁrmed in the LHCb data. Other interesting results have been published using
semileptonic B decays. Amongst which are a novel measurement of |Vub |, and the most precise
measurements of the B 0 − B 0 mixing frequency and of CP violation in B 0 − B 0 and Bs0 − B 0s
mixing. A new measurement of CP T violation in B 0 −B 0 and Bs0 −B 0s mixing (using hadronic
B decays) is also presented.

1

Introduction

The LHCb detector is a single-arm forward spectrometer designed for the study of heavy ﬂavour
hadrons. The detector is described in detail elsewhere1,2 . The data collected during Run 1 of
the LHC corresponds to an integrated luminosity of 3 fb−1 at pp centre-of-mass energies of 7 and
8 TeV. Most analyses that have been published so far use the full Run 1 data set, or are in the
process of updating to the full data set. Many interesting results have been been published by
the LHCb collaboration on, amongst others, CP violation in decays of b and c hadrons, studies of
rare decays of b and c hadrons, spectroscopy of excited states, the production of exotic hadrons,
and W and Z production. Three new results are highlighted in these proceedings: a search for
new states in the Bs0 π ± spectrum3 , the most precise measurement of the B 0 − B 0 oscillation
frequency4 , and a measurement of CP T violation in B 0 −B 0 and Bs0 −B 0s mixing5 . Furthermore,
an overview of LHCb’s results in semileptonic B decays is given.
2

Search for X(5568) in the Bs0 π ± spectrum

On February 25, 2016, the D0 collaboration announced the observation of a new state in the
Bs0 π ∓ invariant mass spectrum6 (charge conjugate modes are implied throughout these proceedings). This state, which is called X(5568) hereafter, received a considerable amount of attention
in literature as it would be the ﬁrst tetraquark consisting of four diﬀerent quark ﬂavours. The experimental observation of exotic hadrons has boosted the interest in this ﬁeld7 . The tetraquark
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candidate states X(3872), Z(4430) and Z(3900) are now well established as they have been
conﬁrmed by two or more experiments. Moreover, the pentaquark Pc (4450) state has only been
observed by LHCb, but with very high signiﬁcance8 . The X(5568) state must consist of four
diﬀerent ﬂavours (b, s, u, d) and can provide new insights in the binding nature of these exotic
hadrons.
The Bs0 π ∓ spectrum at D0 is obtained from a sample of 5.5 thousand Bs0 → J/ψ φ decays,
combined with charged pions. The signiﬁcance of the observed peak in is found to be 5.1 standard
2
deviations. The measured mass and decay width are m = 5567.8 ± 2.9 (stat)+0.9
−1.9 (syst) MeV/c
+5.0
2
0
and Γ = 21.9 ± 6.4 (stat)−2.5 (syst) MeV/c . A relatively large fraction of the Bs mesons is found
to originate from this state,
ρD0
X =

σ(pp → X(5568) + anything) × B(X(5568) → Bs0 π)
= (8.6 ± 1.9 (stat)1.4 (syst))% .
σ(pp → Bs0 + anything)

180

(Bs0 pT > 5 GeV/c) < 0.009(0.010)
ρLHCb
X

@ 90(95)% CL ,

(Bs0 pT > 10 GeV/c) < 0.016(0.018)
ρLHCb
X

@ 90(95)% CL .

Candidates / ( 1 MeV/c2)

Candidates / ( 1 MeV/c2)

A new search, with preliminary results3 , for the X(5568) state has been carried out using
the full LHCb data sample of Run 1. To reduce background, Bs0 mesons are required to have
transverse momentum, pT , larger than 5 GeV/c. The ﬁnal result is also given for pT > 10 GeV/c,
corresponding to the D0 selection. The data sample consists of about 50 thousand Bs0 →
J/ψ (μ+ μ− )φ(K + K − ) candidates and 70 thousand Bs0 → Ds− (K + K − π − )π + candidates, both
with low background contamination. This Bs0 sample is approximately 20 times larger compared
to the one from D0.
When combining the Bs0 mesons with charged pions, no requirement is made on the opening
angle between the two particles. This is done to avoid any broad peaking structures in the
Bs0 π ± spectrum that a cut on this variable introduces. Figure 1 shows the Bs0 π ± mass spectra
for Bs0 candidates with pT > 5 GeV/c and pT > 10 GeV/c. The background is modelled with a
polynomial function, while the signal shape is modelled with an S-wave Breit-Wigner function.
The mass and width are taken from the D0 result. No signiﬁcant signal is observed and therefore
upper limits are given at 90% and 95% conﬁdence level (CL) on the relative production rate of
the X(5568) state in the acceptance of the LHCb detector,
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Figure 1 – Distribution of the Bs0 π ± invariant mass where the Bs0 candidate has (left) pT > 5 GeV/c and (right)
pT > 10 GeV/c. The pull distributions, underneath the ﬁgures, show good agreement between the ﬁt functions
and the data.

3

Semileptonic B decays

At the LHC, b hadrons are produced copiously. The largest b-hadron samples are coming from
semileptonic decays, due to their large branching fraction of around 10%. In semileptonic B
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decays, a hadron is produced together with a lepton and neutrino. From the leptons, the muon
provides a powerful signal because of the high trigger and reconstruction eﬃciency at LHCb.
There are millions of semileptonic B decays recorded in the current data set, which opens up
the opportunity for precision measurements. On the other hand, the partial reconstruction due
to the missing neutrino makes these studies experimentally challenging.
In these proceedings, the measurement of the b → u coupling strength, |Vub |, the new and
precise determination of the B 0 −B 0 oscillation frequency, and the measurements of CP violation
in the B 0 − B 0 and Bs0 − B 0s mixing processes are highlighted.
3.1

Measurement of |Vub |/|Vcb |

In the SM, the mixing of quarks due to the weak interaction is described by the CabibboKobayashi-Maskawa (CKM) matrix. Due to unitarity, this 3 × 3 complex matrix has three real
parameters and one complex phase. The latter is responsible for all CP violation in the SM. The
unitarity of this matrix can be tested by measuring all sides and angles of the unitarity triangle9 .
A precise test can be made by comparing the well-measured angle β obtained from decays like
∗ /(V V ∗ )|. The smallest CKM
B 0 → J/ψ KS0 , with the opposite side, given by the ratio |Vud Vub
cd cb
element and the one with the largest experimental uncertainty in this ratio is Vub . The value
of |Vub | is obtained from semileptonic B decays. There is a long standing disagreement between
the two methods to determine this quantity. One method uses inclusive decays by measuring
the total semileptonic decay rate. Experimentally, the lepton and its energy spectrum are
reconstructed in a region of phase space where background from b → c is relatively small. The
average result9 is found to be |Vub | = (4.41 ± 0.22) × 10−3 . The other method uses exclusive
decays of the type B → πν, where the form factor is determined from lattice calculations. Using
the most recent lattice calculations10 , the average is found to be |Vub | = (3.72 ± 0.16) × 10−3 .
The disagreement between the inclusive and exclusive determinations is 2.5 standard deviations.
Until this is resolved, this disagreement limits a precise test of the CKM unitarity.
A new measurement of |Vub | from LHCb sheds some light on this problem11 . This measurement makes use of the exclusive decay Λ0b → pμν, instead of the traditional decay modes as, e.g.,
B → πν. The traditional modes face a much larges background from random pions that are
produced at the LHC. The presence of the (anti-)proton in Λ0b → pμν leads to a much reduced
combinatorial background. Additionally, a rather large fraction, about 20%, of the b quarks
hadronizes into a Λ0b baryon, which makes the use of Λ0b → pμν decays a natural ﬁrst step to
measure |Vub | at LHCb. The Λ0b → p form factors have recently been calculated on the lattice12 ,
with an accuracy of about 5%. The invariant mass of the Λ0b candidates cannot be fully reconstructed due to the missing neutrino. The invariant mass of the visible pμ system is corrected
using the ﬂight direction of the Λ0b , which is reconstructed from the origin vertex and decay
vertex. Events which have a large uncertainty on this corrected mass quantity are removed in
order to have a better separation between signal and background. The main background comes
from Λ0b → Λ+
c μν decays. At the same time this background is also used as a normalization
− +
+
channel, by reconstructing the Λ+
c in the pK π ﬁnal state. The branching fraction of the Λc
13
decay is measured to an precision of 5%. Due to the normalisation, the actual measurement
is a ratio of CKM elements, which is found to be11
|Vub |
= 0.083 ± 0.004 (stat) ± 0.004 (syst) .
|Vcb |
This result can be compared with indirect measurements of this side of the unitarity triangle, as
obtained using the measurements 14 of sin(2β) and the averages9 of |Vud | and |Vcd |. The indirect
measurements give |Vub |/|Vcb | = 0.0861 ± 0.0025, which agrees well with the measurement above.
These numbers show a preference for the exclusive determination of |Vub |.
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3.2

Measurement of Δmd (new)

When B 0 mesons evolve in time, they mix between the B 0 and B 0 states. The oscillation
frequency, Δmd , of the mixing process can be measured when the ﬂavour (B 0 or B 0 ) is measured
both at production and at decay. The world average9 is Δmd = (510 ± 3) ns−1 . The mixing
asymmetry as function of decay time is determined from the numbers of B 0 mesons that changed
ﬂavour (mixed) or not (unmixed) as
A(t) =

N unmix (t) − N mix (t)
= cos(Δmd t) .
N unmix (t) + N mix (t)

(1)

The ﬂavour of the B 0 meson at production is determined using ﬂavour tagging methods15 .
Wrong ﬂavour tags dilute the amplitude in Eq. 1 by a factor 1 − 2ω, where ω is the probability
of a wrong tag.
LHCb has measured Δmd already with a time-dependent analysis of hadronic B 0 → D− π +
decays16 . A new measurement was recently published using semileptonic B 0 → D(∗)− μ+ νμ X
decays, where X is any additional particle in the decay that is not reconstructed4 . This supersedes a preliminary result that used the same decay modes17 . The semileptonic decay modes
give larger event yields, resulting in reduced statistical uncertainty. On the other hand, due to
the missing particles in the reconstructed decay, the momentum of the B 0 meson is not well
known, aﬀecting the reconstruction of the B 0 decay time. This problem is overcome by correcting the time with a multiplicative k-factor, based on the visible D(∗)− μ+ mass. The k-factor is
calibrated using simulated decays. Backgrounds from B + decays are suppressed by a boosted
decision tree exploiting kinematic and isolation criteria. Figure 2 displays the mixing asymmetry for one of the decay modes using the data taken in 2012. The B 0 oscillation frequency is
measured to be
Δmd = (505.0 ± 2.1 (stat) ± 1.0 (syst)) ns−1 .

A(t )

This is the most precise single measurement of this quantity, consistent with the world average.
Recent improvements in lattice calculations18 allow to place stronger constraints on the CKM
unitarity triangle, although the theoretical uncertainties are still dominating.
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Figure 2 – Mixing asymmetry measured in the B 0 → D− μ+ νμ X decay for 2012 data. The average mistag
probability increases when going from (a) to (d).

3.3

Semileptonic asymmetries

In the mixing process of neutral B mesons, the probabilities for the B → B and B → B
processes can be diﬀerent. This eﬀect is called CP violation in mixing, and has, so far, only

76

been observed in the neutral kaon system (εK ≈ 0.2%). In the neutral B systems, B 0 and Bs0 , it
is best measured with semileptonic (sl) decays due to the large branching fraction and because
their ﬁnal states determine the ﬂavour of B at decay. The semileptonic asymmetry is deﬁned in
terms of numbers of B and B decays to ﬁnal states f and f¯, as
asl =

N (B → f ) − N (B → f¯)
.
N (B → f ) + N (B → f¯)

(2)

Compared to the experimental precisions, the SM predictions for B systems19 are eﬀectively
zero with adsl = (−4.7 ± 0.6) × 10−4 in the B 0 system and assl = (2.22 ± 0.27) × 10−5 in the Bs0
system.
Due to the low eﬃciency of the ﬂavour tagging in the hadronic pp environment of the LHC,
it is more favourable to consider the untagged asymmetry, which is, as function of B decay time,
given by
A(t) =

asl
N (f, t) − N (f¯, t)
asl
= AD +
−
+ AP cos(Δm t) .
2
2
N (f, t) − N (f¯, t)

(3)

The observed asymmetry is aﬀected by diﬀerences in detection eﬃciency between f and f¯
states, AD . The detection asymmetry is measured by means of large calibration samples, mainly
consisting of prompt charm decays. The observed asymmetry is further aﬀected by (possible)
diﬀerent production cross sections for B and B states, AP . Diﬀerent strategies are applied for
the analyses in the B 0 and Bs0 systems. For the measurement of adsl , a time-dependent analysis
is performed such that both AP and adsl can be measured simultaneously. For the measurement
of assl , a time-integrated measurement is made as the cosine term in Eq. 3 is heavily diluted by
the fast Bs0 − B 0s oscillations. The results of the two measurements20,21 are found to be
adsl =(−0.02 ± 0.19 (stat) ± 0.30 (syst))% ,
assl =(−0.06 ± 0.50 (stat) ± 0.36 (syst))% .
The systematic uncertainties are dominated by detection asymmetries, which are of statistical
nature, and therefore reduce with more data. The measurement of assl uses only part of the Run
1 data set. An update of this number is expected to reduce the total uncertainty by roughly a
factor two due to the larger data set and improved selection.
4

Search for CP T and Lorentz violations

In addition to CP violation in the mixing of neutral B mesons, it is also possible to search for
CP T violation in the mixing process, as published recently by LHCb5 . The mixing between B
and B states creates an interferometric system that enhances the sensitivity to CP T violation
enormously. Conservation of CP T symmetry implies equal mass and lifetime of B and B mesons.
The observable in the B mixing process is given by
z=

δm − iδΓ/2
,
Δm + iΔΓ/2

(4)

where δm and δΓ are the mass and decay width diﬀerences between the particle (B) and antiparticle (B) states. The high sensitivity to z comes through the small values of the eigenvalue
diﬀerences, Δm and ΔΓ, in the denominator. In any local, interacting quantum ﬁeld theory,
CP T symmetry is conserved and deeply connected with Lorentz invariance22 . The Standard
Model Extension (SME) is an eﬀective ﬁeld theory, where CP T - and Lorentz-violating terms
are added to the SM Lagrangian23,24 . This framework opens up an experimental opportunity
as the parameters (couplings) in these terms can be measured. The z observable becomes25,26
z=

β μ Δaμ
,
Δm + iΔΓ/2
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(5)

where β μ = (γ, γ β) is the four velocity of the B meson and Δaμ is a real four-vector vacuum
expectation value that describes the coupling with the B mesons. Since Δaμ must be real27 ,
and Δm is the dominant contribution in the denominator, it follows that z is mostly real. Due
to the dependence on β μ , z now depends on the on the momentum and on the direction of the
B meson in an absolute coordinate frame, such as the Sun-centred frame27 . In this frame, Eq. 5
can be written as


γ
(6)
Re(z) =
Δa0 + cos(χ)ΔaZ + sin(χ) ΔaY sin(Ωt̂) + ΔaX cos(Ωt̂) ,
Δm

Re(z )

where t̂ is the sidereal phase, Ω the sidereal frequency, and |β| ≈ 1. Due to the high boost of the
B mesons at LHCb, γβ ≈ 20, the parameter Re(z) is very sensitive to Δaμ . The angle χ is
the angle of the B mesons with the Earth’s rotational axis, given by cos χ = −0.38. Since the B
mesons ﬂy almost parallel to the beam axis, LHCb is mostly sensitive to the linear combination
Δa ≡ Δa0 − 0.38ΔaZ , and less to the orthogonal combination Δa⊥ ≡ 0.38Δa0 + ΔaZ .
The value of Re(z) can be best measured28 with the decay channels B 0 → J/ψ KS0 and
Bs0 → J/ψ K + K − , rather than with semileptonic decay modes. In Fig. 3, Re(z) is shown as
function of the sidereal phase5 . The numerical results5 from unbinned likelihood ﬁts to the
data samples are shown in Table 1. No signiﬁcant sidereal variation and no violation of CP T
symmetry are observed. As a cross check, a search for periodic variations of Re(z) is performed
in a wide range of frequencies around the sidereal frequency. Again no periodic signal is observed.
The results on the SME parameters given in Table 1 constitute one to three orders of magnitude
improvement in precision compared to the previous best results29,30 .
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Figure 3 – Values of Re(z) obtained from ﬁts in bins of sidereal phase for (top) the B 0 sample and (bottom) the
Bs0 sample. The solid line shows the variation of Re(z) from the Δaμ ﬁts, using the average B momentum.

Table 1: Results from unbinned likelihood ﬁts to the observables (decay time, decay angles) in the decay channels
B 0 → J/ψ KS0 and Bs0 → J/ψ K + K − . The results are given in terms of the SME parameters (Δaμ ), and for the
Bs0 system also independent of any assumption of Lorentz violation (the complex z parameter).

Δa =
Δa⊥ =
ΔaX =
ΔaY =

B 0 system
(−0.10 ± 0.82 ± 0.54) × 10−15 GeV
(−0.20 ± 0.22 ± 0.04) × 10−13 GeV
(+1.97 ± 1.30 ± 0.29) × 10−15 GeV
(+0.44 ± 1.26 ± 0.29) × 10−15 GeV

Bs0 system
Δa =(−0.89 ± 1.41 ± 0.36) × 10−14 GeV
Δa⊥ =(−0.47 ± 0.39 ± 0.08) × 10−12 GeV
ΔaX =(+1.01 ± 2.08 ± 0.71) × 10−14 GeV
ΔaY =(−3.83 ± 2.09 ± 0.71) × 10−14 GeV
Re(z)= −0.022 ± 0.033 ± 0.003
Im(z)= 0.004 ± 0.011 ± 0.002
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5

Summary

In summary, LHCb has found no conﬁrmation3 of a new exotic resonance, X(5568), in the
Bs0 π ± spectrum, as recently claimed by D06 . Using semileptonic B decays, LHCb has published
interesting results, amongst others, a new measurement on B 0 oscillations4 , on CP violation
in B mixing20,21 , and on |Vub /Vcb | 11 . Finally, strongly improved limits on CP T violation and
Lorentz symmetry breaking in B mixing have been published as well5 . In the current Run 2, an
integrated luminosity of 0.32 fb−1 has been recorded in 2015. In this run, heavy ﬂavour yields
are higher due to the larger cross sections at the new centre-of-mass energy of 13 TeV. Updated
results and new analyses are expected towards the end of 2016 when a total of 2 fb−1 is expected
to be added, and thereby almost doubling the current heavy ﬂavour yields.
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The study of heavy ﬂavor physics plays an important role in testing Quantum Chromodynamics (QCD) calculations. Here we discuss the production and properties of b and c quarks.
The physics properties show up through diﬀerent experimental observables. This enables us
to search for the physics phenomena beyond Standard Model (SM) by comparing the experimental result with theory prediction. Any signiﬁcant deviation of the measured observable
from the SM prediction would hint the presence of New Physics (NP). In this paper, the recent results from CMS 1 and ATLAS 2 using the data collected at 7/8/13 TeV center-of-mass
energy are presented.

1

Dimuon spectrum from CMS

After a long shut down of the LHC accelerator, the pp collisions started again around middle
of 2015. The center-of-mass energy was 13 TeV. The CMS, ATLAS and LHCb experiments
already produced many results using these 13 TeV data. The CMS reproduced the dimuon
mass using 13 TeV data, which was seen earlier with 7 TeV data samples. Figure 1 shows the
dimuon invariant mass with 20 pb−1 of data collected at 13 TeV center-of-mass energy. The
colored paths correspond to dedicated dimuon triggers with low pT thresholds, in speciﬁc mass
windows, while the light gray continuous distribution represents events collected with a dimuon

trigger with high pT threshold. One can clearly see diﬀerent resonances, such as Φ, J/ψ, ψ , ω
in the distribution 3 .
2

B + production cross section at 13 TeV from CMS

The measurements of b-hadron production cross sections provide essential information to understand QCD. Such studies have been previously carried out by several collider experiments.
The recent studies of b-hadron production at the higher energy provided by the Run 2 of the
LHC provide a new important test of theoretical calculations. Here we show the measurement
of the B + diﬀerential cross section in pp collisions at the 13 TeV center-of-mass energy, as funcB
tion of transverse momentum (pB
T ) and rapidity (y ). This result is based on a data sample
collected by the CMS experiment, corresponding to an integrated luminosity of 50.8 pb−1 , and
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Figure 1 – The dimuon mass distribution collected with various dimuon triggers, during the ﬁrst 13 TeV data
taking in 2015. Diﬀerent resonances are clearly visible in the distribution 3 .

uses the channel pp→ B + X → J/ψK + X, selecting events where the J/ψ decays into a pair
of muons. The muons are required to have at least one reconstructed segment in the muon
stations that matches the extrapolated position of a track reconstructed in the silicon tracker,
pT > 4 GeV and |η| < 2.4, as well as a good track-ﬁt quality. The J/ψ candidates have an
invariant mass within ±150 MeV of the nominal J/ψ mass. Each J/ψ candidate must have
pT > 8 GeV and the χ2 probability of the dimuon vertex ﬁt is required to be larger than 10%.
Both muons must be within |η| <1.6 or one of the muons must have pT > 10 GeV. The B +
candidates are reconstructed by combining a J/ψ candidate with a charged track of pT >1 GeV.
The track is assumed to be a kaon and the track-ﬁt χ2 must be less than ﬁve times the number
of degrees of freedom. To reduce the peaking and non-peaking backgrounds, many kinematic
and topological cuts have been applied. Finally, the signal yield is extracted with an extended
unbinned maximum likelihood ﬁt to the invariant mass distribution of the B + candidates, in
B
+
each of the pB
T and |y | bins. Figure 2 shows the invariant mass distribution of all the B candidates included in the analysis together with the corresponding ﬁt result 4 . The diﬀerential cross
B
B
sections as a function of pB
T , integrated within |y | < 2.4, and as a function of y , integrated
<
100
GeV,
are
shown
in
Fig.
3
(left
and
right
panels,
respectively),
where they
within 10 < pB
T
are compared to FONLL (shaded boxes) and PYTHIA (dashed lines) calculations. The 7 TeV
measurements are also displayed, for completeness. The bottom panels display the data over
FONLL cross section ratios; the PYTHIA/FONLL ratios are also shown, as dashed lines. The
measured values show a reasonable agreement, both in terms of shape and of normalization,
with FONNL calculations and with the results obtained with PYTHIA event generator.
3

B + mass reconstruction using 13 TeV data from ATLAS

The ATLAS experiment has performed a measurement of the B + mass, in several rapidity
intervals, in the decay channel B + → J/ψ(μ+ μ− )K + . The b-hadrons are produced in low and
medium momenta so the measurement of B + mass gives opportunity to test the pT calibration
of the ATLAS inner detector. The analysis used 3.2 fb−1 of the 13 TeV pp collision data taken
in 2015. To reconstruct the B + , a J/ψ candidate is ﬁrst constructed by reﬁtting a pair of
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oppositely charged muon candidates with pT > 4 GeV to a common vertex, where the quality
of the ﬁt meets the requirement χ2 /d.o.f <10. The B + candidates are then formed by adding
another track (a kaon candidate) with pT > 3 GeV and absolute rapidity |y| < 2.5. Then tracks
from each J/ψ → μ+ μ− candidate in the event with a kaon are ﬁtted to a common vertex. An
unbinned maximum-likelihood ﬁt is performed on the selected events to extract the B + mass.
The B masses are determined in each rapidity region by ﬁtting the B mass distribution with the
signal and background pdfs. Analogously the ﬁts are applied to B + → J/ψK + mass candidates
after applying a selection cut on the transverse decay length, Lxy >0.2mm. The results are
shown in Figure 4. The B + masses extracted from the events with and without an Lxy cut,
are consistent with each other. Both ATLAS results are consistent with the world average and
LHCb values 5 .
4

J/ψ production cross section at 13 TeV from ATLAS

The study of heavy quarkonium (bound state of heavy quark and anti-quark) production in the
pp collisions provides important information on both perturbative and non-perturbative QCD.
The production can be described in two steps: the ﬁrst is the short distance production of a heavy
quark pair, QQ̄, which can be described perturbatively, and the second is the hadronization of
this quark pair into quarkonium state, such as J/ψ meson, which is described non-perturbatively.
Although their production and decay have been described reasonable well, challenges still remain
in providing a coherent theoretical picture which can explain all measurements simultaneously.
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From experimental perspective, J/ψ mesons provide excellent tool for calibration of detector
response, due to their large branching fraction into two lepton pairs. In this section, we present
the J/ψ production cross-section measurements from ATLAS and the kinematic dependence
of the fraction of J/ψ produced via decay of b-hadrons, in pp collisions at the center-of-mass
energy of 13 TeV. ATLAS experiment measured the non-prompt J/ψ production fraction 6 , fB ,
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Figure 5 – Unbinned maximum likelihood ﬁt and data projections onto the invariant mass and pseudo-proper
lifetimes of dimuon candidates. The total signal plus background ﬁts to the data are shown, along with the
breakdown by prompt/non-prompt production for the J/ψ signal, and a combined line shape for the combinatorial
background(dashed line) 6 .

deﬁned as ratio of number of J/ψ produced in b-hadron decays to the total number produced:
J/ψ

fb

≡

NP
NJ/ψ
σ(pp → b + X → J/ψX  )
= NP
P

σ(pp → InclusiveJ/ψX )
NJ/ψ + NJ/ψ

(1)

where P denotes prompt and NP denotes non-prompt. The non-prompt J/ψ production can be
experimentally distinguished from prompt production by longer decay time of the reconstructed
J/ψ in former case, due to production occurring via production and decay of the b-hadron. A
DG /p , is constructed using dimuon transverse momenpseudo-proper decay time, τ = Lxy mPJ/ψ
T
tum pT and the measured transverse decay length Lxy . The transverse decay length is deﬁned
as Lxy ≡ L · pT /pT , where L is the vector from the primary vertex to the dimuon vertex and
pT is the transverse momentum vector of the dimuon system. A two dimensional unbinned
maximum likelihood ﬁt to the data in dimuon invariant mass (2.65 < m(μ+ μ− ) < 3.55 GeV)
and the pseudo-proper decay time ( -5.0 < τ < 15 ps) is performed to distinguish prompt and
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non-prompt production. The result from the ﬁt is shown in the Figure 5. The fraction is measured in the transverse momentum range 8 < pT < 40 GeV and rapidity range 0.0 < |y| < 2.0.
The non-prompt contributions to the total rate are found to rise from approximately 25% at
transverse momenta of 8 GeV to 65% of the total rate at 40 GeV. No signiﬁcant change in
√
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non-prompt fraction is observed from s = 7 TeV to s = 13 TeV. The results are shown in
the Figure 6.
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5

Bs0 → μ+ μ− results from CMS, ATLAS and LHCb

In the standard model of particle physics, tree-level diagrams do not contribute to ﬂavorchanging neutral-current (FCNC) decays. However, FCNC decays may proceed through higherorder loop diagrams, and this opens up the possibility for contributions from non-SM particles. In the SM, the rare FCNC decays B 0 → μ+ μ− have small branching fractions of
B(Bs0 → μ+ μ− ) = (3.57 ± 0.30) × 10−9 , corresponding to the decay-time integrated branching fraction, and B(B 0 → μ+ μ− ) = (1.07 ± 0.10) × 10−10 . Several extensions of the SM, such
as supersymmetric models with non-universal Higgs boson masses, speciﬁc models containing
leptoquarks, and the minimal supersymmetric standard model with large tan β, predict enhancements to the branching fractions for these rare decays. The decay rates can also be suppressed
for speciﬁc choices of model parameters. Over the past 30 years, signiﬁcant progress in sensitivity has been made, with exclusion limits on the branching fractions improving by ﬁve orders of
magnitude.
The search for the B → μ+ μ− signal, where B denotes Bs0 or B 0 , is performed by CMS in the
dimuon invariant mass regions around the Bs0 and B 0 masses. To avoid possible biases, the signal
region 5.20 < mμμ < 5.45 GeV was kept blind until all selection criteria were established. The
B → μ+ μ− candidates are constructed from two oppositely charged muons with pT > 4 GeV
and be consistent in direction and pT with the muons that triggered the event. A boosted
decision tree (BDT) constructed within the TMVA framework is trained to further separate
genuine muons from those arising from misidentiﬁed charged hadrons. The variables used in the
BDT can be divided into four classes: basic kinematic quantities, silicon-tracker ﬁt information,
combined silicon and muon track ﬁt information, and muon detector information. The BDT
is trained on MC simulation samples of B-meson decays to kaons and muons. Compared to
the “tight” muons, the BDT working point used to select muons for this analysis reduces the
hadron-to-muon mis-identiﬁcation probability by 50% while retaining 90% of true muons. The
probability to misidentify a charged hadron as a muon because of decay in ﬂight or detector
punch-through is measured in data from samples of well-identiﬁed pions, kaons, and protons.
This probability ranges from (0.5–1.3) × 10−3 , (0.8–2.2)×10−3 , and (0.4–1.5) × 10−3 , for pions,
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kaons, and protons, respectively, depending on whether the particle is in the barrel or end cap,
the running period, and the momentum. Each of these probabilities is ascribed an uncertainty
of 50%, based on diﬀerences between data and MC simulation.
An unbinned maximum-likelihood ﬁt to the mμμ distribution is used to extract the signal and
background yields. Events in the signal window can result from genuine signal, combinatorial
background, background from semileptonic b-hadron decays, and the peaking background. The
probability density functions (PDFs) for the signal, semileptonic, and peaking backgrounds are
obtained from ﬁts to MC simulation. The dimuon mass distributions for the four channels (barrel
and endcap in 7 and 8 TeV data), further divided into categories corresponding to diﬀerent
bins in the BDT parameter, are ﬁtted simultaneously. No signiﬁcant evidence is observed for
B 0 → μ+ μ− and an upper limit of B(B 0 → μ+ μ− ) < 1.1 × 10−9 is established at 95% CL.
For Bs0 → μ+ μ− , an excess of events with a signiﬁcance of 4.3 standard deviations is observed,
−9 is determined, in agreement
and a branching fraction of B(Bs0 → μ+ μ− ) = (3.0+1.0
−0.9 ) × 10
7
with the standard model expectations . The CMS and LHCb reported the combined result
for B → μ+ μ− to exploit fully the statistical power of the data and to account for the main
correlations between them 8 . The results are shown in Figure 7. The ATLAS experiment
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Figure 7 – (Left plot) CMS result for scan of ratio of joint likelihood for Bs0 → μ+ μ− and B 0 → μ+ μ− . As
insets, the likelihood ratio scan for each of the branching fractions when the other is proﬁled together with other
nuisance parameters; the signiﬁcance at which the background-only hypothesis is rejected is also shown 7 . (Right
plot) CMS and LHCb combined result showing the likelihood contours in B(B 0 → μ+ μ− ) versus B(Bs0 → μ+ μ− )
plane ? . Also shown are the variations of the test statistics for B(B 0 → μ+ μ− ) and B(Bs0 → μ+ μ− ).

performed similar search for Bs0 → μ+ μ− and B 0 → μ+ μ− decays using pp collision data
corresponding to an integrated luminosity of 25 fb−1 , collected at 7 and 8 TeV in the full LHC
Run 1 data-taking period. This analysis supersedes the previous result based on 2011 data
and exploits improved analysis techniques in addition to the larger dataset. Dimuon candidates
passing few preliminary selection and the multivariate selections against hadron misidentiﬁcation
and continuum background are classiﬁed according to three intervals in the continuum-BDT
output: 0.240–0.346, 0.346–0.446 and 0.446–1. Each interval corresponds to an equal eﬃciency
of 18% for signal events, and they are ordered according to increasing signal-to-background
ratio. In each continuum-BDT interval, events from the four trigger and data categories are
merged. An unbinned extended maximum-likelihood ﬁt is performed on the dimuon invariant
mass distribution simultaneously across the three continuum-BDT intervals. The result of the
ﬁt is the total yield of Bs0 → μ+ μ− and B 0 → μ+ μ− events in the three BDT intervals. The
parameters describing the background are allowed to vary freely and are determined by the ﬁt.
The mass distribution of the B → μ+ μ− signal is described by a superposition of two Gaussian
distributions, both centered at the B 0 or Bs0 mass. The parameters are extracted from MC
simulation, and they are taken to be uncorrelated with the BDT output. For B 0 an upper limit
B(B 0 → μ+ μ− ) < 4.2 × 10−10 is placed at the 95% conﬁdence level, based on the CLs method.
The limit is compatible with the predictions based on the SM and with the combined result
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−9
of the CMS and LHCb experiments. For Bs0 the result is B(Bs0 → μ+ μ− ) = 0.9+1.1
−0.8 × 10 ,
where the errors include both the statistical and systematic uncertainties. An upper limit
B(Bs0 → μ+ μ− ) < 3.0 × 10−9 at 95% CL is placed, lower than the SM prediction, and in better
agreement with the measurement of CMS and LHCb. Figure 8 shows the contours in the plane
of B(Bs0 → μ+ μ− ) and B(B 0 → μ+ μ− ) drawn for values of −2 Δ ln(L) equal to 2.3, 6.2 and 11.8,
relative to the maximum of the likelihood, allowing negative values of the branching fractions.
The maximum within the physical boundary is shown with error bars indicating the 68.3%
interval for the value of B(Bs0 → μ+ μ− ). Also shown are the corresponding contours obtained
in the combination of the results of the CMS and LHCb experiments, and the prediction based
on the SM 9 .
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Figure 8 – Contours in the plane B(Bs0 → μ+ μ− ), B(B 0 → μ+ μ− ) for intervals of −2 Δ ln(L) equal to 2.3, 6.2
and 11.8 relative to the absolute maximum of the likelihood, without imposing the constraint of non-negative
branching fractions 9 . Also shown are the corresponding contours for the combined result of the CMS and
LHCb experiments, the SM prediction, and the maximum of the likelihood within the boundary of non-negative
branching fractions, with the error bars covering the 68.3% conﬁdence range for B(Bs0 → μ+ μ− ).

6

Angular analysis of the decay B 0 → K ∗0 μ+ μ− from CMS

The FCNC decay, B 0 → K ∗0 μ+ μ− , provides many opportunities to search for new phenomena
beyond SM. In addition to the branching fraction, other properties of the decay can be measured,
including the forward-backward asymmetry of the muons, AFB , and the longitudinal polarization
fraction of the K ∗0 , FL . To better understand this decay, these quantities can be measured as
a function of the dimuon invariant mass squared (q 2 ). The oﬄine reconstruction requires two
muons of opposite charge and two oppositely charged hadrons. The muons are required to
match those that triggered the event readout, and also to pass general muon identiﬁcation
requirements. The hadron tracks are required to fail the muon identiﬁcation criteria, have
pT > 0.8 GeV, and have an extrapolated distance of closest approach to the beamspot in the
transverse plane greater than twice the sum in quadrature of the distance uncertainty and the
beamspot transverse size. The two hadrons with invariant mass within 90 MeV of the nominal
K ∗0 mass are selected for further consideration. The B 0 candidates are obtained by ﬁtting
the four charged tracks to a common vertex, and applying a vertex constraint to improve the
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resolution of the track parameters. Other oﬄine selection requirement are also applied to select
the B 0 signal candidates from data. For each q 2 bin, the observables of interest are extracted
from an unbinned extended maximum-likelihood ﬁt to three variables: the B 0 invariant mass and
the two angular variables θK and θl . The results are consistent with standard model predictions
and previous measurements 10 . They are shown in Figure 9.
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Figure 9 – Measured values of FL and AFB versus q 2 for B 0 → K ∗0 μ+ μ− . The statistical uncertainty is shown
by the inner vertical bars, while the outer vertical bars give the total uncertainty. The horizontal bars show the

bin widths. The vertical shaded regions correspond to the J/ψ and ψ resonances. The other shaded regions
2
show the two SM predictions after rate averaging across the q bins to provide a direct comparison to the data.

Controlled theoretical predictions are not available near the J/ψ and ψ resonances 10 .
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Weak matrix elements from lattice QCD
Nicolas Garron
Centre for Mathematical Sciences, School of Computing, Electronics and Mathematics,
Plymouth University, Plymouth, PL4 8AA, United Kingdom.
I review the latest lattice determination of kaon weak matrix elements, I focus on K → ππ
decay amplitudes and neutral kaon mixing (within and beyond the standard model). These
matrix elements are needed for the theoretical computation of the CP violation parameters ε
and ε and for a quantitative understanding of the ΔI = 1/2 rule.

1

Introduction

Lattice QCD plays a central role in our understanding of particle physics, it allows for nonperturbative and model independent determinations of hadronic quantities (masses, matrix elements, form factor, etc.) in a regime where perturbation theory is non reliable. In this review,
I focus on the kaon sector (for more general recent reviews on lattice ﬂavour physics, see 1,2 ).
Nowadays, lattice simulations are performed at the physical value of the quark masses with three
or four dynamical ﬂavour in the sea. Recently it also became possible to compute hadronic decay amplitudes, the ﬁrst applications being K → ππ, allowing for a theoretical determination
of ε /ε. This will be topic of the main topic of this paper (sections 2,3 and 4). In section 5,
I present some new results on the ΔI = 1/2 rule. Several collaborations are computing the
ΔS = 2 matrix elements which occur in neutral kaon mixing, within and beyond the Standard
Model. Combined with the experimental value of ε, these quantities can be used to provide important constraints on New Physics (NP) models and to estimate the scale of NP. I will present
the status in section 6 and 7.
2

K → ππ decays and Lattice QCD

Various nice reviews are available on the subject, see for example 3 . I just recollect here some
basic facts about K → ππ phenomenology. Assuming isospin symmetry, the decays K → ππ
can be written in terms of the amplitudes
A [K → (ππ)I ] = AI eiδI ,

(1)

where I denotes the isospin of the two-pion state, either 0 or 2, and δI is the corresponding
strong phase. The parameters of indirect (resp. direct) CP violation, ε (resp. ε ) are given by
ε =
ε
ε

=

A [KL → (ππ)0 ]
,
A [KS → (ππ)0 ]


1 A [KL → (ππ)2 ] A [KS → (ππ)2 ]
√
.
−
2 A [KL → (ππ)0 ] A [KS → (ππ)0 ]
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(2)
(3)

The ﬁrst measurement of ε is the well-known discovery of indirect CP violation due to Christenson, Cronin, Fitch and Turlay 4 in 1964, for which Cronin and Fitch were awarded a Nobel
prize. It took tremendous eﬀorts to measure direct CP violation, The ﬁnal measurements of ε
are due to KTeV at Fermilab and NA48 at CERN 5,6 , the averages read
|ε| = 2.228(11) × 10−3 ,

Re

 
ε

ε

−4

= 16.6(2.3) × 10

(4)

.

(5)

Theoretically, the standard framework to study K → ππ decay is the ΔS = 1 eﬀective
Hamiltonian obtained after integrating out the heavy degrees of freedom. In the three-ﬂavour
theory, it reads (see for example 7,8 )
10

GF ∗
Vud
HW = √ Vus
[zi (μ) + τ yi (μ)]Qi (μ) ,
2
i=1

(6)

where GF is the Fermi constant. The short-distance eﬀects, which can be computed in perturbation theory are factorised into the so-called Wilson coeﬃcients, yi , zi whose expression can be
∗V
found in 7 . Vij are CKM matrix elements, τ = Vts∗ Vtd /Vus
ud and μ is an energy scale which can
be thought as a cut-oﬀ. Traditionally the four-quark operators Qi are given by (see for example 7 ):
Current-Current:
QCD Penguins:

Q1,2 = (s̄γμ (1 − γ5 )d)(ūγμ (1 − γ5 )u)unm,mix ,
Q3,4 = (s̄γμ (1 − γ5 )d)



(7)

(q̄γμ (1 − γ5 )q)unm,mix ,

(8)

(q̄γμ (1 + γ5 )q)unm,mix ,

(9)

q=u,d,s

Q5,6 = (s̄γμ (1 − γ5 )d)



q=u,d,s

EW Penguins:

Q7,8 = (s̄γμ (1 − γ5 )d)



eq (q̄γμ (1 + γ5 )q)unm,mix ,

(10)

eq (q̄γμ (1 − γ5 )q)unm,mix ;

(11)

q=u,d,s

Q9,10 = (s̄γμ (1 − γ5 )d)



q=u,d,s

where the subscript ()unm,mix refers to the colour structure (unmixed or mixed). The matrix
elements of these four-quark operators capture the strong dynamics of the theory. We have
neglected the operators which emerge from the electric and magnetic dipole part of the electromagnetic and QCD penguins. (See the talk by V.Lubicz at Lattice’14 and 9 for a recent
lattice study by the ETM collaboration.) These 10 operators do not form a basis of the ΔS = 1
four-quark operators in four dimensions, as they are not linearly independent.
Obtaining a reliable evaluation of the matrix elements ππ|Qi |K is the most diﬃcult part
of the computation. Since one needs a non-perturbative framework, lattice QCD is a natural
candidate. In the last thirty years, many attempts have been made to evaluate these matrix
elements, using either eﬀective theories or lattice simulations (or combinations of both), see for
example 11,12,13,14,15,16,17 and reference therein.
From the lattice point of view, the ﬁrst diﬃculty is to simulate the kinematic situation, in
particular the ﬁnal state made of two hadrons with non-vanishing momenta. This problem was
formalised in 1990 by Maiani and Testa who showed that the physical amplitudes could not be
extracted from “standard” euclidean lattice simulations 18 . An alternative based on χPT was
proposed in 19 : the matrix elements of interests can be obtained from those of K → π and K →
vacuum, which are numerically much simpler. This indirect approach was ﬁrst used for while,
see for example 20,21,10 . However the conclusion of the extensive quenched studies 21,10 is rather
negative: extracting the matrix elements with a fully controlled error turned out to be very
hard. One problem comes from the fact that SU (3) χPT converges poorly at the kaon scale
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(see also 22 ). What is now known as the Maiani-Testa no-go theorem was circumvented in a
very elegant way by Lellouch and Lüscher in 23 . The crucial point is that in ﬁnite volume the
spectrum is discrete, and the size of the box can be ﬁne-tuned such that the pions will take the
desired momentum.
3

The ΔI = 3/2 channel

We ﬁrst consider the amplitude of K → (ππ)I=2 decays, there are several simpliﬁcations in this
channel, most notably:
1. there is no disconnected diagram (in which no quark line connects the initial kaon and the
ﬁnal two-pion states; these diagrams are numerically hard to compute), and
2. only three operators contribute.
The ﬁrst realistic computation (with dynamical quarks, physical kinematics and nearly-physical
pion mass) was performed by the RBC-UKQCD collaborations 24,25 with Domain-Wall fermions,
a discretisation of the QCD Lagrangian which preserves chiral-ﬂavour symmetry almost exactly.
Although the method used in 24,25 is based on the Lellouch-Lüscher approach, an important
ingredient is the Wigner-Eckart theorem, which tells us that the matrix elements of interest are
related to those of the unphysical process K + → π + π + (in the isospin limit). Using a peculiar
choice of boundary conditions, these matrix elements (with physical momenta) can be extracted
using standard lattice methods. The ﬁrst simulation was done at a single value of the lattice
spacing (a−1 ∼ 1.375 GeV, ie a ∼ 0.1435 fm) on the so-called IDSDR lattice (ID) 26 with a
pion mass of 140 MeV. (Strictly speaking this “physical pion” is partially quenched, the unitary
pion mass was somewhat heavier: 170 MeV). In this work, the matrix elements are renormalised
non-perturbatively with the Rome-Southampton method 27 , at low energy and run to 3 GeV
using the (universal) continuum scale-evolution matrix to 3 GeV 28 .
More recently, the RBC-UKQCD collaborations have reported on 2 + 1 lattice QCD simulations with physical pion masses 26 , which have been possible thanks to a new formulation of the
Domain-Wall disctretisation 29 . These lattices have been used to improve on the determination
of A2 : the main source of error was the discretisation eﬀects, the new computation 30 involves
two lattice spacings of a ∼ 0.011 and a ∼ 0.084 fm, reducing the systematic error by roughly a
factor 2 for the real part and a factor 1.5 for the imaginary part. Thanks to these new lattice
determinations, the current errors on the theoretical determination of A2 are of the order of
10%. The results are shown in ﬁgure 1.
4

Including the ΔI = 1/2 channel

A complete determination of A [K → ππ]I=0 has been a long-standing challenge for the lattice
community. A ﬁrst “pilot” computation with dynamical fermions was reported by RBC-UKQCD
in 2011 31 . This computation was unphysical in the sense that the amplitudes were computed
at threshold and the quark masses were heavier than the physical ones, however all the required
diagrams were determined (including the disconnected ones) showing the numerical feasibility
of the approach. The main remaining diﬃculty was to implement the physical kinematics, ie the
ability to extract the matrix element of interests, with the pion states having the right momenta.
The Wigner-Eckart/boundary condition trick used in the Δ = 3/2 channel does not work for
the full computation, as it violates isospin 32 . Instead, the RBC-UKQCD collaboration have
generated new ensembles with G− parity boundary conditions 33,34 , as reported by Christopher
Kelly in a plenary session of Lattice 2015 35 , see also the plenary review given by Andreas Jüttner
at the same conference 36 . From a more technical point of view, this computation requires the
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Figure 1 – Real and Imaginary part of A2 = A [K → (ππ)]I=2 . The triangle represents the 2012 computation
on the IDSDR and the blue points the 2014 determinations on the new ensembles (statistical error only), from
which a continuum limit is extracted and shown in magenta (statistical and systematic errors combined). For
the IDSDR points, we show both the statistical and the systematic error, largely dominated by the discretisation
artefacts.

evaluation of all-to-all propagators and noise reduction techniques. The results read
Re(A0 ) = 4.66(1.00)(1.21) × 10−7 GeV

(12)

Im(A0 ) = −1.90(1.23)(1.04) × 10−11 GeV

(13)

and the corresponding theoretical value for ε /ε
Re(ε /ε) = 1.38(5.15)(4.43) × 10−4 ,

(14)

which is an approximate agreement(∼ 2.1σ) with the experimental value 16.6(2.3)×10−4 . Rather
than concluding that a signiﬁcant deviation of the Standard Model prediction has been found,
we note that the error is much larger than the experimental one. From a phenomenological point
of view, at this level of precision, these results do not invalidate the Standard Model, neither
do they rule out the need for new-physics in K → ππ decays. The important point is that for
the ﬁrst time ε /ε has been computed with a full error budget, all the diﬀerent contributions
of the seven linearly independent operators are computed with controlled errors and a precision
which can be systematically improved. Now that the technology has been developed, reaching
a precision of, say, 10% should be possible in the close future. In addition to reducing the
statistical error, the simulation can be done on ﬁner lattices and extrapolated to the continuum
limit. Another systematic error is due to the truncation of the perturbation series (needed to
compute the Wilson coeﬃcients). The renormalisation was performed at a scale of μ ∼ 1.5
GeV in order to keep the discretisation eﬀects under control. Clearly this can be improved by
running non-perturbatively to a higher scale, as done for the ΔI = 3/2 channel. Reducing the
theoretical error on the matrix elements of Oi (and therefore on ε /ε ) will provide a crucial
test of the Standard Model, indeed we might actually see signs of new physics. It is also worth
noting that another computation (done at threshold) has been done with Wilson fermions 37 .
5

The ΔI = 1/2 rule

The “ΔI = 1/2 rule” refers to the fact that the I = 0 channel is favoured over the I = 2 channel
by the factor 1/ω deﬁned by
A [KS → (ππ)2 ]
.
(15)
ω=
A [KS → (ππ)0 ]
Experimentally this number is around ω ∼ 1/22 whereas one would naively expect 1/2 38,39 .
The question whether or not the remaining factor of ∼ 10 can be explained entirely by some
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surprisingly large QCD eﬀects has been a very-long standing puzzle. It also shows the need for
a better understanding of the non-perturbative regime. Several attempts to study the ΔI = 1/2
rule on the lattice have been made. For example, an ongoing project based on the role of the
charm quark has been developed in 40,41,42,43 , see also 44 .
In 2013, the RBC-UKQCD collaborations reported on a study of the origin of this enhancement 45 . The amplitude A2 was computed with physical kinematics whereas A0 was computed
at threshold. The real part of A2 is largely dominated by a single four-quark operator (the
contributions of the electroweak penguins are negligible with respect to the tree-level diagram).
This operator has a (V − A) × (V − A) Dirac structure and transforms as a (27, 1). Two con1 and 
2 contribute, they diﬀer by their colour structure, as shown in ﬁgure 2. The
tractions 
1 + )/(2
2
1 − ),
2
1 and 
2 are the

conventions are such that ω = Re(A2 )/Re(A0 ) ∼ (
where 
1 However the observation
2 ∼ 1 .
contractions shown in ﬁgure 2. The naive expectation is that 
3
2 ∼ −0.7.
1 Therefore, there is an important cancellation in the numerator
made in 45 is that 
of ω which is completely unexpected from the naive factorisation framework. Similarly the main
1 − .
2
Hence, the aforementioned relative sign
contribution to Re(A0 ) is proportional to 2
1 and 
2 also contributes to enhancement in the denominator of ω (compared to the
between 
naive expectation).
The two recent lattice computations, the threshold one 37 and the one with physical kinematics 46 also observe this sign diﬀerence, which seems to be at the origin of the ΔI = 1/2 rule.
In table 1, we collect the lattice results obtained by RBC-UKQCD. The ﬁrst two values of ReA0
were obtained with unphysical kinematics and unphysical values of the quark masses. For the
last lattice value, both ReA2 and ReA0 were obtained at physical values of the quark masses
and with physical kinematics. We combine the continuum value of ReA2 with the new value of
ReA0 (obtained at a single value of the lattice spacing), we ﬁnd
ω −1 =

ReA0
1.66(0.96)(0.27) × 10−7
=
∼ 31.1(6.5) .
ReA2
0.150(4)(14) × 10−7

(16)

Clearly we observe and importance enhancement, which seems to be very sensitive to the quark
mass. However, in order to conﬁrm that the ΔI = 1/2 eﬀect is a pure non-perturbative QCD
eﬀect, a little bit of patience is required as the precision on A0 has to be improved. The
theoretical error aﬀecting the amplitudes is expected to decrease by a factor of two in the next
couple of years, it is very likely that we will then have the answer to this question. Note that
this sign also discussed in 3,47 , see also 16,7,8 .

6

Neutral kaon mixing and indirect CP violation in the Standard Model

In the Standard Model picture, neutral kaon mixing is dominated by W -exchange box diagrams.
By performing an operator product expansion, one can factorise the long-distance eﬀects into
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Table 1: ΔI = 1/2 Rule: comparison of the lattice results with the experimental value. See text for details.

Experimental

ω −1 = ReA0 /ReA2
9.1 (2.1)
12.0 (1.7)
31.1(6.5)
22.5

mK (MeV)
878
662
491(2)
494-493

mπ (MeV)
422
329
143(2)
135-140

Kinematics
Threshold
Threshold
Physical

the matrix element of a four quark operator O1ΔS=2 :
K̄ 0 |O1ΔS=2 |K 0  = K̄ 0 |(si γμ (1 − γ5 )di ) (sj γμ (1 − γ5 )dj ) |K 0  .

(17)

Clearly, because of the W-exchange, the Dirac structure is (Vector-Axial) × (Vector-Axial).
Only one four-quark operator contributes: the operator given in eq. 17 is invariant under Fierz
re-arrangement and in a (continuum) massless renormalisation scheme, it does not mix with
other four-quark operators, nor with lower dimensional operators. It is also the case on the
lattice if chiral symmetry is preserved. Once the considered matrix element has been computed
non-perturbatively using lattice techniques, its result is combined with the value of the Wilson
coeﬃcient C(μ) of continuum perturbation theory and experimental observables, such as the
mass diﬀerence ΔMK = mKL − mKS and εK to obtain important constraints on the CKM
matrix elements. Schematically, one obtains
εK = C(μ) × K̄ 0 |O1ΔS=2 |K 0 (μ) × F(VijCKM , mK , fK , ΔMK , . . .) ,

(18)

where F is a known function of the CKM factors and of well-measured quantities.
A convenient parametrisation of this operator is the well-known bag parameter BK ,
BK (μ) ≡

K̄ 0 |O1ΔS=2 |K 0 (μ)
.
8 2
2
3 fK mK

(19)

where fK − = 156.1 MeV and μ is a renormalisation scale, usually 2 or 3 GeV.
BK is a standard lattice quantity, nowadays it is computed with an accuracy of a few
percents 48,49,50 . The FLAG 2013 average for Nf = 2 + 1 is
B̂K

= 0.7661(99) ,

Nf = 2 + 1 ,

(20)

it is largely dominated by the BMWc result B̂K = 0.773(8)stat (3)syst (8)P T . The other references
are 51,52,53,54,49,55,56,57,58 .
Let us consider the dominant sources of error: FLAG 2013 explains that the total error of
1.3% can be roughly seen as the combination of 0.4% statistical and 1.2% systematic, mainly
due to perturbation theory: (33)stat + (93)syst . Although BK is extracted and (in most cases)
renormalised non-perturbatively on the lattice, perturbation theory is used to convert the result
to the renormalisation-group-invariant (RGI) quantity B̂K , or alternatively to MS. Naturally,
diﬀerent collaborations estimate the perturbative error in diﬀerent ways, and this estimation is
of course aﬀected by some subjective judgement. Indeed this error changes by a factor two or
three depending on the estimation. In its 2013 review, it seems that FLAG chose an uncertainty
very close to the one quoted by BMW (1%), whereas RBC-UKQCD quoted an error of ∼ 2%,
based on a multiple-scheme evaluation. Actually by changing the intermediate schemes, RBCUKQCD ﬁnd that the results change by 8% if the matching is done at μ = 3GeV and by 12%
if μ = 2GeV. The current situation is illustrated in table 2, where we show the the most recent
determinations of BK . The importance of this perturbative error can be made clear by looking
at, for example, the result obtained by RBC-UKQCD 26
B̂K
(/
q ,/
q)

BK

= 0.7499(24)stat (150)P T ,

(3GeV) = 0.5341(18)stat ,
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(21)
(22)

MS
Table 2: Collection of recent results for BK
(3GeV).

Collaboration
RBC-UKQCD 26
SWME 61
ETM 62

Nf
2+1
2+1
2+1+1

Discretisation
Domain-Wall
Staggered
Twisted Mass

Result
0.5293(17)stat (106)P T
0.518(3)stat (26)syst
0.506(17)stat+syst (3)P T

bare ) and
where the ﬁrst error is statistical (however it is much larger than the other errors on BK
the second error is the systematic error on the renormalisation, largely dominated by the pertur(/
q ,/
q)
which is fully non perturbative, renormalised in the
bative matching. This contrasts with BK
SMOM (/q , q/ )-scheme at the scale μ = 3 GeV. Without this perturbative error, the error would
be of around 0.3%. In the future, the lattice community will probably have to ﬁnd an agreement
on how to estimate this uncertainty as it is the dominant one. Obviously, one could reduce this
perturbative error, by computing explicitly the next order in perturbation theory. The matching
coeﬃcient is currently known at next-to-leading order. Going further requires to determine the
matching coeﬃcient at the two-loop level (three-loop anomalous dimension). Alternatively, on
could perform the matching at a higher scale; this could be achieved by computing the running
non-perturbatively, for example using the Schrödinger functional 59 or a (S)MOM-scheme 60 .

7

Neutral kaon mixing Beyond the Standard Model

Beyond the Standard Model, we have to include new Dirac-colour structures, as for example
both left-handed and right-handed currents can contribute to K 0 -K̄ 0 mixing (and therefore to
εK ). Hence, in addition to O1 introduced in eq.17, one introduces new ΔS = 2 four-quark
operators. A possibility (the so-called SUSY-basis) is 63,64 a
O2ΔS=2 = (si (1 − γ5 )di ) (sj (1 − γ5 )dj ),

(23)

O3ΔS=2 = (si (1 − γ5 )dj ) (sj (1 − γ5 )di ),

(24)

= (si (1 − γ5 )di ) (sj (1 + γ5 )dj ),

(25)

= (si (1 − γ5 )dj ) (sj (1 + γ5 )di ).

(26)

O4ΔS=2
O5ΔS=2

These four-quark operators appear in the generic eﬀective ΔS = 2 Hamiltonian
H ΔS=2 =

5


Ci (μ) OiΔS=2 (μ) +

i=1

3


C̃i (μ) ,

(27)

i=1

where the Wilson coeﬃcient Ci (μ), C̃i (μ) depend on the details of the new-physics model under
consideration but the matrix elements K̄ 0 |OiΔS=2 |K 0  are model independent. The operators
Õ1,2,3 are obtained from O1,2,3 by replacing (1 − γ5 ) by (1 + γ5 ). In QCD with parity conserved,
these operators are redundant and therefore discarded in the following.
A priori, one would expect that the relevant matrix elements K̄ 0 |O1ΔS=2 |K 0  can be obtained with an accuracy comparable to the one of the Standard Model one. However only few
studies of the full set of BSM operators have been published and the history is quite interesting.
First of all, in the quenched approximation, the results from 66 obtained with Ginsparg-Wilson
fermions (which exhibit an exact chiral-ﬂavour symmetry) and non-perturbative renormalisation were very diﬀerent from the previous study, done with tree-level O(a)-improved Wilson
fermions 67 . The diﬀerence was attributed to the renormalisation.
The ﬁrst computation performed with dynamical fermions was reported by RBC-UKQCD 68
in 2012 and was done with Nf = 2 + 1 Domain-Wall fermions. It was followed shortly by a
a

An alternative basis is given in 65 .
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Table 3: Comparison of the BSM bag parameters Bi at 3 GeV in the SUSY basis in MS

interm.
scheme
B2
B3
B4
B5

ETM 15

RBC − UKQCD 12

SWME 15

RI − M OM
0.46(3)
0.79(5)
0.78(5)
0.49(4)

RI − M OM
0.43(5)
0.75(9)
0.69(7)
0.47(6)

1 − loop
0.525(1)(23)
0.772(5)(35)
0.981(3)(61)
0.751(8)(68)

RBC − UKQCD 15(prelim.)
RI − SM OM
0.488(7)(17)(2)
0.743(14)(64)(3)
0.920(12)(12)(4)
0.707(8)(34)(3)

RI − M OM
0.417(6)(2)(2)
0.655(12)(44)(2)
0.745(9)(28)(3)
0.555(6)(53)(2)

Nf = 2 twisted-mass computation of the ETM collaboration, done with several lattice spacings 69
and these two ﬁrst computations are in reasonable agreement (slightly more than2% in the
worse case) In 2013, the SWME collaboration reported their results, obtained with Nf = 2 + 1
ﬂavours of improved staggered fermions 70 . A noticeable disagreement with the previous studies
was found for two of the matrix elements (O4 and O5 of the SUSY basis). Very recently, the
ETM collaboration have repeated their computation with Nf = 2 + 1 + 1 ﬂavours (using again
twisted mass QCD), and essentially conﬁrmed their Nf = 2 results 62 (although for B5 the
agreement is only within ∼ 3σ). Even more recently, SWME have extended their study by
adding more ensembles, improving the extrapolation to the physical point, and they conﬁrmed
the disagreement with the other collaboration 61 . Since the results have been extrapolated to
the continuum limit, one does not expect the discretisation used (Domain-Wall, Twisted-Mass,
or Staggered) to be responsible of the discrepancy.
The matrix elements of these four-quark operators are usually given in terms of the so-called
Bag-parameters Bi (μ) = K̄ 0 |Oi (μ)|K 0 /K̄ 0 |Oi (μ)|K 0 V S where V S is the vacuum-saturation
approximation. In the case of the Standard Model operator, the denominator is known in terms
of physical quantities fK and mK , as shown in eq. (19). This normalisation is convenient because
the bag parameters are dimensionless, the numerator and the denominator are very similar,
therefore systematic errors are likely to cancel out in the ratio, and because the denominator
is known in terms of physical quantities. However for the BSM operators, the corresponding
vacuum saturation approximations involve matrix elements of the pseudo-scalar density. In
particular, the renormalisation of the matrix elements in a RI-MOM scheme 27 requires a pole
subtraction which could potentially be problematic.
A preliminary study of RBC-UKQCD indicates that the source of the disagreement comes
from the renormalisation 73,74 . A comparison of the results for the bag parameters can be found
in Table 3. Although our error budget is not complete yet, we ﬁnd that if we use the standard
RI-MOM scheme proposed in 27 and match to the MS scheme deﬁned in 65 , our results are in a
decent agreement with ETMc. Surprisingly enough, if we use a SMOM scheme (in the spirit of
the schemes introduced in 75 ), our results are much closer to the results quoted by SWME, for
which the renormalisation is performed perturbatively. The SMOM schemes are known to be
superior to standard RI-MOM schemes: they behave better non-perturbatively in the infrared
(the pion pole contamination is suppressed because of the absence of exceptional channel) and
perturbatively 75,48,76,77 . We suspect that the procedure employed to remove the pion pole contamination (needed in the RI-MOM case but absent for the SMOM schemes) could also aﬀect
the ultraviolet behaviour, see for example 77 . The systematic errors associated with this procedure are very hard to estimate and could have been underestimated.
Several alternatives normalisation were proposed in the literature, see for example 67 . In 66 ,
some ratios Ri have been introduced, they are designed to be equal to the ratio of a BSM contribution to the SM one at the physical point Ri (μ) = K̄ 0 |Oi (μ)|K 0 /K̄ 0 |O1 (μ)|K 0 . Another
possibility, is to deﬁne products and ratios of bag parameters (called G) such that the leading
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chiral logarithms cancel out 71,72,70 . The problem of the normalisation ambiguity is absent for the
ratios, but still there for the products. However the advantage is that the chiral extrapolations
are hugely simpliﬁed.
8

Conclusions and outlook

This is an exciting time for Kaon physics, to a great extent this is due to the impressive progress
achieved recently by the lattice community. The computation of K → (ππ)I=2 is reaching a
mature stage and a ﬁrst computation K → (ππ)I=0 with physical kinematic and complete error
budget has recently been reported by the RBC-UKQCD collaboration. The results of these
computations have a important role to play in particle physics phenomenology . The ΔI = 1/2
puzzle seems to be explained by the non-perturbative eﬀects 45 . Regarding indirect CP violation,
BK is now known with an impressive precision. The various investigations of the ΔS = 2 BSM
operators are converging, the discrepancies observed by several collaborations are likely to be
due to systematic errors aﬀecting the non-perturbative renormalisation procedure in RI-MOM
schemes. Although a careful study is required, the solution could be provided by the SMOM
schemes, which have a much better behaviour. Future improvements will also require to match
the lattice computation to phenomenology at a much higher scale in order to decrease the error
due to perturbation theory. There are other new interesting developments that I have not mentioned here, such as rare kaon decays and the KL − Ks mass diﬀerence (see 79 and 80 ).
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π 0 Form Factor and K + → π + ν ν̄ at NA62
G. Ruggieroa b
CERN, Switzerland
The NA62 experiment at CERN SPS collected a large sample of charged kaon decays with a
highly eﬃcient trigger for decays into electrons in 2007 using the experimental setup of the
earlier kaon experiment at CERN NA48/2. The kaon beam represents a source of tagged
neutral pion decays in vacuum. A measurement of the electromagnetic transition form factor
slope of the neutral pion in the time-like region from about 1 million fully reconstructed π 0
Dalitz decay is described. The K + → π + ν ν̄ decay is one of the theoretically cleanest meson
decays where to look for indirect eﬀects of new physics complementary to LHC searches. The
new experimental setup used by the NA62 experiment at CERN SPS since 2014 is designed to
measure the branching ratio of this decay with 10% precision. NA62 took data with the new
setup in pilot runs in 2014 and 2015 reaching the ﬁnal designed beam intensity. The quality
of data acquired in view of the ﬁnal measurement is reported.
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1

The NA62 Experiment at CERN

NA62 is a ﬁxed target experiment at CERN using protons from SPS accelerator which has
taken over the NA48 experiment 1 to pursue the CERN kaon physics program. NA62 collected
data in 2007 using the same beam line and experimental setup of NA48, with the purpose to
study lepton universality in kaon decays through the measurement of the RK parameter, the
ratio of the K ± → e± ν and K ± → μ± ν decay amplitudes 2 . After an R&D and construction
phase started in 2008, a new apparatus designed to measure precisely the branching ratio of the
K + → π + ν ν̄ decay has replaced the former one. NA62 has taken data for the ﬁrst time with
the new layout in 2014/2015, mainly to commission detectors and perform data quality studies.
2

π 0 Transition Form Factor Measurement

Charged kaons are sources of π 0 s’ mainly through the decay K + → π + π 0 . The subsequent
π 0 decays allow the properties of the neutral pion to be studied. In particular the diﬀerential
0 ) decay normalized to the leading π 0 → γγ decay
amplitude of the subleading π 0 → γe+ e− (πD
0
(π2γ ) reads:
0)
1 d2 Γ(πD
α (1 − x)3
=
0 ) dxdy
4π
x
Γ(π2γ



r2
1+y +
x
2



|F(x)|2 (1 + δ(x, y)),

(1)

˙ + +p − )/(m2 0 (1−x)), F(x) the semi oﬀ-shell transition
where x = (pe+ +pe− )2 /m2π0 , y = 2pπ0 (p
e
e
π
form factor (TFF) describing the hadronic physics in the γγ ∗ vertex and δ(x, y) is a radiative
0
correction to the πD decay. The TFF is usually expressed as F(x) = 1 + ax, with a the TFF
slope parameter. The π 0 TFF enters in the predictions of observable quantities like the rate
of the π 0 → e+ e− and the anomalous magnetic moment of the muon. It has been extensively
studied theoretically 3,4,5,6,7,8 and the slope variable measured experimentally in the time-like
domain 9,10,11,12 and in the space-like domain 13,14,15,16 .
NA62 collected about 2 × 1010 K ± decays in 2007, allowing the extraction of the parameter
0 decay, according to equation 1
a through the study of the slope of the x spectrum of the πD
integrated over y. The radiative corrections have been studied extensively 17,18,19,20 and the most
up-to-date calculation including bremsstrahlung photons 20 has been implemented by NA62 in
0 decay.
the Monte Carlo simulation of the πD
2.1

The NA62 apparatus in 2007

An accurate description of the experimental setup can be found elsewhere 1 . Protons from SPS
impinged on a target producing charged particles, 6% of which were K ± . A 100 m beam line
selected, focused and transported charged particles of 75 ± 3 GeV/c down to a 100 m long
evacuated region. The apparatus downstream to the vacuum region detected particles mainly
produced by kaon decayed in vacuum. A magnetic spectrometer with drift chamber in He
traced charged particles; an array of horizontal and vertical scintillator slabs provided a trigger
and timestamped charged particles with sub-nanosecond resolution. A quasi-homogeneous electromagnetic calorimeter at liquid Krypton (LKr) precisely measured the energy deposited by
photons and electrons. The trigger in 2007 was optimized for events with energy deposition in
LKr.
2.2

Data analysis and preliminary results

Three tracks in the magnetic spectrometer coming from a common vertex located in the vacuum
region upstream are asked for to select K + → π + π 0 decays followed by the π 0 → γe+ e− decay. A
single LKr cluster, separated in space from the track impact points on the LKr surface, identiﬁes
the photon. The total energy of photon and tracks has to be consistent with the beam energy and
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Figure 1 – Distribution of the reconstructed x variable (left). Fit result illustration showing the ration of data
and Monte Carlo distributions with the Monte Carlo simulation weighted with a = 0 (right); data and Monte
Carlo are divided in 20 equipopulous bins; solid line represents the TFF function with the slope equal to the ﬁt
central value.

the momentum transverse to the nominal beam axis consistent with zero within the resolution.
Assuming the track with charge opposite to K ± to be the e∓ , events are selected if one and only
one of the two possible (e± , π ± ) mass hypothesis for the other two tracks is compatible with the
0 decay, within the resolution of the reconstructed π 0 and kaon
kinematics of the K + → π + πD
mass. In order to be consistent with the simulation of the trigger conditions, the total energy
deposited in LKr has to be lower than 14 GeV and at least one of the e± must have momentum
greater than 5.5 GeV/c and must deposit more than 80% of its energy in LKr. Finally the
kinematic region deﬁned by x > 0.01 is considered, owing to the diﬃculties in the simulation of
the region below.
About 1.05 × 106 have been fully reconstructed. The TFF slope parameter a has been
measured using a 1-parameter ﬁt of the simulated x spectrum to the one reconstructed on data
(ﬁgure 1 left). Figure 1 right illustrates the result of the ﬁt. The preliminary measurement of
the TFF slope parameter is:
a = (3.70 ± 0.53stat ± 0.35syst ) × 10−2 ,

(2)

with χ2 /n.d.f = 52.5/49. Systematic uncertainties originate mainly from momentum spectrum
simulation and spectrometer momentum scale calibration. The result improves of more than
one order of magnitude the precision of the existing measurements in the time-like region and
is compatible within uncertainties with the theoretical predictions.
3

K + → π + ν ν̄ Branching Ratio Measurement

The K + → π + ν ν̄ and KL → π 0 ν ν̄ are ﬂavour changing neutral current decays proceeding
through box and electroweak penguin diagrams. A quadratic GIM mechanism and a strong
Cabibbo suppression make these processes extremely rare. Using the value of tree-level elements
of the Cabibbo-Kobayashi-Maskawa (CKM) triangle as external inputs, the Standard Model
(SM) predicts 21,22 :
BR(K + → π + ν ν̄) = (8.4 ± 1.0) × 10−11
BR(KL → π 0 ν ν̄) = (3.4 ± 0.6) × 10−11 .
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The experimental knowledge of the external inputs dominate the uncertainties on the predictions
above. The theoretical accuracy, instead, is at percent level because: the short distance physics
dominates thanks to the top quark exchange in the loop; the hadronic matrix elements cancel
almost completely in the normalization of the K → πν ν̄ branching ratios (BR) to the precisely
measured BR of the K + → π 0 e+ ν. The dependence on the CKM parameters partially cancels
in the correlation between K + → π + ν ν̄ and KL → π 0 ν ν̄. Therefore simultaneous measurements
of the two BRs’ would allow a theoretical clean exploitation of the CKM triangle using kaons
only.
The K → πν ν̄ decays are extremely sensitive to physics beyond the SM, probing the highest
mass scales among the rare meson decays. The largest deviations from SM are expected in
models with new sources of ﬂavour violation, owing to weaker constraints from B physics 23,24 .
The experimental value of εK , the parameter measuring the indirect CP violation in neutral
kaon decays, limits the range of variation expected for K → πν ν̄ BRs’ within models with
currents of deﬁned chirality, producing typical correlation patterns between charged and neutral
modes 25 . Results from LHC direct searches strongly limit the range of variation mainly in
supersymmetric models 26,27 . Anyway thanks to the SM suppression and to the existing weak
experimental constraints from K physics, signiﬁcant variations of the K → πν ν̄ BRs’ from the
SM predictions induced by new physics at mass scales up to 100 TeV are still possible providing
a measurement with 10% precision at least.
Only the charged mode has been observed so far and the present experimental status is
28,29,30 :
BR(K + → π + ν ν̄)exp =

−11
17.3+11.5
−10.5 × 10

BR(KL → π 0 ν ν̄)exp < 2.6 × 10−8 90% CL.
3.1

The NA62 apparatus for K + → π + ν ν̄

A measurement of the BR of the K + → π + ν ν̄ decay with 10% precision at least is the main goal
of the NA62 experiment at CERN 31,32 . The experiment plans to collect about 1013 kaon decays
in few years using 400 GeV/c protons from SPS. As a consequence 10% signal acceptance and of
the order of 10% signal to background ratio are required to attain the design precision 33 . The
proton energy and the above requests on kaon statistics and signal acceptance force the use of
a kaon decay in ﬂight technique similar to NA48. The 12 orders of magnitude of background
rejection requires the use of as much as possible independent experimental techniques to suppress
unwanted ﬁnal states.
Large angle
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Figure 2 – Scheme of the NA62 layout for K + → π + ν ν̄.

Figure 2 shows the NA62 apparatus for K + → π + ν ν̄ replacing the NA48 one. Protons
impinge on a Be target producing secondary charged particles, 6% of which are kaons. A 100
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m long beam line selects, collimates, focuses and transports charged particles of 75 ± 0.8 GeV/c
momentum, down to a 100 m long evacuated decay region. A Cerenkov counter (KTAG) ﬁlled
with N2 along the beam line identiﬁes and timestamps kaons. Three silicon pixel stations
(Gigatracker) of 6 × 3 cm2 surface trace and timestamp all the beam particles before entering
in the vacuum region downstream. The Gigatracker faces the full 750 MHz beam rate, the
KTAG the rate from kaons only. A guard ring detector (CHANTI) tags hadronic interactions
at the entrance of the decay volume. About 10% of kaons decay in the vacuum region between
the beam line and the downstream detectors. Large angle annular electromagnetic calorimeters
(LAV) made of lead glass blocks surround the decay and downstream volumes to catch γ up to
50 mrad. A magnetic spectrometer at straw tubes in vacuum traces charged particles. Holes of
variable radius from 6.5 to 13 cm around the beam axis in the spectrometer chambers and in
the detector downstream let the undecayed beam particles to pass through. The vacuum ends
at the last station of the spectrometer and downstream the beam passes in vacuum through a
beam pipe. A RICH counter ﬁlled with Ne separates π + , μ+ and e+ up to 40 GeV/c. The time
of charged particles is measured both with RICH and with scintillator arrays (CHOD) inerithed
from NA48 placed downstream to the RICH. The NA48 LKr calorimeter detects forward γ and
complements the RICH for particle identiﬁcation. A shashlik small-angle annular calorimeter
(IRC) in front of LKr detects eﬃciently γ directed on the inner edges of the LKr hole around the
beam axis. An hadronic calorimeter made by two modules of iron-scintillator sandwiches (MUV1
and MUV2) provides further π + -μ+ separation and trigger on hadronic energy. A fast scintillator
array (MUV3) identiﬁes and triggers muons with sub-nanosecond time resolution. A shashlik
calorimeter (SAC) placed on the beam axis downstream to a dipole magnet bending oﬀ-axis the
undecayed beam particles, detetecs γ down to zero angle. All the downstream detectors see less
than 1% of the beam rate. Kaon decays in the vacuum region and particles from upstream beam
activity are the main sources of ﬂux of particles downstream. A multi-level trigger architecture
is used. Timing information from CHOD, RICH and MUV3 and calorimetric variables from
electromagnetic and hadronic calorimeters are build up on FPGAs’ memories mounted on the
readout TEL62 boards 34 to issue level zero trigger conditions. Software-based variables from
KTAG, LAV and magnetic spectrometer provide higher level trigger requirements.
NA62 has collected data in 2014 and 2015. The hardware and readout of the detectors have
been commissioned at 10% of the nominal beam intensity, the beam line up to nominal intensity.
The Gigatracker ran with a partial hardware conﬁguration. Data samples with beam intensity
varying from percent of the nominal up to the nominal one, have been recorded in 2015. Data
at low intensity have been triggered with CHOD only. Calorimetric information at level zero,
instead, have been used to trigger K → πν ν̄-like events at higher intensities. In the following
sections a preliminary analysis of a subset of the low intensity sample to exploit the data quality
in view of the K → πν ν̄ measurement is described. The analysis of the full 2015 data set is
on-going.
3.2

Principles of the Measurement

The signature of the signal is one track in the Gigatracker compatible with a kaon hypothesis
and one in the detector downstream. Kaon decays and beam related activity are sources of background. Let PK and Pπ+ the 4-momenta of the kaon and the charged particles produced from
kaon decay under the π + mass hypothesis, respectively. The squared missing mass distribution
of the signal, m2miss = (PK − Pπ+ )2 , has a three body decay shape, while more than 90% of the
charged kaon decays are mostly peaking, as shown in ﬁgure 3. Signal is looked for in two signal
regions around the K + → π + π 0 peak. Semileptonc decays, radiative processes, main kaon decay
modes via reconstruction tails and beam induced tracks span across these regions. Therefore
kinematic reconstruction, photon rejection, particle identiﬁcation and sub-nanoseconds timing
coincidences between subdetectors must be employed to get the ultimate background rejection.
A tight requirement on Pπ+ between 15 and 35 GeV/c boosts the background suppression fur-
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ther, as will be shown in the next section.
3.3

2015 data quality analysis and prospects for the K + → π + ν ν̄ measurement

The following selection is applied to study the quality of the data for the K + → π + ν ν̄ measurement. Tracks reconstructed in the straw spectrometer matching in space energy depositions in
calorimeters and signals in CHOD are selected. Matched CHOD signals deﬁne the time of the
tracks with 200 ps resolution. A track not forming a common vertex within the decay region
with any other in-time track deﬁnes a single track event. The last Gigatracker station and the
ﬁrst plane of the straw spectrometer bound the decay region. A vertex is deﬁned as the average
position of two tracks projected back in the decay region at the distance of closest (CDA) approach less than 1.5 cm. In order to select a single track event originated from kaon decays, a
Gigatracker track is required to match the downstream track both in time and space, forming a
vertex in the decay region with it, and to be in-time also with a kaon-like signal in KTAG. Figure
4 (left) shows the m2miss versus the spectrometer track momentum for 2015 data recorded at low
intensity. The time resolutions of the KTAG and of a Gigatracker track has been measured in
the range of 100 and 200 ps, respectively, matching the design values. The KTAG is also used
in anti-coincidence with a Gigatracker track to select single track events not related to kaons
(ﬁgure 4 right). This technique shows that decay from beam π + , elastic scattering of beam
particles in the material along the beam line (KTAG and Gigatracker stations) and inelastic
scatterings in the last Gigatracker station are the main sources of tracks downstream originated
from beam related activity. The sample of single track events from kaon decays selected above
is used to study kinematic resolution, particle identiﬁcation and γ rejection.
The resolution of the m2miss measured from the width of the K + → π + π 0 peak is in the
range of 1.2 × 10−3 GeV 2 /c4 , close to the 10−3 GeV 2 /c4 design value. The resolution is a factor
3 larger if the nominal kaon momentum is taken, instead of the event by event Gigatracker
measured value. The tracking system of NA62 is also designed to provide a rejection factor in
the range of 104 ÷ 105 for K + → π + π 0 and K + → μ+ ν using m2miss to separate signal from
backgrounds, respectively. The K + → π + π 0 kinematic suppression is measured using a subsample of single track events from kaon decays selected by requiring the additional presence
of two γs’ compatible with a π 0 in the LKr calorimeter. This constraint deﬁnes a sample of
K + → π + π 0 with negligible background even in the signal m2miss regions, allowing the study
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Figure 4 – m2miss distribution under π + mass hypothesis as a function of the momentum of the track measured
in the straw spectrometer after selection for single track from kaon decays (left). Same distribution as left-side
picture, but asking for single track without a positive kaon tag in time in KTAG (right).

of the far tails of the m2miss . The measured K + → π + π 0 suppression factor is of the order of
103 . The partial hardware Gigatracker arrangement used in 2015 mainly limits the suppression
because of m2miss tails due to beam track mis-reconstruction.
The particle identiﬁcation of NA62 is designed to separate π + from μ+ and e+ in order to
guarantee at least 7 order of magnitude suppression of K + → μ+ ν in addition to the kinematic
rejection. RICH and calorimeters together are employed to this purpose. The pure samples
of K + → π + π 0 used for kinematic studies and an additional sample of K + → μ+ ν selected
among the single track events from kaon decays by asking for the presence of signals in MUV3
are used to study the π + -μ+ separation in the RICH. About 102 muon suppression for 80% π +
eﬃciency is measured in a track momentum region between 15 and 35 GeV/c. Above 35 GeV/c
the separation degrades quickly as expected from the Cerenkov threshold curves for π + and μ+
in Neon. As a by-product the RICH provides an even better separation between π + and e+ .
The same π + and μ+ samples allow the calorimetric muon-pion separation to be investigated.
Simple cut and count analysis provide a muon suppression factor within 104 ÷ 106 for a π +
eﬃciency in a 90% ÷ 50% range. Several analysis techniques are under study to get the optimal
separation.
The layout of NA62 is designed to suppress K + → π + π 0 of 8 order of magnitude by detecting
at least one photon from π 0 decay in one of the electromagnetic calorimeters, LAV, LKr, IRC and
SAC covering an angular region between (50, 8.5) mrad, (8.5, 1) mrad, < 1 mrad, respectively.
The π 0 suppression proﬁts from the angle-energy correlation of the two π 0 photons and the cut
at 35 maximum π + momentum at analysis level. This allows the above suppression factor to
be reached asking for single photon detection ineﬃciencies within the reach of the calorimeters
and anyway not below 10−5 for γ above 10 GeV. The suppression of π 0 from K + → π + π 0 is
measured on data looking directly at the scaling of the K + → π + π 0 m2miss peak after applying
conditions for photon rejection on the sample of single track events from kaon decays selected
above. The measured π 0 veto ineﬃciency on the 2015 data is statistically limited at 10−6 (90%
CL) as an upper limit. The signal eﬃciency is within 90% as measured on samples of muons from
K + → μ+ ν and events with a single 75 GeV/c π + in the ﬁnal state entering in the downstream
detector acceptance via beam elastic scattering upstream.
To conclude, the preliminary analysis of the low intensity 2015 data shows that NA62 is
approaching the design sensitivity for measuring K + → π + ν ν̄.
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4

NA62 Physics Program beyond K + → π + ν ν̄

The present performances of the apparatus allow physics opportunities beyond the K + → π + ν ν̄
to be addressed. NA62 can study standard K + decay modes with unprecedented precision, measuring relative branching ratios of kaon decays and studying lepton universality in K + → l+ ν,
with l = e, μ. The level of single event sensitivity oﬀers the possibility to signiﬁcantly improve the existing limits on lepton ﬂavour and number violating decays like K + → π + μ± e∓ or
K + → π − l+ l− . Experimentally π 0 physics can take advantage of the performances of the electromagnetic calorimeters and processes like π 0 →invisible, π 0 → 3, 4γ or dark photon production
can be investigated. Thanks to the quality of the kinematic reconstruction, searches for heavy
neutrino produced in K + → l+ ν decays can extend in the heavy neutrino mass region of 200 450 MeV/c2 strongly improving the existing limits. The longitudinal scale of the apparatus and
the resolutions of the detectors open the possibility to search for long living particles through
their decays, like dark photon decaying in l+ l− or axion-like particles decaying in γγ pairs and
produced at the target or in beam dump conﬁgurations.
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SEARCHES FOR LEPTON NUMBER VIOLATION AND RESONANCES IN
THE K ± → πμμ DECAYS AT THE NA48/2 EXPERIMENT
K. MASSRIa
Department of Physics, University of Liverpool, The Oliver Lodge Laboratory,
Liverpool L69 7ZE, United Kingdom
The NA48/2 experiment at CERN collected a large sample of charged kaon decays into ﬁnal
states with multiple charged particles in 2003–2004. A new upper limit on the rate of the lepton
number violating decay K ± → π ∓ μ± μ± obtained from this sample is reported: B(K ± →
π ∓ μ± μ± ) < 8.6 × 10−11 at 90% CL. Searches for two-body resonances in the K ± → πμμ
decays (including heavy neutral leptons N4 and inﬂatons χ) in the accessible range of masses
and lifetimes are also presented. In the absence of a signal, upper limits are set on the products
of branching ratios B(K ± → μ± N4 )B(N4 → π ∓ μ± ) and B(K ± → π ± χ)B(χ → μ+ μ− ) as
functions of the resonance mass and lifetime. These limits are in the 10−10 − 10−9 range for
resonance lifetimes below 100 ps.

1

Introduction

Neutrinos are strictly massless within the Standard Model (SM), due to the absence of righthanded neutrino states. However, since the observation of neutrino oscillations 1 has unambiguously demonstrated the massive nature of neutrinos, right-handed neutrino states must be
included. A natural extension of the SM involves the inclusion of sterile neutrinos which mix
with ordinary neutrinos to explain several open questions. An example of such a theory is the
Neutrino Minimal Standard Model (νMSM) 2 . In this model, three massive right-handed neutrinos are introduced to explain simultaneously neutrino oscillations, dark matter and baryon
asymmetry of the Universe: the lightest has mass O(1 keV) and is a dark matter candidate;
the other two, with masses ranging from 100 MeV/c2 to few GeV/c2 , are responsible for the
masses of the SM neutrinos (via see-saw mechanism) and introduce extra CP violating phases
to account for baryon asymmetry. The νMSM can be further extended by adding a real scalar
a
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A. Cotta Ramusino, D. Coward, D. Cundy, A. Dabrowski, P. Dalpiaz, C. Damiani, M. De Beer, J. Derré,
H. Dibon, L. DiLella, N. Doble, K. Eppard, V. Falaleev, R. Fantechi, M. Fidecaro, L. Fiorini, M. Fiorini,
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ﬁeld, to incorporate inﬂation and provide a common source for electroweak symmetry breaking
and for right-handed neutrino masses 3 . These SM extensions predict new particles, such as
heavy neutrinos and inﬂatons, which could be produced in K ± → πμμ decays. In particular,
the Lepton Number Violating (LNV) K ± → π ∓ μ± μ± decay, which is forbidden in the SM, could
proceed via the production of on-shell Majorana neutrinos 4 , while inﬂatons χ could be produced
in K ± → π ± χ decays, and promptly decaying to χ → μ+ μ− 5,6 .
The large statistics of the samples of charged kaon decays into ﬁnal states with multiple
charged particles collected in 2003–2004 by the NA48/2 experiment at CERN allows to search
for the forbidden LNV K ± → π ∓ μ± μ± decay, as well as for two-body resonances in K ± → πμμ
decays. Since a particle X produced in a K ± → μ± X (K ± → π ± X) decay and decaying
promptly to π ± μ∓ (μ+ μ− ) would produce a narrow spike in the invariant mass Mπμ (Mμμ )
spectrum, the invariant mass distributions of the collected K ± → πμμ samples have been
scanned looking for such a signature. The results of these searches are presented, together with
the prospects for the search for Lepton Number and Flavour Violation (LNFV) at the NA62
experiment, which aims to precisely measure the branching ratio of the K + → π + ν ν̄ decay.
2

Experimental Apparatus and Data Taking conditions

The NA48/2 experiment at CERN SPS was a multi-purpose K ± experiment which collected
data in 2003–2004, whose main goal was to search for direct CP violation in the K ± → π ± π + π −
and K ± → π ± π 0 π 0 decays 7 . Simultaneous and collinear K + and K − beams of the same
momentum (60±3.7) GeV/c were produced by the 400 GeV/c SPS primary proton beam, which
impinged on a Beryllium target, and were steered into a 114 m long decay region, contained
in a vacuum (at pressure < 10−4 mbar) cylindrical tank. The downstream part of the vacuum
tank was sealed by a convex Kevlar window, that separated the vacuum from the helium at
atmospheric pressure in which a magnetic spectrometer, formed of 4 drift chambers (DCHs)
and a dipole magnet providing a horizontal momentum kick pt = 120 MeV/c, was installed.
The spatial resolution of each DCH was σx = σy = 90 μm, while the momentum resolution
of the spectrometer was σ(p)/p = (1.02 ⊕ 0.044 · p)%, where the momentum p is measured in
GeV/c. A hodoscope (HOD) was placed downstream of the spectrometer and provided fast
signals for trigger purposes, as well as time measurements for charged particles with a resolution
of ∼ 300 ps. The HOD was followed by a LKr electromagnetic calorimeter with a depth of
127 cm, corresponding to 27 radiation lengths. The front plane had an octagonal shape and
2
was segmented in 13248 cells with
√ size 2 × 2 cm . The LKr calorimeter energy resolution was
measured to be σE /E = (3.2/ E ⊕ 9.0/E ⊕ 0.42)%,√where E is the energy expressed in GeV.
The space resolution σx,y of the LKr√was σx,y = (4.2/ E ⊕ 0.6) mm, and the time resolution on
the single shower was σt = 2.5 ns/ E. The LKr was followed by a hadronic calorimeter (not
used for the present measurement) and a muon detector (MUV). The MUV consisted of three
2.7 × 2.7 m2 planes of plastic scintillator strips, each preceded by a 80 cm thick iron wall and
alternately aligned horizontally and vertically. The strips were 2.7 m long and 2 cm thick, and
they were read out by photomultipliers at both ends. The widths of the strips were 25 cm in
the ﬁrst two planes, and 45 cm in the third plane. A detailed description of the NA48/2 beam
line and the detector layout can be found in Refs. 7,8 .
3

Event reconstruction and selection

The event selection is based on the reconstruction of a three-track vertex: given the resolution
of the vertex longitudinal position (σvtx = 50 cm), K ± → π ∓ μ± μ± and K ± → π ± μ+ μ− decays
LNV and K LNC below) mediated by a short-lived (τ  10 ps) resonant particle are
(denoted Kπμμ
πμμ
indistinguishable from a genuine three-track decay. The size of the selected Kπμμ samples is
normalised relative to the abundant K ± → π ± π + π − channel (denoted K3π below). The Kπμμ
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and K3π samples are collected concurrently using the same trigger logic. Since the μ± and π ±
masses are close (mμ /mπ = 0.76), the signal and the normalisation ﬁnal states have similar
topologies. This leads to ﬁrst order cancellation of the systematic eﬀects induced by imperfect
kaon beam description, local detector ineﬃciencies, and trigger ineﬃciency.
The selections for the Kπμμ and K3π modes have a large common part: a vertex satisfying
the following principal criteria is required.
- The total charge of the three tracks is Q = ±1.
- The vertex longitudinal position is within the 98 m long ﬁducial decay volume (i.e. downstream the ﬁnal collimator).
- The vertex tracks must have momentum
p within the range (5; 55) GeV/c, the total

momentum of the three tracks | pi | must be consistent with the beam nominal range
(55; 65) GeV/c, and the total transverse momentum of the three tracks with respect to
the beam axis direction is pT < 10−2 GeV/c.
If several vertices fulﬁll the above conditions, the one with the lowest ﬁt χ2 is considered. The
vertex tracks are required to be consistent in time and to be in DCH, HOD, LKr and MUV
geometric acceptances. Track separations are required to exceed 2 cm in the DCH1 plane to
suppress photon conversions, and 20 cm in the LKr, MUV1 and MUV2 front planes to minimize
particle misidentiﬁcation due to shower overlaps and to multiple Coulomb scattering.
LNV (K LNC ) candidates.
The following criteria are used to select the Kπμμ
πμμ
- The vertex must be composed of one π ± candidate (with the ratio of energy E in the
LKr calorimeter to momentum p measured in the spectrometer E/p < 0.95 to suppress
electrons, and no in-time associated hits in the MUV), and a pair of identically (oppositely)
charged μ± candidates (with E/p < 0.2 and associated hits in the ﬁrst two planes of the
MUV). The π ± candidate is required to have momentum above 15 GeV/c to ensure high
muon rejection eﬃciency. The muon identiﬁcation eﬃciency has been measured to be
above 99% for p > 15 GeV/c.
- The invariant mass of the three tracks in the π ∓ μ± μ± (π ± μ+ μ− ) hypothesis must satisfy
the requirement |Mπμμ − MK | < 5 MeV/c2 (|Mπμμ − MK | < 8 MeV/c2 ), where MK is the
nominal K ± mass 1 . This range corresponds to ±2 (±3.2) times the resolution on Mπμμ .
An additional requirement is applied to the Kπμμ samples, when searching for resonances:
- |Mij − MX | < 2σ(Mij ), where Mij is the invariant mass of the ij pair (ij = π ± μ∓ , μ+ μ− ),
MX is the assumed resonance mass, and σ(Mij ) is the resolution on the invariant masses Mij .
Independently, the following criteria are applied to select the K3π sample.
- The pion identiﬁcation criterion described above is applied to the odd-sign pion only, to
symmetrize the selection of the signal and normalisation modes.
- The invariant mass of the three tracks in the 3π ± hypothesis is in the range |M3π − MK | <
5 MeV/c2 . This interval corresponds approximately to ±3 times the resolution on M3π .
No restrictions are applied to additional energy depositions in the LKr calorimeter, nor to extra
tracks not belonging to the three-track vertex, to decrease the sensitivity to accidental activity.
4

Selected data samples

LNV and K LNC selections
The invariant mass distributions of data and MC events passing the Kπμμ
πμμ
are shown in Fig. 1. The signal mass regions are indicated with vertical arrows.
LNV selection, while 3489 K LNC
One event is observed in the signal region after applying the Kπμμ
πμμ
LNC selection. The number of expected background events
candidates are selected with the Kπμμ
LNV sample is N
in the Kπμμ
bkg = 1.163±0.867stat ±0.021ext ±0.116syst , the main source of which
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Figure 1 – Invariant mass distributions of data and MC events passing the Kπμμ
(left) and Kπμμ
(right) selections.
The signal mass regions are indicated with vertical arrows.

is the K3π decay with two subsequent π ± → μ± ν decays. The estimated K3π background
LNC sample is (0.36 ± 0.10)%, based on MC simulations. Such a level
contamination in the Kπμμ
LNC decay as the only background for the resonance searches
of purity allows to consider the Kπμμ
LNC sample.
over the collected Kπμμ
The number of K ± decays in the 98 m long ﬁducial decay region is computed as
NK =

N3π · D
= (1.64 ± 0.01) × 1011 ,
B(K3π )A(K3π )

(1)

where N3π = 1.37×107 is the number of data candidates reconstructed within the K3π selection,
D = 100 is the downscaling factor of the considered K3π sample, B(K3π ) is the nominal branching
ratio of the K3π decay mode 1 and A(K3π ) = (14.955 ± 0.004)% is the acceptance of the K3π
selection for the K3π decays evaluated with MC simulations.
5

Search for two-body resonances

A peak search assuming diﬀerent mass hypotheses is performed over the distributions of the
invariant masses Mij (ij = π ± μ∓ , μ+ μ− ) of the selected Kπμμ samples. The precise evaluation of
the acceptance for K ± → μ± X (K ± → π ± X) decays with subsequent X → π ± μ∓ (X → μ+ μ− )
decay as a function of the resonance mass and lifetime has been performed with dedicated MC
simulations and it is shown in Fig. 2.
The mass steps of the resonance searches and the width of the signal mass windows around
the assumed mass are determined by the resolutions σ(Mij ) on the invariant masses Mij (ij =
π ± μ∓ , μ+ μ− ): the mass step is set to be equal to σ(Mij )/2, while the half-width of the signal
mass window is 2σ(Mij ). Therefore, the results obtained in the neighbouring mass hypotheses
are highly correlated, as the signal mass window is about 8 times wider than the mass step of
the resonance scan. In total, 284 (267) and 280 mass hypotheses are tested respectively for the
LNV (K LNC ) candidates and in the M
search of resonances in the Mπμ distribution of the Kπμμ
μμ
πμμ
LNC candidates, covering the full kinematic ranges.
distribution of the Kπμμ
The statistical analysis of the obtained results in each mass window is performed by using
a quasi-Newton minimisation algorithm to ﬁnd numerically the 90% conﬁdence intervals for the
case of a Poisson process in presence of unknown backgrounds, by applying an extension of
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the Rolke-Lopez method 9 . For the generic case of N considered backgrounds, the Rolke-Lopez
computation performed requires 2N + 1 inputs for each mass hypothesis: the number Nobs
i
of observed data events in the signal mass window; the number Nbkg
of MC events for the
considered background i observed in the signal mass window; the size τi , with respect to the
i
for the considered background i. The
data volume, of the MC sample used to evaluate Nbkg
LNV (K LNC ) candidates is N = 4 (N = 1). The
number of considered backgrounds for the Kπμμ
πμμ
def

i
i /τ , and the upper
values Nobs , the normalised number of background events Ñbkg
= Nbkg
i
limit (UL) at 90% conﬁdence level (CL) on the number Nsig of signal events obtained are shown
for each mass hypothesis of the resonance searches in Fig. 3.

6
6.1

Results
Upper Limit on B(K ± → π ∓ μ± μ± )

LNV sample
The upper limit at 90% CL on the number of K ± → π ∓ μ± μ± signal events in the Kπμμ
corresponding to the observation of one data event and a total number of expected background
events Nbkg = 1.163±0.867stat ±0.021ext ±0.116syst is obtained applying the statistical analysis
LNV sample: N LNV < 2.92 at
described in Section 5 to the total number of events in the Kπμμ
πμμ
LNV
90% CL. Using the values of the signal acceptance A(Kπμμ ) = (20.62 ± 0.01)% estimated with
MC simulations and the number NK of kaon decays in the ﬁducial volume (Section 4), the upper
LNV sample leads to a constraint
limit on the number of K ± → π ∓ μ± μ± signal events in the Kπμμ
±
∓
±
±
on the signal branching ratio B(K → π μ μ ):

B(K ± → π ∓ μ± μ± ) =

LNV
Nπμμ
A(K3π )
·
· B(K3π ) < 8.6 × 10−11
LNV )
N3π ·D A(Kπμμ

@ 90% CL.

(2)

The total systematic uncertainty on the quoted upper limit is 1.5%. The largest source is
the limited accuracy of the MC simulations (1.0%), followed by B(K ± → π ± μ+ μ− ) (0.8%),
B(K ± → π ± π + π − ) (0.73%), B(K ± → μ+ μ− μ± ν) (0.24%) and B(K ± → π + π − μ± ν) (0.05%).
6.2

Results of the search for two-body resonances

For each of the three resonance searches performed, the local signiﬁcance z of the signal has
been evaluated for each mass hypothesis as
Nobs − Nexp
,
z=#
2 + δN 2
δNobs
exp
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(3)

a

4
3.5

Number of events

Number of events

where Nobs is the number of observed events, Nexp is the number of expected background events,
and δNobs (δNexp ) is the statistical uncertainty of Nobs (Nexp ). The obtained results are shown
in Fig. 3. No signal is observed, as the local signiﬁcances never exceed 3 standard deviations.
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Figure 3 – Numbers of observed data events (black) and expected background events (K ± → π ± π + π − in green,
LNV
LNC
K ± → π ± μ+ μ− in red) passing a) the Mπμ cut with the Kπμμ
selection; b) the Mπμ cut with the Kπμμ
selection;
LNC
c) the Mμμ cut with the Kπμμ
selection. The obtained upper limits at 90% CL on the numbers of signal candidates
(light blue) and the local signiﬁcances of the signal (dark blue, in a separated ﬁgure) are also shown for each
resonance mass value. All presented quantities are strongly correlated for neighbouring resonance masses as the
mass step of the scan is about 8 times smaller than the signal window width.
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In absence of a signal, upper limits on the product B(K ± → p1 X)B(X → p2 p3 ) (p1 p2 p3 =
μ± π ∓ μ± , μ± π ± μ∓ , π ± μ+ μ− ) as a function of the resonance lifetime τ are obtained for each mass
hypothesis mi , by using the values of the acceptances Aπμμ (mi , τ ) (Fig. 2) and the ULs on the
i of signal events for such a mass hypothesis (Fig. 3):
number Nsig
i

Nsig
A(K3π )
B(K ± → p1 X)B(X → p2 p3 )m ,τ =
·
· B(K3π ).
i
N3π ·D Aπμμ (mi , τ )

(4)

UL on BR(K ± → μ±N4) × BR(N → π ±μ ) at 90% CL
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The obtained ULs on B(K ± → p1 X)B(X → p2 p3 ) (p1 p2 p3 = μ± π ∓ μ± , μ± π ± μ∓ , π ± μ+ μ− ) as a
function of the resonance mass, for several values of the resonance lifetime, are shown in Fig. 4.
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Figure 4 – Obtained upper limits at 90% CL on the products of branching ratios as functions of the resonance mass
and lifetime: a) B(K ± → μ± N4 )B(N4 → π ∓ μ± ); b) B(K ± → μ± N4 )B(N4 → π ± μ∓ ); c) B(K ± → π ± χ)B(χ →
μ+ μ− ). All presented quantities are strongly correlated for neighbouring resonance masses as the mass step of
the scan is about 8 times smaller than the signal window width.

7

Prospects for the new NA62 experiment

The NA62 experiment exploits a major beam and detector upgrade to achieve the required
physics speciﬁcations to perform the precise (∼ 10%) measurement of the K + → π + ν ν̄ branching
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ratio 10 . A total of ∼ 1.5 × 1013 K + decays is expected, with ∼ 3 × 1012 π 0 decays from
K + → π + π 0 . Studies of the prospects for searches for lepton-ﬂavour (LF) or -number (LN)
violating and other forbidden decays with NA62 are underway. The expected acceptance for
rare K + (π 0 ) decays is ∼ 10% (1%). Preliminary estimates of the single-event sensitivities
(deﬁned as the inverse of the number of accepted decays) give results at the level of 10−12 for
K + decays to states such as π + μ± e∓ (LFV), π − μ+ e+ (LFNV), and π − e+ e+ or π − μ+ μ+ (LNV);
and at the level of 10−11 for π 0 decays to μ± e∓ .
8

Conclusions

The searches for the LNV K ± → π ∓ μ± μ± decay and resonances in K ± → πμμ decays at the
NA48/2 experiment, using the 2003–2004 data, are presented. No signals are observed. An
upper limit of 8.6 × 10−11 for the branching ratio of the LNV K ± → π ∓ μ± μ± decay has been
established, which improves the best previous limit 11 by more than one order of magnitude.
Upper limits are set on the products of branching ratios B(K ± → μ± N4 )B(N4 → π ∓ μ± ) and
B(K ± → π ± χ)B(χ → μ+ μ− ) as functions of the resonance mass and lifetime. These limits are
in the 10−10 − 10−9 range for resonance lifetimes below 100 ps.
The forthcoming three-year long data taking period of the NA62 experiment will allow
to search unexplored regions for heavy neutrinos, inﬂatons, and many forbidden kaon and π 0
decays, as the LNFV modes.
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Université catholique de Louvain, Chemin du Cyclotron 2, B-1348 Louvain-la-Neuve, Belgium
2
Laboratoire de Physique Théorique, CNRS – UMR 8627,
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1

We propose a minimal and motivated extension of the Standard Model characterised by an
approximate lepton number conservation, which is able to simultaneously generate neutrino
masses and to account for a successful baryogenesis via leptogenesis. The sterile fermions
involved in the leptogenesis process have masses at the GeV scale. We determine the viable parameter space that complies with both the neutrino and baryogenesis phenomenology,
and analyse the diﬀerent regimes for the generation of a lepton asymmetry in the early Universe (weak and strong-washout) in order to determine their testability in future experimental
facilities.

1

Introduction

The measured baryon asymmetry of the Universe (BAU), YΔB = (8.6 ± 0.01) × 10−11 , is a robust
observation that calls for the existence of physics beyond the Standard Model (SM): although
a net baryon asymmetry can be produced within the SM framework in the hypothesis of a ﬁrst
order electroweak phase transition, it has been shown that the amount of CP violation in the
quark sector is too small to account for the observed value 1,2 . Baryogenesis in the SM is oﬀered
by sphalerons, which are non-perturbative conﬁgurations of the Higgs and electroweak gauge
boson ﬁelds that mediate transitions violating both baryon and lepton number, while preserving
their diﬀerence B − L. Sphalerons are in thermal equilibrium for a large range of temperature
during the evolution of the Universe (130 GeV  T  1012 GeV), thus if any lepton asymmetry
is produced during this epoch, the sphalerons convert it into a net baryon asymmetry: this is
the so called baryogenesis via leptogenesis mechanism.
On the other hand there is another ﬁrm observation that calls for the existence of physics
beyond the SM: the fact that neutrinos are massive and mix. It is remarkable that one of the
most minimal extensions of the SM conceived to account for this observation, which is the Type-I
seesaw mechanism, automatically provides the ingredients for a successful leptogenesis too. The
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Lagrangian of the Type-I seesaw reads


M
/ I − YαI α φ̃NI + IJ NIc NJ + h.c. ,
L = LSM + iNI ∂N
2

(1)

where α are the SM lepton doublets, φ is the Higgs doublet, NI are new fermionic ﬁelds that are
singlets under the SM gauge group, YαI are dimensionless Yukawa couplings and M is a matrix of
Majorana mass terms for the NI fermions. After the electroweak symmetry breaking the Higgs
ﬁeld acquires a non-vanishing vacuum expectation value v, and the Lagrangian (1) accounts for
a non-vanishing neutrino mass matrix mν which, under the assumption v|YαI |  |MIJ |, is given
by
mν  −

v2 ∗ 1 †
Y
Y .
2
M

(2)

As anticipated the Lagrangian (1) provides the necessary ingredients for a successful baryogenesis: the Yukawa couplings are in general complex numbers, providing an additional source of CP
violation; the lepton number violation of the physical neutrinos is converted to a baryon number
violation via sphalerons, while the new sterile fermions can deviate from thermal equilibrium
during their evolution.
2

Two diﬀerent leptogenesis realisations

The Lagrangian (1) is at the basis of one of the most popular realisations of the leptogenesis
mechanism: thermal leptogenesis 3 . In this mechanism it is assumed that the Yukawa couplings
are suﬃciently large such that
√ the new sterile states are in thermal equilibrium in the very
early Universe, |YαI |  Yeq  2 × 10−7 . However, due to the Universe expansion, these states
eventually feature a decoupling and a subsequent decay out of thermal equilibrium. Being
Majorana particles their out of equilibrium decay results in the production of a net lepton
asymmetry. If the lepton asymmetry is created before the electroweak phase transition the
sphalerons convert it into a net baryon asymmetry. The thermal leptogenesis mechanism is very
attractive from a theoretical point of view, but is impossible to test in laboratory experiments:
in order to reproduce the observed amount of baryon asymmetry the mass scale M of the new
sterile fermions must be quite large 4,5 , M > 108 GeV. This lower bound on the mass scale can
be relaxed up to the TeV scale in the case of a mass spectrum containing pairs of sterile fermions
that are strongly degenerate in mass 6 (resonant leptogenesis), but not to lower values.
There is however a diﬀerent mechanism to realise leptogenesis from the Lagrangian (1),
known as ﬂavoured leptogenesis 7 (or ARS mechanism). In this scenario it is assumed that
the Yukawa couplings YαI are suﬃciently small such that the new sterile fermions NI are out of
thermal equilibrium in the early universe. If they do not equilibrate before the electroweak phase
transition they provide the necessary deviation from thermal equilibrium. Rewriting eq. (2) as



Y2
v2
GeV
1
eV,
(3)
mν  − Y ∗ Y †  0.3
2
M
M
10−14
we can infer that in order to account for the observed values of neutrino masses and having
Yukawa couplings suﬃciently small such that the new sterile fermions do not equilibrate, the
mass scale M must lie around the GeV scale, opening the possibility of directly producing the
new states in laboratory experiments. Notice however that this mass scale is much smaller
than the temperature at which the leptogenesis process takes place, M ∼ GeV  T , with
T > 140 GeV. Thus the masses of the new sterile fermions, as well as their Majorana character,
can be safely neglected and the total lepton number is conserved by the new interactions assumed
in (1). The generation of the baryon asymmetry in the ﬂavoured leptogenesis scenario proceeds
in a diﬀerent way with respect to the thermal case 7,8,9 : in a ﬁrst phase the sterile fermions
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are created from the interactions with the thermal plasma, the most important one being the
scattering with the top quarks mediated by the Higgs boson. Then the Yukawa couplings in
eq. (1) can cause a sterile fermion NI to oscillate into a diﬀerent ﬂavour NJ , I = J, via a
non-diagonal self-energy diagram mediated by a couple of Higgs and lepton doublets. At this
stage the total lepton number, deﬁned as the sum of the lepton asymmetries in the active and
sterile ﬂavours, is still vanishing. However, since the Yukawa couplings are in general complex
numbers, individual lepton asymmetries are generated in the diﬀerent ﬂavours, and in general a
net lepton asymmetry appears in the active sector, which is equal in magnitude and opposite in
sign with respect to the asymmetry created in the sterile sector. Since the SM sphalerons only
couple to the active leptons, they convert the lepton asymmetry in the active ﬂavours (and only
this asymmetry) into a net baryon asymmetry.
3

Naturalness argument

The ﬂavoured leptogenesis scenario is based on the assumption that the Yukawa couplings for
the new sterile fermions are suﬃciently small such that these new states do not equilibrate before
the electroweak phase transition. Since the ﬁnal lepton asymmetry is proportional (among other
parameters) to the abundance of sterile fermions, it will be in general suppressed in the ﬂavoured
leptogenesis scenario. There are two possible conﬁgurations of parameters that can boost the
asymmetry production in order to account for the observed value: the ﬁrst one is to have a
hierarchical structure in the Yukawa couplings, such that |YαI |  Yeq for certain ﬂavours α,
while |YβI |  Yeq for the others. In this way the large Yukawas ensure a sizeable production
of sterile fermions, while the small Yukawas protect the asymmetry generated in the ﬂavours
β from washout. The second possibility is to have at least one pair of sterile fermions that
are strongly degenerate in mass: the degeneracy enhances the oscillation rate among diﬀerent
ﬂavours, allowing for the production of sizeable asymmetries.
Although both these particular conﬁgurations of parameters are legitimate, they appear
to be ﬁne-tuned solutions if they are not justiﬁed by symmetry arguments. In the present
work we focus on the naturalness of the second scenario, proposing the hypothesis of having an
approximate lepton number symmetry as a key to achieve a low scale (ﬂavoured) leptogenesis 9 .
Neutrino mass generation mechanisms based on an approximate lepton number symmetry are a
well motivated scenario, in which the smallness of the neutrino masses (when compared to the
electroweak scale) is related to the smallness of the new lepton number violating parameters,
which are natural in the sense of ’t Hooft, since the Lagrangian acquires a new symmetry when
they are set to zero. Therefore neutrino masses are stable against radiative corrections. Moreover
the assumption of an approximate lepton number conservation is phenomenologically justiﬁed
from the fact that no violation of lepton number has been observed so far. Our hypothesis
is driven by the observation that, in the seesaw mechanisms characterised by an approximate
lepton number symmetry, the heavy fermionic singlets naturally couple to form pseudo-Dirac
pairs strongly degenerate in mass. Indeed in the limit of exact symmetry the heavy Majorana
states must preserve total lepton number, i.e. they must either form a Dirac particle or decouple,
while neutrino masses must vanish.
The minimal setup in order to implement this idea is to extend the SM by adding a pair of
sterile fermions, N1,2 , with opposite lepton number, L = ±1. In a simpliﬁed setup with only
one active ﬂavour, the lepton number conserving part of the neutrino mass matrix reads, in the
basis (νL , N1 c , N2 c ),
⎛
⎞
0 yv 0
M0 = ⎝ yv 0 Λ ⎠ ,
(4)
0 Λ 0
where y is a dimensionless Yukawa coupling and Λ is a parameter with dimensions of mass. For
the sake of presentation we assume all parameters to be real in this toy model. The “lepton
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number conserving” mass spectrum resulting from the diagonalization of this mass matrix is
composed by a massless state mν ≡ M1 =
0, and two Majorana massive states that combine to
form a Dirac massive state, M2 = M3 = Λ2 + v 2 y 2 .
4

Some minimal mechanisms

In order to account for both the observation of massive neutrinos and to achieve a successful
leptogenesis it is necessary to perturb the lepton number conserving mass matrix (4) by adding
small lepton number violating entries. Barring a non-zero element in the (1, 1) entry of the
matrix in eq. (4), which corresponds to a gauge violating Majorana mass term for left-handed
neutrinos and requires a non minimal extension of the SM (for example the addition of an Higgs
isospin triplet), there are 3 possibilities to do it, resulting into the well-known patterns of Inverse
Seesaw (ISS), Linear Seesaw (LSS) and Extended Seesaw (ESS),
⎛
⎞
⎛
⎛
⎞
⎞
0 0 0
0 0 yv
0 0 0
ΔMISS = ⎝ 0 0 0 ⎠ , ΔMLSS = ⎝ 0 0 0 ⎠ , ΔMESS = ⎝ 0 ξ  Λ 0 ⎠ , (5)
0 0 ξΛ
0 0 0
 yv 0 0
where ξ, , ξ  are small (< 1) dimensionless parameters. The values for the active neutrino mass
2 = M 2 − M 2 , are
scale mν , and for the mass squared diﬀerence among the heavy states ΔM32
3
2
reported in Table 1 for each mechanism, at the leading order in the ξ, , ξ  parameters.
Table 1: Active neutrino mass scale and mass squared splitting in the heavy pseudo-Dirac pair for each one of
the minimal perturbations (5), to the lowest order in the small lepton number violating parameters ξ, , ξ  . f (x)
is a loop function such that f (x)  1 for x < 1.

mν
2
ΔM32

ISS

LSS

2
ξy 2 vΛ
2ξΛ2

2
2y 2 vΛ
4v 2 y 2

ESS
2
2
ξ  y 2 vΛ f MΛ2
W
2ξ  Λ2

 By imposing the requirements of having a suﬃciently large neutrino mass√scale, mν 
Δm2atm  5 × 10−2 eV, together with suﬃciently small Yukawa couplings, y < 2 × 10−7 , we
conclude that the ISS mechanism predicts a too large mass splitting in the heavy pseudo-Dirac
pair in order to account for a successful leptogenesis 9 . On the contrary, the mass splitting in the
LSS depends on the Higgs vev v, which vanishes in the unbroken phase. The ESS suﬀers from the
same issues of the ISS, but they are still more accentuated. From this analysis we conclude that
the minimal extension of the SM, based on an approximate lepton number conservation and able
to account for both the observed neutrino masses and for a successful GeV-scale leptogenesis, is
the addition of a pair of sterile fermions with opposite lepton number, considering both an ISS
and a LSS-like perturbations.
In the realistic scenario with 3 active ﬂavours the mass matrix for this model is given by 10
⎛
⎞
0
Yv Y v
T
0
Λ ⎠,
M=⎝ Y v
(6)
T
ξΛ
Y v Λ
where Y, Y are now 3-dimensional vectors, whose entries are assumed to be of the same order of
magnitude. Notice that the ordering of the second and third column/row of eqs. (4, 6) arises from
the assignment L = +1 and −1, for N1 and N2 , respectively. Choosing  > 1 and |Y|  |Y |
correspondingly smaller implies inverting this assignment. Thus very large values of   1
also correspond to an approximate lepton number conservation, and there is an approximate
symmetry under  → 1/, which becomes exact when ξ → 0.
It is interesting to notice that the small lepton number violating parameters  and ξ are
directly related to the dynamics of the oscillations in the pseudo-Dirac pair: the regime   1
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implies a large mixing angle, while ξ  1 implies a small small splitting, cf. Fig. 1. Thus, in a
scenario with an approximate lepton number symmetry the ﬂavoured leptogenesis is naturally
enhanced.

Figure 1 – Correlation between the lepton number violating parameters and the quantities governing the oscillation
dynamics in the heavy pseudo-Dirac pair. Left panel : relative mass splitting δm in the pseudo-Dirac pair composed
by two states of masses M4 and M5 , δm ≡ 2(M5 − M4 )/(M5 + M4 ), as a function of the “ISS”-like perturbation
ξ. Right panel : mixing angle sin(2θ)2 as a function of the “LSS”-like perturbation ; blue (orange) points refer to
solutions with ξ > 0.1 (ξ < 0.1).

5

Viable parameter space and testability

In the weak-washout regime it is possible to derive an analytic expression for the ﬁnal baryon
asymmetry in the considered model 9 :

1
nΔB
M0 M 0
945
22/3
sin3 φ
T r F † δF ,
=
1/3
5/2
2/3
s
2528 3 π Γ(5/6) gs
TW (Δm2 )
4/3

YΔB =

(7)

where Fαj = YαI UIj are the Yukawa couplings in the mass basis, U is the lepton mixing matrix
and the indices run over α = e, μ, τ (active ﬂavours), I = 1, 2 (sterile ﬂavours) and j = 1, . . . , 5
(mass eigenstates). Δm2 = M52 − M42 is the mass squared diﬀerence in the pseudo-Dirac pair, gs
represents the degrees of freedom in the thermal bath at T = TW  140 GeV, M0 ≈ 7×1017 GeV,
sin φ ∼ 0.012 and δ = diag(δα ) is deﬁned as:



†
δα =
.
(8)
Im Fαi F † F
Fjα
ij

i>j

This analytical expression has been validated and complemented by means of the numerical
resolution of the system of Boltzmann equations for a set of selected benchmark points 9 , one
of which is reported in Fig. 2. We found a √
good agreement between the analytic and numerical
solutions as long as the condition |Fαj |  2 × 10−7 is satisﬁed. For larger Yukawa couplings,
washout eﬀects become important and the expression (7) overestimates the ﬁnal asymmetry.
We use the relation (7) to perform a scan of the parameter space of the model in the weakwashout regime, in order to identify the solutions that can account for both the neutrino data
and the observed baryon asymmetry. The results are reported in Fig. 3: in the left panel the
allowed values for the lepton number violating parameters  and ξ are reported. In the right panel
we report the values for the active-sterile mixing of the pseudo-Dirac pair in the μ ﬂavour as a
function of its mass, together with the expected sensitivity of the future experimental facilities
SHiP, LBNF/DUNE and Fcc 11,12 . We see that having limited the analysis to the weak-washout
regime sets an upper bound on the allowed active-sterile mixing values (as a consequence of the
upper bound on the Yukawa couplings), and the allowed solutions lie outside the experimental
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Figure 2 – Numerical resolution of a benchmark point lying in the weak-washout regime, and comparison with
the derived analytical expressions. Left top panel : Evolution of the abundance of the heavy fermions (red solid
lines) compared with their equilibrium value (dashed black line). Right top panel : Evolution of the total (red line)
and individual (blue and green lines) asymmetries in the two sterile ﬂavours as a function of the temperature.
Left bottom panel : Evolution of the asymmetries in the active ﬂavours according the numerical solution of the
Boltzmann equations (solid lines) and the analytical estimate (dashed lines). Right bottom panel : Evolution of
the baryon yield with temperature (blue line) compared with its analytical determination (dashed black line).

reach, apart from a limited region at small masses that could be probed by LBNF. This result
however does not imply that the model is not testable at future facilities, since we have limited
the analysis to the subregion of the parameter space where eq. (7) is valid. Outside this region we
must rely on the numerical resolution of the system, which is computationally very demanding
and prevents us from performing a complete scan. We opt for numerically solving a set of
benchmark points in the strong-washout regime 9 , one example of which is reported in Fig. 4,
and we report in the right panel of Fig. 3 two solutions that give the correct baryon asymmetry
(asterisks). It is evident from this analysis that testable solutions in the reach of future facilities
exist, and the viable parameter space extends above the weak-washout region scanned in Fig. 3.
A subsequent study aiming at exploring the entire parameter space is in progress.
6

Conclusion

In this work 9 we proposed the hypothesis of having an approximate lepton number symmetry
as a way to achieve successful leptogenesis in low-scale neutrino mass generation mechanisms,
characterised by the appearance of new physics at the GeV scale. We studied the minimal
extension of the SM in order to implement the idea, which results in the addition of a pair
of sterile fermions with opposite lepton number, and considering both ISS and LSS-like lepton
number violating operators. We provide an analytic expression for the ﬁnal asymmetry which
is valid in the weak-washout regime, and perform a scan of the solutions in this region of the
parameter space. We also solve numerically the system of Boltzmann equations for a set of
benchmark points, both in the weak and strong-washout regions. We conclude that solutions
exist in a sizeable portion of the weak-washout region, but these points are outside the sensitivity
of future experiments. We also ﬁnd that viable solutions exist in the strong-washout region, and
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Figure 3 – Viable solutions accounting for both neutrino parameters and leptogenesis in the weak-washout regime.
Blue (red) points refer to a normal (inverse) hierarchy for the light neutrino mass spectrum. Left panel : viable
parameter space for the lepton number violating parameters ξ, . Right panel : viable solutions in the plane (|Uμ4 |2 ,
M4 ), where Uμ4 is the active-sterile mixing in the μ ﬂavour for the lightest sterile fermion with mass M4 ; the
expected sensitivity of some planned future experiments is reported for comparison. The asterisks refer to two
viable solutions in the strong-washout regime.

that these points are testable by future facilities.

Figure 4 – As in Fig. 2 but for a benchmark point lying in the strong-washout regime. As it it evident the heavy
fermions equilibrate at late times, and there is a consequent depletion of the produced asymmetry. However this
depletion is not complete, and a residual baryon asymmetry of the order of the observed one survives at the
sphaleron freeze-out temperature.
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3.
Neutrinos

Latest results from IceCube on neutrino properties and ﬂux types
Jan Auﬀenberg for the IceCube Collaboration
RWTH Aachen University, III. Physikalisches Institut B, Otto-Blumenthal-Straße,
52074 Aachen, Germany

The IceCube Neutrino Observatory is a cubic kilometer ice Cherenkov neutrino detector,
located at the geographic South Pole, detecting neutrinos down to energies of about 10 GeV.
Thanks to its size, IceCube can probe small ﬂuxes of high-energy neutrinos (> 10 TeV) and in
the last couple of years it has established the existence of a high-energy astrophysical neutrino
ﬂux at the level of 0.5 − 2.5 · 10−18 (E/100 TeV)−γ GeV cm−2 s−1 sr−1 per ﬂavor and a spectral
index γ of 2.0 − 2.7 depending on the energy range and the underlying physics assumptions
of the speciﬁc analysis. DeepCore, a region of denser instrumentation at the lower center of
the detector, detects low-energy atmospheric neutrinos (< 100 GeV), which are used to study
neutrino oscillations with a precision comparable to that of the leading experiments in the
ﬁeld. The latest results on these topics and on dark matter searches are brieﬂy discussed.

1

Introduction

The IceCube Neutrino Observatory 1 addresses various scientiﬁc questions. Besides the main
topic, the detection of cosmic neutrinos and the search for their origin, IceCube conducts measurements of the properties of neutrinos, dark matter searches, air shower and cosmic ray physics,
high-energy particle physics and studies of the Earth core using neutrino tomography. While
the ﬁrst detection of cosmic neutrinos is so far IceCube’s greatest success 2 , latest results make
us hope for further groundbreaking results with the current conﬁguration of the detector, as well
as with the future research facility IceCube-Gen2 that is currently under development.
2

Astrophysical neutrino searches with IceCube

The idea behind detecting neutrinos with IceCube is to detect the Cherenkov light from charged
particles that are produced when neutrinos interact with the ice around the detector, close
enough to get detected by its Digital Optical Modules (DOMs). Variables related to the amount,
position and topology of the emitted light are used to determine the properties of the primary
neutrino and to distinguish cosmic neutrinos from background. We roughly distinguish three
diﬀerent typologies of neutrino light signals in IceCube: showers, tracks, and double bangs (see
ﬁgure 1).
Showers are ”point-like” light emission patterns in the ice, either induced by short-lived
relativistic products produced in neutral current interactions, νx + N → νx + X, (collectively
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Figure 1 – In IceCube we distinguish three diﬀerent type of neutrino signatures (from left to right) that are
called showers, tracks, and Double Bang. The shown examples of a shower and a track (left and middle ﬁgures)
correspond to real events, detected by IceCube. The double-bang event (right ﬁgure) is a simulation of a tauneutrino interaction in the detector, since these kind of events have not yet been detected.

denoted by X) or in νe charged–current interactions (νe + N → e + X), where the short electron
track also contributes to the localized light emission. Especially, showers that are well contained
in the detector have a very good energy resolution (in the order of 10 % for showers with
about 100 TeV primary energy). The almost spherical structure leads to a limited directional
resolution though (around 5◦ − 10◦ for showers with 100 TeV deposited energy). Their sharp
energy resolution make showers especially interesting for spectral analyses.
Tracks arise from the long path length of highly relativistic muons produced in νμ charged–
current interactions, νμ + N → μ + X, which often traverse the entire detector. As the muon is
potentially already produced outside the detector volume and/or leaves IceCube, not all of its
emitted light can be detected. This leads to a limited energy resolution (about a factor of two
with a long tail towards higher energies). The elongated structure, however, results in a very
good resolution of the direction 2 (in the order of (1◦ )2 ). This makes tracks interesting for point
source analyses.
Double-bang events are tau neutrino induced. The ﬁrst shower corresponds to the chargedcurrent interaction producing a tau, ντ + N → τ + X. The decay length of the produced tau
lepton is energy dependent and given by roughly 50 m/PeV. Due to the tau decay, τ → ντ + X,
a second shower could be produced in the detector. Therefore double-bang events are interesting
since they are critical to constrain the ﬂavor ratio of the astrophysical neutrinos. Their good
energy and directional resolutions and the fact that the tau neutrino production by air showers in
the atmosphere is highly suppressed, make them a powerful channel for all type of astrophysical
neutrino analyses. The very small parameter space (energy and containment) in which we can
observe double-bang events is a disadvantage, though. In fact, so far IceCube has not measured
a clear tau neutrino or double-bang signature. Current tau neutrino analyses are sensitive in
an energy range from 105 GeV − 108 GeV primary energy of the neutrino. However, the absolute
sensitivity is a factor of ﬁve above the tau ﬂux we expect based on the other cosmic neutrino
measurements 3 .
2.1

Diﬀuse neutrino search results

IceCube follows two general strategies to ﬁrst distinguish neutrino-induced signals from our
dominant source of background, comic ray induced muons.
The ﬁrst analysis method is the up-going track analysis which uses the fact that cosmic ray induced muons can not penetrate the whole Earth but get absorbed on their way to the detector.
Searching for events that are reconstructed to be traveling upwards through the detector leaves
us with a neutrino sample of high purity, but only for a little bit more than half of the sky
(events that are traveling slightly downwards still have to travel through enough matter such
that the comic ray induced muons get absorbed). The left sketch of Figure 2 illustrates the
search for up-going tracks down to 85◦ , which achieves a purity of 99.7%.
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The second analysis method relies on searching for events that have their ﬁrst light emission
inside the detector, and therefore are classiﬁed as starting–events. In case the ﬁrst hits of the
event are detected in a veto region (deﬁned as the outer layers of the detector or the region
around the dust layer), the event is rejected. Since atmospheric muons enter the detector from
outside, this technique leaves us with almost only neutrinos, at the price of a reduced energy
range. The right sketch of Figure 2 illustrates the idea.

Figure 2 – Depiction of the two analysis strategies followed by IceCube in the search for astrophysical neutrinos.
Left: Regions of zenith angle used in the up-going track search. Right: Illustration of the veto technique used
to deﬁne starting events in the detector.

Both data selection methods can be used for atmospheric and cosmic neutrino analyses.
2.2

Recent results from searches for the sources of astrophysical neutrinos

In the following we will describe two diﬀerent preliminary results from IceCube measuring the
cosmic neutrino ﬂux in a diﬀerent parameter space. With this experimental results we can motivate what results can be expected from IceCube in the near future.

1. Latest results from the High Energy Starting–Event (HESE) search
Four consecutive years of IceCube data were analyzed following the analysis chain described
in 2 resulting in a signiﬁcant excess over the expected background from cosmic ray induced
signals of 6.5σ 5 . In the energy range in which the analysis is sensitive (40TeV − 400TeV) it
ﬁts a ﬂux of 2.2±0.7·10−18 (E/100 TeV)−γ GeVcm−2 s−1 sr−1 with γ = 2.58±0.25. The right
plot of Figure 3 shows that the data is not described by the expected background. It also
shows an excess that is increasing with increasing energy due to the decreasing background.
The left side plot shows that, so far, we cannot ﬁnd any statistically signiﬁcant clustering
of events in a particular region of the sky in the starting-event data 5 .
2. Diﬀuse cosmic neutrino measurement with up-going events
A recent analysis of up-going events uses six consecutive years of IceCube data and
follows the analysis strategy described in the up-going track analysis 4 . The analysis
performs a multi-dimensional ﬁt to the data, including detector systematics and well
known standard background contributions. It also includes an additional neutrino ﬂux
described by an unbroken power law in order to account for the data excess. The additional neutrino ﬂux can be interpreted as a cosmic neutrino ﬂux at the level of 0.82+0.30
−0.26 ·
10−18 (E/100 TeV)γ GeV cm−2 s−1 sr−1 with γ = 2.08 ± 0.13, measured in the energy range
from 220 TeV to 8.3 PeV and ﬁnds the deviation over the background-only hypothesis with
a signiﬁcance of 5.9σ.
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Figure 3 – Results of the starting-event search with four consecutive years of IceCube data. The left plot shows
the total number of events (black crosses) as a function of deposited energy in the detector together with diﬀerent
background contributions. The best-ﬁt astrophysical spectra (assuming an unbroken power-law model) are shown
in gray. The dashed line shows a ﬁxed-index spectrum of E 2 , whereas the solid line shows the result of a ﬁt to
a free ﬂoating slope, whose best-ﬁt value is γ = −2.58 ± 0.25. On the right side the arrival directions of the
events in galactic coordinates are shown. Shower-like events are marked with + and those containing tracks with
a x. Colors show the test statistics (TS) for the point-source clustering test at each location. No statistically
signiﬁcant clustering of events in a particular region of the sky was found.

2.3

Interpretation of the astrophysical ﬂux results

We just described the results of two diﬀuse analyses that both ﬁt an unbroken power law to the
most recent IceCube results. The slopes of the power laws they ﬁt are, although, still compatible
within the current uncertainties of the measurement, γ = 2.08 ± 0.13 versus γ = 2.58 ± 0.25. If
we would assume that indeed there is a signiﬁcant diﬀerence between the two results, a possible
interpretation can be motivated by the right plot of Figure 4. Here the red band corresponds
to the energy range in which the up-going event search is valid. The black crosses represent the
data of the starting–event search. The plot shows that the data of the starting–event analysis,
within its limited statistics, is in agreement with the up-going track analysis. The data points
from the starting–event search seem to deviate form this trend at lower energies, a region were
the up-going muon neutrino search is not sensitive.

Figure 4 – Result of the up-going diﬀuse analyses using six years of IceCube data. The left side plot shows the
total number of events measured in each median neutrino energy bin. The blue line is the unfolded conventional
atmospheric neutrino ﬂux. The red line is the additional single power law ﬁt necessary to describe the data.
The black crosses correspond to the unfolded data with statistical error. The black dashed line is the particle
distribution function of the highest energy event in the sample with the axis on the right side of the plot.The
right side plot side shows the best ﬁt unbroken power law of the up-going track analyses in its valid energy range
in red. The black crosses are the unfolded data of the staring-event analysis. The blue line shows the conventional
atmospheric neutrino background of the up-going track analysis.

The same interpretation can be motivated with the left plot of Figure 5. The ﬁgure shows
the results of ﬁtting diﬀerent analyses to both the normalization, Φastro , and the spectral index,
γastro . The contour lines correspond to 90% conﬁdence level. The ”IC Cascades” 6 analyses
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(purple contour and data point) is most sensitive in the region from 104 GeV to 105 GeV. This
is a factor of ﬁve lower than the sensitive region of the starting–event search (dark green) and
more than an order of magnitude lower than the up-going track analyses. By ﬁtting a spectral
index γ = 2.57 ± 0.12 as the slope of an unbroken power law the analysis that is sensitive to the
lowest neutrino energy is also ﬁtting the softest spectrum of the three analyses. This again may
motivate a softer slope of the cosmic neutrino spectrum at lower energy.
Both the Medium Energy Starting Event (MESE) 7 and the combined 8 analyses lie with their
spectral index and normalization in the middle of this group of three (”IC cascades”, ”IC HESE
(4yr)”, and ”IC Tracks (6yr)”). Their common feature is a very broad energy range of < 104 GeV
to > 106 GeV for MESE and 104 GeV to > 106 GeV for the combined analysis. Covering almost
the entire sensitivity region of all diﬀuse analyses and using to a large fraction the same data,
they also show a spectral index for a single power law ﬁt that lies between the extremes. Ongoing analyses try to combine the diﬀerent data samples and unfold an astrophysical neutrino
spectrum including possible features.
Another interesting result of the combined analysis 8 is the ﬂavor composition of the measured
cosmic neutrino ﬂux. The result is summarized in the right plot of Figure 5. It shows that the
ﬂavor composition of the cosmic neutrino ﬂux measured with IceCube is currently compatible
with standard scenarios for the neutrino production at the sources. The neutron-decay dominated scenario, in which only electron neutrinos are produced at the sources, can be ruled out
with 3.7σ signiﬁcance 8 . A separation of the ντ neutrino ﬂux from νe neutrinos would help to
increase the sensitivity to distinguish more source scenarios.

Figure 5 – The left plot shows a comparison of recent ν-ﬂux measurements in IceCube: up-going track analysis 4 ,
starting–event analysis 5 , MESE 7 , and the combined analysis 8 . The right plot illustrates results on the ﬂavor
composition. Each point on the triangle corresponds to a ratio νe : νμ : ντ as measured at Earth. The best ﬁt is
marked with a white x. Compositions expected for three diﬀerent source scenarios are indicated.

Data-sets of muons are used to look for correlations in the direction of cosmic neutrinos.
Figure 6 shows the latest result from a point-source search using seven years of IceCube data.
The analysis does not ﬁnd any statistically signiﬁcant spot in the sky. The northern sky is based
on an up-going track data selection and thus almost only containing νμ . In the southern sky we
get an additional contribution from air shower induced muon background. Overall there is no
signiﬁcant clustering of cosmic neutrinos found.
3

Atmospheric neutrino oscillation measurements with IceCube

Following an analyses strategy described in 10 but using four years of IceCube data (6346 events),
one can measure the mixing angle, Θ23 , and the mass diﬀerence squared, Δm223 , by observing a
disappearance of atmospheric muon neutrinos. The strength of this eﬀect varies as a function
of the reconstructed direction and energy of the incoming particle. The direction encodes the
travel distance of the neutrino L to the detector (see sketch on the right side of Figure 7). Due
to the neutrino energy range at which oscillations are relevant (below 50 GeV), this analysis
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Figure 6 – Point source sky map with seven years of IceCube data. The black circles indicate the hottest spots
in the northern and southern sky. The post trial p-value for the most signiﬁcant spot in the muon dominated
southern sky is 39 %. The post trial p-value for the most signiﬁcant spot in the northern sky, that is neutrino
dominated, is 44 %.

relies on the DeepCore sub-array of IceCube. The best-ﬁt values are Δm223 = 2.80+0.20
−0.16 and
sin2 (Θ23 ) = 0.54+0.08
−0.13 with normal mass ordering assumed. These values are comparable and
competitive with current results from other oscillation experiments. The measurement itself
could be improved by deploying additional instrumentation within the DeepCore array to collect
more light per event and thus increase the statistics below Eν = 10 GeV, as proposed in the
Precision IceCube Next Generation Upgrade, PINGU 14 .

Figure 7 – Left: Sketch of the path atmospheric neutrinos are traveling before reaching the IceCube detector.
The direction of the incoming neutrinos encodes the travel length L. Right: Best ﬁt point and 90% conﬁdence
interval for Δm223 and Θ23 compared with other experiments 11,12,13 and the IceCube 3-year result 10 . A normal
mass ordering is assumed.

4

Dark matter searches with IceCube

Dark matter may consist of weakly interacting massive particles (WIMPs), which can have
accumulated gravitationally during the history of the Universe in massive objects, like the Sun
or the Earth, or clustered in halos around galaxy clusters, dwarf galaxies, and our own Galaxy.
Annihilation of WIMPs in these objects can potentially result in a ﬂux of neutrinos detectable at
the Earth. Several IceCube analyses have looked for an excess of neutrinos from these expected
dark matter rich regions. Searches for dark matter in self-bound structures, like the Milky Way,
are sensitive to the self-annihilation cross-section. Searches targeting massive bodies, however,
are complementary, and are sensitive to the dark matter-nucleon scattering cross-section.
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The left panel of ﬁgure 8 shows recent results of a search for dark matter annihilation in
the Sun 15 , assuming equilibrium between capture and annihilation. The obtained limits are
competitive and can be compared to direct dark matter searches. Several searches for dark
matter in self-bound structures have also been performed on IceCube data. The right panel
of ﬁgure 8 shows a comparison of IceCube results and other experiments, which use diﬀerent
messenger particles.

Figure 8 – The right plot shows a comparison of our spin dependent WIMP limits with the latest constraints
from Super-Kamiokande 17 and PICO 18,19 . Depending on the annihilation channel, IceCube provides the
strongest limits above WIMP masses of about 200 GeV. Here we have assumed an annihilation cross-section
of ρν0 = 3 · 10−26 cm3 s−1 for deriving IceCube limits; SuperK limits assume complete equilibrium between
capture and annihilation in the Sun. The left plot compares limits from IceCube to photon search limits from
observations of dwarf spheroidals by VERITAS 20 , MAGIC 21 and Fermi 22 . The gray–shaded region is a dark–
matter interpretation of the positron excess reported by the PAMELA collaboration. The green-shaded regions
are the 3σ and 5σ preferred regions from the e+ + e− -ﬂux excess reported by Fermi and H.E.S.S 23 . The natural
scale is the self-annihilation cross-section region for WIMPs to be thermal relics from the Big Bang. The black
dotted line in the upper right part of the ﬁgure is the unitarity bound.

5

Summary and Outlook

IceCube, the world–leading experiment for cosmic neutrino detection, has found strong evidence
for a diﬀuse cosmic neutrino ﬂux. Currently the diﬀuse analyses of the cosmic neutrino ﬂux can
ﬁt an unbroken power law to the excess of neutrinos observed above background. But the fact
that analyses that are sensitive to lower energies ﬁt a softer spectrum can be interpreted as a hint
of structure in the neutrino energy spectrum. This possible structure motivates a combination
of the current analyses. At the same time, the ﬂavor composition of the cosmic neutrino ﬂux
starts to probe production scenarios of the neutrinos.
However, searches for point sources of cosmic neutrinos did not ﬁnd any signiﬁcant clustering
over the isotropic hypothesis so far. There is indeed need for further statistics, and in this
line, these analyses would proﬁt from an extended IceCube detector, IceCube-Gen2, which is
currently under R&D.
On the low–energy side, IceCube provides competitive measurements of the properties of neutrinos. Latest measurements of Δm223 and Θ23 can also be seen as benchmark measurements of
the required performance of a future IceCube inﬁll detector, PINGU.
Searches for Dark matter with IceCube can probe the parameter space for WIMPs. Not having
found any neutrino excess in the data that could be assigned to WIMP annihilation, competitive
limits on the WIMP-nucleon and on the WIMP self–annihilation cross sections have been set.
For the spin dependent WIMP–nucleon cross section, IceCube provides currently the strongest
limits for WIMP masses above ∼ 200GeV.
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This document presents the latest results for a 3+1 sterile neutrino search using the 10.56×1020
protons-on-target data set taken from 2005 - 2012. By searching for oscillations driven by a
large mass splitting, MINOS is sensitive to the existence of sterile neutrinos through any energy
dependent deviations using a charged current sample, as well as looking at any relative deﬁcit
between neutral current events between the far and near detectors. This document will discuss
the novel analysis that enabled a search for sterile neutrinos setting a limit in the previously
unexplored regions in the parameter space {Δm241 , sin2 θ24 }. The results presented can be
compared to the parameter space suggested by LSND and MiniBooNE and complements
other previous experimental searches for sterile neutrinos in the electron neutrino appearance
channel.

1

Introduction

Since the initial signiﬁcant observation of neutrino oscillations in 1998, 2001 1,2 and 2002 for antineutrinos 3 , physicists across the world have designed multiple generations of experiments designed to conﬁrm and probe the nature of neutrino oscillations using accelerator neutrinos 4,5,6,7 ,
solar neutrinos 8,9 , and nuclear reactor antineutrinos 10,11,12,13 .
The majority of neutrino oscillation experiments have obtained model-independent evidence
for neutrino oscillations that are compatible with the three-ﬂavour model; a model with three
ﬂavour eigenstates (νe , νμ , ντ ) and three mass eigenstates (ν1 , ν2 , ν3 ) that mix described by the
3 × 3 PMNS rotation matrix 14 . Neutrino oscillations are energy dependent and are governed
by the diﬀerence of the square of the mass eigenstates, Δm232 and Δm221 , while the amount
of mixing (the amplitude) is governed by three mixing angles θ12 , θ13 , θ23 , and a CP violating
phase δ13 . Recent global values of these parameters are presented by the Particle Physics Data
group (PDG) 15 .
There have been several anomalous results within the neutrino community that, among other
explanations, can be explained by the existence of sterile neutrinos. Two examples are from
the Liquid Scintillator Neutrino Detector (LSND) and MiniBooNE short-baseline experiments,
which observed an excess of ν e that are incompatible with the three-ﬂavour model 16,17 .
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A potential explantation is for a large mass splitting of the order Δm2 ∼ O 1 eV2 , this
however, is in disagreement with the two globally measured mass splittings from the three-ﬂavour
model. To accommodate for this extra mass splitting the three-ﬂavour model has to be extended
to allow for additional neutrino ﬂavour and mass eigenstates; these additional neutrinos, in order
to agree with the LEP measurements of the Z-boson decay rate and line shape 18 , would not
interact via the weak interaction and are hence called sterile.
2

The MINOS Experiment

The MINOS experiment has two steel-scintillator calorimeters 19 designed to be functionally
equivalent. Both detectors are made of alternating layers of 1.00 cm thick plastic-scintillator
and 2.54 cm thick steel planes. The neutrino beam is provided by the Neutrinos at the Main
Injector (NuMI) neutrino beam 20,21 based at Fermilab. As neutrinos travel through the detector
they interact with the iron-nuclei, and charged ﬁnal-state particles travel through the scintillator
depositing energy which is read out as light via wavelength shifting ﬁbres and photomultiplier
tubes. The steel planes are magnetised by a coil aligned to the longitudinal axes of each detector.
The trajectories of the charged particles are therefore curved allowing MINOS to distinguish νμ
and ν μ charged current (CC) interactions within the detectors.
The Near Detector (ND) is situated 1.04 km downstream from the neutrino target at Fermilab. With a mass of 0.98 kton the ND measures the reconstructed neutrino energy spectrum,
in a three-ﬂavour model this is before oscillations have occurred.
The Far Detector is 735 km downstream from the neutrino production target, 705 m underground in a mineshaft in northern Minnesota. The FD is signiﬁcantly larger than the ND to
compensate for the decrease in the neutrino ﬂux. With a mass of 5.4 kton the FD measures the
reconstructed neutrino energy spectrum and will observe a diﬀerent neutrino ﬂavour composition
of the beam due to neutrino oscillations.
3

The MINOS 3+1 Sterile Neutrino Analysis

The MINOS experiment was originally built for the measurement of the three-ﬂavour atmospheric oscillation parameters θ23 and Δm232 by looking at νμ disappearance looking at CC
events with an L/E optimised at 500 km/GeV at the FD. This analysis considers the 3+1 sterile neutrino phenomenological model which requires a 4 × 4 PMNS matrix. This gives rise to an
extra mass splitting Δm241 , three additional mixing angles θ14 , θ24 , θ34 and two additional CP
violating phases δ14 , and δ24 . This analysis will use two channels, the ﬁrst is the muon survival
probability P (νμ → νμ ), by looking at muon neutrino disappearance, any deviations from the
three-ﬂavour oscillation probability would occur due to mixing with sterile neutrinos states. The
3+1 muon neutrino survival probability can be approximated to:
P (νμ → νμ ) ≈ 1 − sin2 2θ23 cos 2θ24 sin2 Δ31 − sin2 2θ24 sin2 Δ41 ,

(1)

giving sensitivity to sin2 θ24 . The second channel is through sterile neutrino appearance P (νμ →
νs ) which can be approximated to:
1 − P (νμ → νs ) ≈ 1 − c414 c234 sin2 2θ24 sin2 Δ41 − A sin2 Δ31 − B sin2 2Δ31 .

(2)

The expression 1 − P (νμ → νs ) can be thought of as disappearance of neutral current (NC)
events (identical to sterile neutrino appearance). The terms A and B are functions of the
mixing angles and phases. To ﬁrst order A = s234 sin2 2θ23 and B = 12 sin δ24 s24 sin 2θ34 sin 2θ23 .
Equation 2 shows dependence on the sterile parameters θ24 , θ34 and δ24 . The sensitivity to δ24
is limited by the poor resolution (due to the outgoing neutrino) and signiﬁcant background from
νμ and νe CC events, therefore the assumption is made that δ13 = δ14 = δ24 = 0 along with
assuming CPT conservation. The sterile mixing angle θ14 does not appear in equation 1 due
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to being a sub-dominant term. It appears in equation 2, in both cases θ14 only becomes nonnegligible for large values, an analysis of solar and reactor neutrino data yields the constraint
sin2 θ14 < 0.041 at 90% C.L. 22 therefore this analysis sets θ14 = 0, which is interpreted as no
mixing between νe and νs i.e |Ue4 |2 = 0.
3.1

Event Selection

This analysis uses two diﬀerent data samples, a sample of CC-νμ (νμ N → μX) events and a
sample of NC (νX → νX  ) events.
A sample of CC-νμ is selected by searching for events with a μ track in the ﬁnal state with
possible hadronic activity. To distinguish CC events from NC events, four topological variables
are studied using a k-Nearest-Neighbour algorithm 23 . The four variables used are: the number
of MINOS detector planes associated with a muon track (muon tracks tend to extend much
further than NC showers), the average energy deposited per scintillator plane along the track,
the transverse energy deposition proﬁle, and the variation of the energy deposited along the
muon track. At the ND the CC sample has an eﬃciency of 53.9% and purity of 98.7%, at the
FD the eﬃciency is 84.6% and purity of 99.1%. The low eﬃciency at the ND is due to the
removal of events with μ tracks that end in and around the magnetic coil hole due to poorly
understood data/MC discrepancies.
A sample of NC events is selected by searching for events with activity that spread fewer
than 47 steel-scintillator in the detector. Events with a track require that the track go no further
than ﬁve planes beyond the hadronic shower. Additional cuts are required to remove poorly
reconstructed events that may containment the sample due to multiple coincident events that
could potentially confuse the event reconstruction software. At the ND the NC sample has an
eﬃciency of 79.9% and purity of 58.9%, at the FD the eﬃciency is 87.6% and purity of 61.3%.
The biggest background comes from high elasticity CC-νμ events.
3.2

Systematic Uncertainties

The systematic uncertainties used in this analysis are incorporated into the ﬁt using a covariance
matrix V . The covariance matrix contains both statistical and systematic uncertainties on the
Far over Near reconstructed neutrino energy ratio (F/N),
V = V stat +

N


Visyst .

(3)

i=1

The statistical uncertainty is less than 24% in each energy bin with an average of 15%. The
dominant systematics will be discussed in this text below,
• The relative normalisation between the FD and ND for the CC sample is 1.6 % and 2.2 %
for the NC sample.
• The uncertainty on the acceptance and selection eﬃciency of the ND is evaluated by
varying event selection requirements in data and MC to probe weaknesses in the simulation.
The discrepancies between data/MC are taken as the uncertainty on the F/N neutrino
energy spectrum. This systematic is energy dependent and includes correlations between
energy bins and varies between 2 % and 6 % for the CC sample and is below 0.6% in the
NC sample.
• The procedure used to reduce the number of poorly reconstructed events from the NC
sample uses a variable that is not perfectly modelled by simulation. The mis-modelling
between data/MC is used to produce an uncertainty for the NC sample which is energy
dependent and includes bin to bin correlations; the size of this systematic falls from 5%
below 1 GeV to less than 1.5% above 5 GeV.
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• The rest of the evaluated systematics take into account hadron production, beam focusing,
neutrino cross-section and uncertainty on the CC contamination in the NC sample and the
NC contamination in the CC sample. The total uncertainty on the F/N energy spectrum
arising from these less dominant systematic sources sums (in quadrature) to no more than
4% in any parts of the energy spectra.
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Figure 1 – The CC (left) and NC (right) reconstructed neutrino energy spectrum using the MINOS dataset
at the FD. The red histograms in both panels are the three-ﬂavour expected neutrino energy spectrum for the
extrapolated FD prediction with systematic error band. The values used for the three-ﬂavour prediction were
not ﬁtted to this spectrum but taken from the latest MINOS three-ﬂavour analysis 24 . In both cases the relevant
backgrounds have been calculated for CC and NC and are included.

3.3

A model independent approach

Looking for a deﬁcit of NC events from a three-ﬂavour neutrino model does not require an
assumption for how many additional sterile neutrinos are present and can be seen as modelindependent. A FD three-ﬂavour prediction is generated by weighting the raw FD simulation in
each energy bin by the discrepancies from the ND data/MC comparison. The CC and NC FD
prediction for both data and three-ﬂavour prediction can be seen in ﬁgure 1; no large deviations
from the three-ﬂavour model can be seen.
To better quantify the agreement between expectation and observation at the FD NC energy
spectrum, a metric R is deﬁned as:

Ndata − BNC
,
(4)
R=
SNC
where Ndata is the integrated number of NC events from the FD prediction in
ﬁgure 1 in the
energy range from 0−40 GeV. The integrated total NC background is given as BNC using the
truth information from simulation, with SNC deﬁned as the integrated sum of true NC events.
The R value is calculated over three diﬀerent energy ranges motivated by the shape of the NC
neutrino spectrum having a large portion events at low energies. Table 1 shows the calculated R
values with statistical and systematic uncertainties. A value of R = 1 coincides with complete
agreement between data and the three-ﬂavour predicted FD neutrino energy spectra.
Table 1: R values calculated from the FD NC neutrino energy spectrum.

Energy (GeV)
0 - 40

R value
1.049

± syst
0.095

± stats
0.045

± total
0.105

0-3

1.100

0.073

0.061

0.095

3 - 40

1.008

0.128

0.067

0.144
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3.4

Performing a ﬁt using the 3+1 sterile neutrino model

MINOS analyses have traditionally used predicted FD energy spectra as a function of the oscillation parameters constrained by ND data. However, this analysis considers a 3+1 model
where the additional mass splitting Δm241 is unknown and the range of interest for MINOS is
10−4 − 102 eV2 . Once Δm241 > 1eV2 , the neutrino oscillation probability becomes non-zero in
the region of L/E probed by the ND, thus both νμ and ν μ disappearance and sterile neutrino
appearance occurs at the ND; ﬁgure 2 shows the oscillation probability for muon (anti)neutrino
disappearance and sterile neutrino appearance for increasing values of Δm241 . Non-zero oscillation probabilities at the ND makes the extrapolation method using ND data to create a FD
prediction invalid.
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Figure 2 – The νμ -CC and NC disappearance probabilities as a function of L/E for various values of Δm241 . The
ﬁgure illustrates how for large values of Δm241 that the traditional FD extrapolation techniques used by MINOS
in previous analyses will no longer work. Values of Δm221 , Δm232 , θ23 , θ13 and θ12 taken from the PDG 15 , sterile
parameters used are θ24 = 0.15, θ14 = 0.2, θ34 = 0.5 and all CP phases set to zero.

This analysis takes a diﬀerent approach by ﬁtting the F/N ratio for both CC and NC data
sample simultaneously; the F/N ratios for the data and for a three-ﬂavour prediction are shown
in ﬁgure 3.
Instead of incorporating systematics as nuisance parameters they are incorporated as uncertainties on the F/N ratio in each bin of energy from 0 − 40 GeV using a covariance matrix. The
value of the observed F/N ratio is denoted by x and the simulated F/N prediction as a function
of the oscillation parameters is μ. The likelihood is then computed for values of the oscillation
parameters that will minimise the equivalent χ2 distribution, expressed as:
χ2 = (x − μ)T V −1 (x − μ) +

(ND − NMC )2
,
2
σN
D

(5)

where the second term in equation 5 provides a constraint on the absolute neutrino ﬂux at the
ND, where ND and NMC represent the integrated ND reconstructed neutrino energy spectrum
for the 0 − 40 GeV energy window used in the ﬁt. Flux uncertainties in the neutrino community
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Figure 3 – Data and Monte Carlo F/N ratios for CC (left) and NC (right) selected events. The red histograms
in both panels are the three-ﬂavour expected F/N simulation with systematic error band. The values used for
the three-ﬂavour simulation were not ﬁtted to this spectrum but taken from the latest MINOS three-ﬂavour
analysis 24 .

are known to be diﬃcult to measurement and have large uncertainties associated with them, the
error on the ND ﬂux was conservatively set such that σND = 50% NMC .
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Figure 4 – Showing the MINOS 90% and 95% C.L. compared to other νμ disappearance experimental measurements. The MINOS limits are produced using the uniﬁed procedure of Feldman and Cousins.

The ﬁt is performed such that a two dimensional likelihood surface is constructed in the
plane {Δm241 , sin2 θ24 }, over the range Δm241 ∈ [10−4 , 102 ] eV2 and sin2 θ24 ∈ [10−4 , 1]. At each
point Δm241 and sin2 θ24 are kept ﬁxed with Δm232 , θ23 and θ34 allowed to vary. All CP violating
phases are set to zero as well as θ14 ; the solar parameters are ﬁxed to global values 25 and θ13 is
taken from the weighted average from reactor experiments 26,27,28 .
The results of the 3+1 ﬁt are shown in ﬁgure 4; the 90% and 95% conﬁdence limits are
displayed, the limits computed have been produced using the Feldman-Cousins uniﬁed procedure 29 . The contours exclude the region of parameter space to the right of the lines, this analysis
sees no statistically signiﬁcant disagreement with three-ﬂavour model and sets a strong limit in
regions of previously unexplored parameter space. The MINOS result is displayed along with
other experimental searches that have used the muon neutrino disappearance channel 30,31,32,33 .
MINOS uses the muon disappearance channel giving sensitivity to the sterile mixing angle
θ24 . Throughout the analysis the assumption that θ14 = 0 is taken and therefore by placing limits
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Figure 5 – MINOS and Bugey combined 90% conﬁdence level limit on the sterile mixing parameter sin2 2θμe =
4|U e4|2 |U μ4|2 , obtained from the individual disappearance limits of each experiment on the size of |U μ4|2 and
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on the mixing angle θ24 MINOS is placing constraints on the matrix element |Uμ4 |2 . In terms of
mixing angles this eﬀective sterile mixing angle can be expressed as sin2 2θμe = sin2 2θ14 sin2 θ24 .
A reactor experiment looking at electron anti-neutrino disappearance from an electron antineutrino source will be analogous to the MINOS case although would be sensitive to θ14 and
therefore the matrix element |Ue4 |2 . Figure 5 shows the 90% C.L. from the combination between
the MINOS and Bugey 34 experiment; during the combination the systematics between both
experiments are taken to be uncorrelated. The combined limit is compared to LSND 16 looking
at electron anti-neutrino appearance ν μ → ν e , and several limits for electron neutrino appearance
νμ → νe : MiniBoonE 17 , OPERA 35 , ICARUS 36 , and NOMAD 37 .
4

Discussion and Outlook

MINOS has performed a 3+1 ﬁt to both the CC and NC F/N ratios and set competitive limits in
the parameter space {Δm241 , sin2 θ24 }. The results are compatible with the three-ﬂavour model,
MINOS combines the result with Bugey allowing for an exclusion of a signiﬁcant amount of the
parameter space suggested ﬂavoured by the LSND and MiniBooNE anomalous results.
MINOS+ 38 is the continuation of the MINOS detectors but receiving a beam of neutrinos
shifted towards higher energies. The beam peak in this higher energy conﬁguration shifts from
3 GeV to 7 GeV allowing MINOS+ to observe around 4,000 νμ -CC interactions in the FD each
year. MINOS+ has been taking data since September 2013, and with the additional statistics
at high energies MINOS+ will be able to signiﬁcantly extend the reach of its searches for sterile
neutrino signatures in the regions of parameter space suggested by LSND and MiniBooNE.
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RECENT OSCILLATION RESULTS AT T2K
C. Nielsen, for the T2K collaboration
Department of Physics and Astronomy, University of British Columbia, 6224 Agricultural Road,
Vancouver, BC V6T 1Z1 Canada
The T2K long baseline neutrino oscillation experiment is composed of a near detector at 280m
and a far detector at Super-Kamiokande, located 295 km from the neutrino beam source. The
30GeV proton beam at JPARC is used to produce ∼ 1 GeV muon neutrinos which are detected
using the Cherenkov detector at Super-Kamiokande for oscillation measurements, such as
electron neutrino appearance and θ23 measurements from muon neutrino disappearance. By
reversing the beam polarity antineutrino oscillations may also be studied. Muon antineutrino
disappearance and electron antineutrino appearance have been studied with 4×1020 protons on
target in antineutrino beam mode. The most recent oscillation results from T2K for neutrinos
and antineutrinos are presented here.

1

The T2K Experiment

The T2K experiment is a long baseline neutrino experiment with a near detector at 280 m and
a far detector at 295 km from the beam source; it is designed to measure νμ disappearance and
νe appearance in a νμ beam, as well as the antineutrino equivalents. This enables T2K to have
sensitivity to measure the mixing angles θ13 and θ23 , as well as the CP violating phase δCP . The
last mixing angle θ13 can be measured through νe appearance. Muon neutrino disappearance can
be used to measure the value of θ23 and determine the octant (θ23 > 45◦ or θ23 < 45◦ ). The value
of δCP is also unknown; if δCP = 0, this would indicate CP violation in the neutrino sector. The
angle δCP eﬀects the diﬀerence between νμ → νe oscillations and ν̄μ → ν̄e oscillations. Finally,
the sign of Δm232 is still unknown as well. Positive Δm232 gives the normal mass hierarchy
(m1 < m2 < m3 ) while negative Δm232 gives the inverted mass hierarchy (m3 < m1 < m2 ). In
conjunction with other experiments, T2K could potentially contribute to the determination of
the mass hierarchy through matter eﬀects on oscillation.
The T2K neutrino beam is created using the 30 GeV proton beam produced at the JapanProton Accelerator Research Center (J-PARC), located in Tokai, Japan 2 . The protons collide
with a graphite target, producing pions and a smaller fraction of other mesons; this is then
focussed using three magnetic horns. These pions then travel through a 96 m decay volume and
decay to produce the T2K neutrino beam. The current polarity in the magnetic horns controls
the sign of the magnetic ﬁeld and changes whether π + or π − are focussed into the decay volume.
The π + beam decays into neutrinos, and the π − beam decays to antineutrinos, allowing the
T2K neutrino beam to be run in either neutrino mode or antineutrino mode.
1.1

The T2K Detectors

T2K consists of a near detector 280 m from the beam source in Tokai (ND280), and the far
detector 295 km from the beam source at Super-Kamiokande 1 . Both ND280 and the SuperKamiokande (SK) detector are 2.5◦ oﬀ-axis from the neutrino beam, giving a narrow band
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muon-neutrino beam with a peak energy of 600 MeV. The oﬀ-axis detector position produces
a narrower energy range for the neutrinos as well as tuning the neutrino energy to peak at the
oscillation maximum at Super-Kamiokande. The oscillation probability for neutrinos 3 , shown in
Eq. 1, depends on the neutrino mixing matrix elements, Uij , the neutrino mass splittings Δm2ij
and the energy and distance travelled by the neutrino in the absence of matter eﬀects – a good
approximation as matter eﬀects are small at T2K.
Pνa →νb (L, E) = |



∗
∗ −i
Uaj
Ubj Uak Ubk
e

Δm2 L
jk
2E

|

(1)

j,k

ND280 is comprised of several diﬀerent detectors, all sitting in a 0.2 T magnetic ﬁeld,
280 m from the beam source and oﬀ-axis by 2.5◦ . The main tracker volume consists of three
time projection chambers (TPCs), with two Fine-Grained detectors (FGDs) in between. The
FGDs are composed of layers of scintillator bars which function as the active target material
for ND280, with the second FGD downstream from the beam also containing uninstrumented
water volumes, as well as providing tracking and vertexing. The TPCs provide the primary
particle identiﬁcation, momentum measurements and charge identiﬁcation. This allows the near
detector to diﬀerentiate between neutrino and antineutrino interactions on an event-by-event
basis, which is important for constraining the neutrino contamination in the antineutrino beam
ﬂux. The near detectors provide improved constraints on the ﬂux and cross section models for
the oscillation ﬁts, reducing the overall uncertainty on the oscillation results.
SK is a 50 kton water Cherenkov detector located underground 295 km from the beam
source, with a 22.5 kton ﬁducial volume 4 . The detector is instrumented with approximately
13000 photomultiplier tubes and provides the primary event selection for the T2K neutrino
oscillation analyses. The SK event selection gives strong νμ and νe separation on the order of
97.7% purity for the muon neutrino selection, but cannot distinguish between neutrinos and
antineutrinos on an event-by-event basis, as there is no charge identiﬁcation and no magnetic
ﬁeld.
2

The T2K Oscillation Analysis Structure

The T2K event selections look for ﬁnal-state leptons from charged-current neutrino interactions,
which are identiﬁed using event topology at both near and far detectors. The primary chargedcurrent neutrino interaction mode at the peak T2K beam energy is the Charged-Current QuasiElastic (CCQE) interaction, given by Eq. 2 for both the neutrino and antineutrino beams.
CCQE interactions are considered the T2K signal mode, because the neutrino energy can be
calculated solely from the momentum of the outgoing lepton.
νl + n → l + p

(2)

Additional charged-current interactions that make up the background are resonant pion production, where π + are produced from Δ resonance, coherent interactions which produce pions,
and deep inelastic scattering. The neutrino energies in these interactions are signiﬁcantly more
diﬃcult to reconstruct. These can be potentially misidentiﬁed as CCQE interactions, which will
give incorrect reconstructed neutrino energies.
The selection for ν̄μ events at SK is identical to the selection used for the νμ analyses, though
unlike the neutrino beam, there is signiﬁcant wrong-sign contamination for the antineutrino
beam from neutrinos. First, the event is required to have a single reconstructed ring that is
considered muon-like, with the reconstructed interaction vertex being fully contained in the SK
ﬁducial volume. Second, the reconstructed momentum of the muon must be greater than 200
MeV/c, to remove the low energy background. The selection also requires that there is no more
than one decay electron reconstructed, to reduce events produced by non-CCQE interactions.
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As with the ν̄μ selection, the ν̄e selection at Super-Kamiokande is the same as for its neutrino counterpart and is constructed to select CCQE interactions. For e-like events, the single
reconstructed ring must be electron-like with the visible energy greater than 100 MeV, and the
overall event must not be considered to be π 0 -like. This is to remove low energy backgrounds
from other electron-producing processes, particularly the π 0 background which can appear similar to the electron signal. Additionally, the reconstructed neutrino energy must be less than
1250 MeV to remove intrinsic νe background from the beam.
The initial inputs to the oscillation analysis come from external inputs for cross-section and
ﬂux parameters. Cross-section data comes from other experiments such as MiniBooNe 5 and
Minerνa 6,7 , and the ﬂux input constraints from thin-target experiments such as NA-61 8 , which
are then used as inputs to the near detector ﬁt. The near detector ﬁt simultaneously constrains
the ﬂux and cross section parameters using the near detector data including correlations between the ﬂux and cross section parameters. This also constrains any wrong-sign background
components in the ﬂux (neutrinos in the antineutrino beam) as the near detector can separate
events by charge identiﬁcation. The near detector ﬁt output is then used to create the event
rate predictions at SK, where the ﬂux and cross section parameters will be marginalized over in
the oscillation ﬁt. However, because the near detector target is composed primarily of carbon,
while the SK target is water, not all cross section parameters can be constrained with the near
detector ﬁt. For those parameters, only external priors are used. This allows the reduction of
common systematics in the antineutrino oscillation ﬁt from 9% to 3%, with an additional 10%
uncertainty from the cross section parameters that are not ﬁt at ND280. The neutrino mode
oscillation ﬁts see a similar reduction in common systematic uncertainties.
In addition to reducing the uncertainties on common systematics between SK and ND280,
the near detector ﬁt also provides updated parameter values for generating the SK prediction.
In particular, the ﬂux parameters are moved signiﬁcantly relative to their initial values and prior
uncertainties, shown for the νμ and ν̄μ ﬂuxes for neutrino and antineutrino mode respectively in
Fig. 1. The ﬂux for both neutrinos and antineutrinos is increased for all energies, with the lower
energy ﬂux seeing the larger increases, of up to around 20%. This holds true for the neutrino
contamination in antineutrino beam mode as well, though to a lesser extent. However, this
does not necessarily correspond to an increase the predicted event rate at SK once the ND280
constraint is included, as the near detector ﬁt also changes the values for relevant cross section
parameters.

Figure 1 – Neutrino ﬂux predictions at SK with and without the ND280 constraint on the ﬂux and cross section
for the νμ – νe joint analysis. The plot on the left shows the predicted νμ event rates at SK in neutrino mode,
and the plot on the right shows the predicted ν̄μ ﬂux at SK for antineutrino mode.
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3

Neutrino Oscillation Results

T2K has been running in antineutrino beam mode since summer 2014, and has had 4.01 × 1020
protons on target as of spring 2015, with a previous 7 × 1020 protons on target delivered in
neutrino beam mode. The most recent neutrino mode result 9 is the joint νμ disappearance
and νe appearance result, where the T2K νμ and νe results are ﬁt simultaneously along with
constraints from reactor experiments. When the reactor constraint is included, δCP is excluded at
the 90% conﬁdence level in the regions of [0.15, 0.83]π for normal hierarchy, and [−0.08, 1.09]π for
inverted hierarchy. The posterior density distribution for δCP marginalized over mass hierarchy
is shown in the right plot of Fig. 2. Additionally, the joint neutrino oscillation ﬁt ﬁnds sin2 θ23 =
2 4
2
−3
0.528+0.055
−0.038 and |Δm32 | = (2.51 ± 0.11) × 10 eV /c when the reactor data is included.

Figure 2 – Left plot shows the Δm232 and sin2 θ23 T2K joint 68 % and 90% CL contours for NH (top) and IH
(bottom) along with the joint contours from MINOS 11 . Right plot shows the posterior density distribution for
δCP marginalized over the mass hierarchy.

3.1

The ν̄μ Disappearance Analysis

T2K has observed 34 muon-like events at Super-Kamiokande, with 103.6 expected νμ and ν̄μ
events in the case of no neutrino oscillations (78.7 ν̄μ events and 24.8 νμ events expected) 10 .
The selected events include both neutrinos and antineutrinos as there is no charge identiﬁcation
at SK, and the error is dominated by statistical uncertainties. The observed spectrum, shown
in Fig. 3, shows clear evidence of ν̄μ oscillations. Contours for Normal Hierarchy are shown in
Fig. 4 along with the contours from the joint νμ disappearance result from T2K 9 , MINOS 12 and
the Super-Kamiokande atmospheric ν̄ ﬁts 13 . T2K measures a value of sin2 θ̄23 = 0.45+0.38
−0.64 and
2 4
−3
|Δm̄232 | = 2.51+0.29
−0.26 × 10 eV /c ; this is in agreement with the previous measurements from
the T2K νμ disappearance results and indicates maximal mixing for θ23 .
3.2

The ν̄e Appearance Analysis

The T2K ν̄e appearance analysis uses a discrete parameter β, where β = 0 represents no ν̄e
appearance, and β = 1 represents nominal ν̄e appearance – identical to the neutrino case. With
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Figure 3 – Predicted and observed event rates for the ν̄μ analysis. The plot on the left shows the observed
neutrino event rates at T2K, along with the best ﬁt spectra and the predicted spectra with no oscillations. The
plot on the right shows the ratio of observed neutrino events at T2K with the predicted number of events given
no oscillations.

Figure 4 – Plot of the 68% and 90% C.L. regions 9,12,13 for sin2 θ23 and Δm232 (NH) or sin2 θ̄23 and Δm̄232 (IH)
for the antineutrino results 10 .

the current limited data statistics, 3 ν̄e candidate events were seen. As shown in Fig. 5, T2K
cannot distinguish between the two hypotheses at these statistics; evidence is equally strong for
either case and would need at least twice the current protons on target to acheive a statistically
signiﬁcant measurement.
4

Conclusions and Outlook

The T2K experiment has produced new and exciting results using antineutrino mode data, as
well as producing the world leading measurements of the mixing angle θ23 with a joint appearance and disappearance analysis for neutrinos. The T2K ν̄μ measurement of θ̄23 is consistent
with the previous neutrino results and with CPT conservation. T2K has taken antineutrino
data corresponding to 4 × 1020 protons on target so far and is currently taking more data in
the antineutrino mode. Future plans are to improve the near detector ﬁt to further constrain
systematics at SK, and to do a full joint neutrino-antineutrino appearance and disappearance
analysis with improved antineutrino statistics.
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Figure 5 – The left ﬁgure shows the predicted spectra for number of events seen at SK for ν̄e appearance as a
function of likelihood ratio. Right ﬁgure shows the probability densities for the predicted number of events for
both hypotheses and the number of events observed.
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Recent Results from the Daya Bay Reactor Neutrino Experiment
Yiming Zhanga
(on behalf of the Daya Bay collaboration)
Department of Engineering Physics, Tsinghua University, Beijing, China
The Daya Bay reactor neutrino experiment has presented several new results about neutrino
and reactor physics with the full detector conﬁguration after more data collection and better
reassessment of systematics. I would introduce the latest progress made by the experiment in
this talk, including the neutrino oscillation analysis both using neutron capture on gadolinium
(nGd) and using neutron capture on hydrogen (nH), their combination, a search for a light
sterile neutrino and a measurement of the reactor antineutrino ﬂux and spectrum. The newest
nGd analysis gave sin2 2θ13 = 0.084 ± 0.005 and |Δm2ee | = (2.42 ± 0.11) × 10−3 eV 2 , while the
newest nH analysis gave sin2 2θ13 = 0.071 ± 0.010.

1

Introduction

Neutrino ﬂavor oscillations are caused by the misalignment between neutrino ﬂavor and mass
eigenstates. The transformation between the three favour eigenstates (νe , νμ , ντ ) and mass eigenstates (ν1 , ν2 , ν3 ) is done by the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) 3 × 3 unitary matrix. It is parameterised by three mixing angles θ12 , θ23 , θ13 and one CP-violation phase δCP .
The Daya Bay experiment was designed to measure the value of θ13 observing disappearance
of reactor anti-neutrinos due to ﬂavour oscillations. The survival probability is:
P (ν¯e → ν¯e ) = 1 − sin2 2θ13 sin2 (

Δm2ee L
Δm221 L
) − cos4 θ13 sin2 2θ12 sin2 (
)
4E
4E

(1)

where E is anti-neutrino energy, L is the propagation distance, Δm212 = m22 −m21 is the diﬀerence
of squared masses and the deﬁnition and derivation of Δm2ee can be found here1 .
In 2012, the Daya Bay collaboration has published the ﬁrst non-zero results with a signiﬁcance of 5.2 standard deviations 2 . After the experimental conﬁrmation of a non-zero θ13 ,
measurements of the Dirac phase, δCP , which is related to CP violation of leptonic sector, and
the sign of Δm232 , are the next major goals in neutrino oscillation physics. To reach the next
milestone, the precision of θ13 is important and need to be improved.
2

Daya Bay Experiment

The Daya Bay reactor neutrino experiment is located next to six commercial nuclear reactors,
each of which has a nominal thermal power of 2.9 GW. The experiment consists of two near halls
and one far hall. The power-weighted baselines to the six power reactors are about 500 m and
1.7 km for the near and far halls, respectively. Each near hall has two antineutrino detectors
(ADs) and the far hall has four ADs. Details of the detector design could be found here3,4 . The
a
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reactor electron antineutrinos were detected by the inverse beta decay (IBD) interactions, where
the neutron in the ﬁnal state can be either captured on gadolinium (nGd) or on hydrogen (nH).
The neutrino ﬂuxes and energy spectra measured with the far site ADs were compared with
the measurements at the near sites and/or reactor predictions. Deﬁcits and distortions were
observed.
Two sets of data of the Daya Bay experiments have been taken. The ﬁrst set of data is 217
days taken from Dec. 2011 to Jul. 2012 with only six ADs installed and the second set of data
is 404 days taken from Oct. 2012 to Dec. 2013 with all eight ADs installed and running. The
operation history of the Daya Bay experiment, number of IBD events accumulated in the near
and far detectors and the measured value of sin2 2θ13 as a function of time is shown in Figure
1. The experiment will continue operation until 2017, by the end of which more than 4 million
IBD events will be recorded.

Figure 1 – Operation history of the Daya Bay Experiment and the measured values of sin2 2θ13 .

2.1

Antineutrino Detector Design

Each of the eight functionally identical antineutrino detectors consists of three zones separated by
acrylic vessels. The inner zone is the antineutrino target containing 20 tons of Gadolinium-loaded
liquid scintillator (GdLS). The middle zone is the gamma catcher containing 22 tons of liquid
scintillator (LS). The outer zone, ﬁlled with 36 tons of mineral oil (MO), shields background
radiations. There are 192 8” PMTs mounted on eight ladders in each AD. To improve the light
collection, there are two reﬂectors on the top and bottom of the outer acrylic vessel. On the top
of each AD there are three automatic calibration units (ACUs), each containing three sources,
LED,68 Ge and 241 Am −13 C +60 Co. Calibrations are performed once a week.
2.2

Muon Veto System

The muon veto system consists of a water pool instrumented with PMTs as the Cerenkov detectors and 4 layers of RPC tracking detectors. The former is composed of the inner water shield
(IWS) and outer water shield (OWS), to detect cosmic ray muons and to shield neutrons and
gammas from rock. All the ADs are put inside the water pools fore each hall. The latter covers
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the water pool to provide further muon tracking information. The water Cerenkov detector
eﬃciency is greater than 99.7% for long track muon.
2.3

Detector Response

Many calibration sources (ACU sources, 137 Cs, 54 M n, 40 K, Am-Be and Pu-C neutron sources)
and environmental natural sources (40 K, 208 T l and neutron capture on H, C and Fe) were
used to measure the energy
 resolution and study the non-linearity of detector response. The
energy resolution is 7.5/ Evis /M eV . The non-linearity of detector response, caused by the
liquid scintillator (including quenching eﬀect and Cerenkov yield) and the readout electronics
characteristics, has a minimal impact on the oscillation angle measurement, but is more relevant
for the measurement of the reactor antineutrino mass diﬀerence and the absolute reactor ﬂux.
The energy response model is obtained semi-empirically and is compared with various gamma
sources and 12 B beta-decay spectrum (nominal response). A cross check is done with ﬁt to
208 T h, 212 Bi, 214 Bi beta-decay spectrum and also the Michel electron. The energy non-linearity
uncertainty could be within 1% for the energy above 2 MeV, as shown in Figure 2.

Figure 2 – Energy non-linearity nominal response and validation

3

Anti-neutrino detection and backgrounds

Anti-neutrinos are detected via inverse beta decay (IBD) ν¯e +p → e+ +n. Positron energy losses
and the energy from its annihilation form the so-called “prompt” signal. It takes some time for
the neutron to thermalise. It is eventually captured either on gadolinium with a lifetime of
30μs releasing about 8 MeV γ-cascade or on hydrogen with a lifetime of 200μs releasing single
2.2 MeV γ. The neutron capture constitutes the so-called “delayed” signal which is used in
coincidence with the prompt signal to select IBD candidates.
The IBD selection procedure begins by removing unphysical events caused by ﬂashing PMTs.
For the IBD sample selected based on neutrons captured on gadolinium, a coincidence within
1-200 μs of two events with energies 0.7-12 MeV and 6-12 MeV is required. Diﬀerent categories
of muon veto are applied. In order to remove any possible ambiguities in the pair selection
procedure we require no other events within and around the coincidence window.
For the IBD sample selected based on neutrons captured on hydrogen, the coincidence
window is 400 μs and the energies cuts are 1.5-12 MeV and 3σ region around the ﬁtted nH
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peak. The distance between the prompt and delayed signals is required to be within 500 mm,
to improve the signal/background ratio.
The most important background is accidental background which are from single events and
‘accidentally’ pass the IBD event selection. The second eﬀective backgrounds are from cosmic
ray muons. Muon-induced products, such as fast neutron and 9 Li/8 He, can mimic IBD as a
correlated pair. For the fast neutron case, neutron scattering followed by neutron capture could
mimic the IBD event. For the 9 Li/8 He background, the prompt signals are from the beta-decay
and the delayed signals are from neutron capture. The calibration source, AmC, in ACU is
another background source.
4
4.1

Recent results
Three-Flavor Neutrino Oscillation Analysis Using nGd

With 217 days of 6-AD and 404 days of 8-AD data, the best oscillation analysis result is shown
in Figure 3. By analyzing the relative antineutrino ﬂuxes and energy spectra between the near
and far detectors, it was got that sin2 2θ13 = 0.084 ± 0.005 and |Δm2ee | = (2.42 ± 0.11) × 10−3 eV 2
in the three-neutrino framework.

Figure 3 – Regions in the |Δm2ee | − sin2 2θ13 plane allowed at the 68.3%, 95.5% and 99.7% conﬁdence levels
by the near-far comparison of ν¯e rate and energy spectra. The best estimates were sin2 2θ13 = 0.084 ± 0.005
and |Δm2ee | = (2.42 ± 0.11) × 10−3 eV 2 (black point). The adjoining panels show the dependence of Δχ2 on
sin2 2θ13 (top) and |Δm2ee | (right). The |Δm2ee | allowed region (shaded band, 68.3% C.L.) was consistent with
measurements of |Δm2ee | using muon disappearance by the MINOS5 and T2K6 experiments, converted to |Δm2ee |
assuming the normal (solid) and inverted (dashed) mass hierarchy.

The electron antineutrino survival probability as a function of the ratio of the eﬀective
propagation distance Lef f over the average antineutrino energy Eν  is shown in Figure 4 .
More details about this result can be found in 1 .
4.2

Independent θ13 Measurement using nH

The detection of inverse beta decays can also be tagged by neutron capture on hydrogen. The
antineutrino events for hydrogen capture are quite distinct from those for gadolinium capture
with largely diﬀerent systematic uncertainties, allowing a determination independent of the nGd
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Figure 4 – Electron antineutrino survival probability versus eﬀective propagation distance Lef f divided by the
average antineutrino energy Eν .

result and an improvement on the precision of θ13 measurement. Using the same 621 days data
sample as the most recent nGd oscillation analysis1 , the latest independent θ13 measurement
using nH sample was published7 just after the 51st Rencontres de Moriond EW 2016. This nH
analysis is based on the rate information. The best-ﬁt value for both the normal and inverted
neutrino-mass hierarchies is sin2 2θ13 = 0.071 ± 0.010, with a χ2 per degree of freedom of 6.3/6.
For a combination of the most recent nGd-IBD result of sin2 2θ13 = 0.084 ± 0.005 and
the nH-IBD result, both the analytical calculation and simultaneous ﬁt resulted in sin2 2θ13 =
0.082±0.004, which is an 8% improvement in precision. Figure 5 shows the ratio of the measured
rate to the predicted rate assuming no oscillation, for each detector.

Figure 5 – Ratio of measured to predicted IBD rate in each detector assuming no oscillation vs. ﬂux-weighted
baseline. Each detector is represented with a green square (blue circle) for the nH (nGd) analysis. Error bars
include statistical, detector-related, and background uncertainties. The dashed green (blue) curve represents the
neutrino oscillation probability using the nH (nGd) result for sin2 2θ13 and the global ﬁt value of Δm232 (the nGd
result for Δm2ee ). The solid red curve represents the oscillation probability using the nH-nGd combined result
and Δm232 , and the magenta error band is the uncertainty of Δm232 . The baselines of EH1-AD2 and EH2-AD2
are shifted by +20 m, and those of EH3-AD1, 2, 3, and 4 are shifted by -30, -10, +10, and +30 m, respectively,
for visual clarity.
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4.3

Search for a Light Sterile Neutrino

With the ﬁrst 217 days of data a search for light sterile neutrino mixing was performed 8 . The
experiment has multiple baselines from the six antineutrino detectors to the six nuclear reactors,
and this unique feature makes it possible to test for oscillations to a fourth (sterile) neutrino. The
study showed that the relative spectral distortion observed was consistent with that of the threeﬂavor oscillation model and the most stringent limit was set at 10−3 eV 2 < |Δm241 | < 0.1eV 2 .
The excluded region for sin2 2θ14 and |Δm241 | can be seen in Figure 6, where the most of it had
not been explored before.

Figure 6 – Exclusion contours for the neutrino oscillation parameters sin2 2θ14 and |Δm241 |. Normal mass hierarchy
is assumed for both Δm231 and Δm241 . The red long-dashed curve represents the 95% C.L. exclusion contour with
Feldman-Cousins method. The black solid curve represents the 95% CLs exclusion contour. The parameter space
to the right side of the contours is excluded. For comparison, Bugeys9 90% C.L. limits is also shown as the green
dashed curve. The ﬁgure is from 9 .

4.4

Measurement of the Reactor Antineutrino Flux and Spectrum

A new measurement of the neutrino ﬂux and energy spectrum of electron antineutrinos from
the six 2.9 GWth nuclear reactors was reported 10 . With the 217 days of data, the IBD yield was
measured to be (1.55±0.04)×1018 cm2 /GW/day or (5.92±0.14)×1043 cm2 /f ission. The ratio of
the ﬂux to the prediction made with the Huber+Mueller (ILL+Vogel) ﬁssile antineutrino model
is 0.946 ± 0.022(0.991 ± 0.023) and it agrees with results reported by previous short-baseline
reactor antineutrino experiments, as seen in Figure 7. At the energy region of 4-6 MeV, a bump
was observed with a local signiﬁcance of around 4σ.
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Figure 7 – The measured reactor ν¯e rate as a function of the distance from the reactor, normalized to the
theoretical prediction with the Huber+Mueller model. The rate is corrected for 3-ﬂavor neutrino oscillations at
each baseline. The blue shaded region represents the global average and its 1σ uncertainty. The 2.7% model
uncertainty is shown as a band around unity. Measurements at the same baseline are combined for clarity. The
Daya Bay measurement is shown at the ﬂux-weighted baseline (573 m) of the two near halls. The ﬁgure is from
10
.

5

Summary

The Daya Bay Neutrino Experiment provides the most precise measurement of sin2 2θ13 to date
and measures the oscillation frequency Δm2ee with a precision comparable to that of accelerator
experiments. The experiment investigated possible existence of light sterile neutrinos, and set
limits in the 10−3 eV 2 < |Δm241 | < 0.1eV 2 region, which was previously unexplored. The experiment reproduced the previously observed disagreement with predictions in the measurement of
the total ﬂux and spectrum shape of the reactor ν¯e s. At the energy region of 4-6 MeV, a bump
was observed with a local signiﬁcance of around 4σ.
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First results with two detectors from Double Chooz
Masaki Ishitsuka,
on behalf of the Double Chooz collaboration
Department of Physics, Tokyo Institute of Technology, Tokyo, 152-8551, Japan
Double Chooz collaboration reports preliminary results of the ﬁrst θ13 measurement with two
detectors. Double Chooz is a reactor neutrino experiment running at Chooz nuclear power
plant in France. In the analysis with only the far detector data, precision of θ13 is dominated
by the reactor ﬂux uncertainty after suppression of the background and detection systematic
uncertainties. Double Chooz ﬁnished commissioning of the second detector close to the reactor
cores and has accumulated about nine months of data with two detectors in 2015. Thanks to
nearly iso-ﬂux experimental layout, reactor ﬂux uncertainties are strongly suppressed to the
lowest level in the world in the multi-detectors analysis. Together with the data with only the
far detector, sin2 2θ13 = 0.111 ± 0.018(stat. + syst.) is obtained, which is slightly higher than
the world averaged value but consistent within 1.4 σ. Further improvements are expected with
more statistics with two detectors.

1

Introduction

The Standard Model (SM) of particle physics has been tested for wide energy range in collider
experiments, and provided successful descriptions of the experimental data. On the other hand,
evidence for the phenomena beyond the SM was given by neutrino researches 1 . In the SM,
neutrinos are all left-handed particles and have no mass, while the experimental data revealed
the existence of neutrino oscillations as a consequence of neutrino masses.
In the standard three ﬂavor framework, neutrino oscillation probability is determined by
three mixing angles (θ12 , θ23 and θ13 ), three mass squared diﬀerences (Δm221 , Δm232 and Δm231
of which only two are independent) and one CP-violation phase (δCP ). Among three mixing
angles, only a limit had been set on θ13 by the CHOOZ experiment 2 for many years. In 2011,
Double Chooz ﬁrst reported indication of non-zero θ13 in reactor neutrino oscillation by a single
detector at around oscillation maximum (far detector, FD) 3 . More precise observation of θ13
followed in 2012 by the Daya Bay and RENO experiments with multiple detectors 4,5 . Non-zero
value of θ13 has also been conﬁrmed by νμ → νe appearance from long-baseline accelerator
experiments 1 .
According to the current knowledge, one mass scale is much smaller than the others (|Δm231 | ∼
|Δm232 |  Δm221 ). This allows to interpret the experimental data by simple two ﬂavor oscillation scheme. In two ﬂavor scheme, survival probability of electron antineutrino (νe ) with energy
Eν (MeV) after traveling a distance of L (m) is expressed as:


P (νe → νe ) = 1 − sin2 2θ13 sin2



1.27 Δm231 (eV2 ) L
.
Eν

(1)

This equation is a good approximation to reactor neutrino oscillation even in matter for L less
than a few km. θ13 is most precisely measured by the reactor experiments with the systematic
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uncertainties at per mille level and the value is used as reference in current and future projects
which aim to search for CP violation and mass hierarchy in neutrino sector. Therefore, precision
and accuracy of the reactor θ13 is a critical matter and the validation by multi-experiments based
on diﬀerent systematic uncertainty compositions are essential.
Reactor neutrinos are detected by the delayed coincidence technique by which backgrounds
are largely suppressed. Reactor neutrinos interact with free protons through inverse β-decay
(IBD) reaction: νe + p → e+ + n. Positron is observed as the prompt signal with the energy
related to the neutrino energy as: Eν = Esignal + 0.8 MeV. Neutron is captured on Gd in the
liquid scintillator after 30 μsec on average and emit total 8 MeV γ-rays, which is well above
the energy range of natural radioactivities. Alternative channel, in which neutron is captured
on hydrogen emitting 2.2 MeV γ-ray, is also used in Double Chooz to measure θ13 with novel
background rejection techniques 6 .
The FD started physics data taking in April 2011 at a distance of 1050 m. In 2015, Double
Chooz completed commissioning of the second detector at a distance of 400 m, called near
detector (ND), and since then observed reactor νe with two detectors in parallel. Here we report
the preliminary results with the nine months of data taken with the two detectors, in addition to
the two years of data with only the FD. In this article, following naming scheme is used for the
three data sets: FD-I is the data taken in the single detector phase (same data set as in Ref 7 );
FD-II is the data taken with the FD in multi-detectors phase; ND is the data taken with the
ND. Even with only nine months of additional data, signiﬁcant improvements are achieved in
the precision of θ13 with the strong suppression of systematic uncertainties in the multi-detectors
analysis.
2

Detector

Double Chooz collaboration constructed two detectors based on the identical detector structure
at diﬀerent baselines from two reactor cores. In order to minimize the bias introduced in the
construction and realize the same detector response between the two detectors, critical materials,
such as liquid scintillator and acrylic vessels, for both detectors were simultaneously made at
the lab and stored until the assembly of each detector.
Double Chooz has developed a calorimetric liquid scintillator detector optimized to detect
reactor neutrino signals against the background. The detector is made of four concentric cylindrical vessels. The innermost volume is called ν-target (NT), made of 8 mm thick transparent
acrylic vessel and ﬁlled with 10.3 m3 Gd-loaded liquid scintillator with 1g/l Gd concentration.
The NT is surrounded by a 55 cm thick Gd-free liquid scintillator layer, called γ-catcher (GC),
by which γ-rays escaping from the NT are detected. Outside of the GC is a 105 cm thick nonscintillating mineral oil layer, called buﬀer, which works as a shield to γ-rays from radioactivity
of PMTs and surrounding rock. Buﬀer tank is made of steel and equipped with 390 low background 10-inch PMTs which collect scintillation light from the inner volumes. Each PMT is
covered by a mu-metal cylinder to suppress geomagnetic ﬁeld. These three volumes and PMTs
are collectively referred to as inner detector (ID) and optically separated from the outer layer.
During the commissioning, some PMTs were found to emit light from their base circuit
which cause background referred to as light noise 8 . Almost all of the light noise background
are eliminated by the dedicated cuts in oﬄine analysis (see Section 5). Base circuit of the ND
PMTs are covered by black sheets to suppress the light emission into the detector.
The ID is surrounded by a 50 cm thick liquid scintillator layer called inner veto (IV), equipped
with 78 8-inch PMTs. The IV was originally designed to identify cosmic ray muon and serve as
a shield against fast neutrons from outside of the detector. In addition to these functions, the
IV is also used in the analysis to tag the fast neutron and γ rays entering the detector.
Digitized signal waveforms from all ID and IV PMTs are recorded by 8-bit ﬂash-ADC electronics 9 with 500 MHz sampling upon readout trigger. The trigger threshold is set at ∼ 350 keV,
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which is well below the minimum energy of νe signal at 1.02 MeV (annihilation of positron).
The whole liquid scintillator detector system is covered by an outer veto (OV) which consists
of plastic scintillator strips. The OV works as an active veto to cosmic muons.
Double Chooz utilizes several calibration systems to suppress systematic uncertainties associated with the detector response. A multi-wavelength LED-ﬁber system (LI) is used to inject
light into the ID and IV from a set of ﬁxed points. The data with the LI systems are taken
regularly to measure the characteristics of readout electronics and their stability during the
operation. Radioisotopes, including γ sources and 252 Cf neutron source, have been deployed in
the NT along the vertical symmetry axis and in the GC through a tube along the boundaries
to the NT and buﬀer. In addition, detector has been monitored using natural sources, such as
spallation neutron captures on H and Gd.
3

Reactor and Detector Models

Two Double Chooz detectors observe νe dominantly from two reactor cores (B1 and B2) at Chooz
Nuclear Power Plant both with 4.25 GW thermal power. The observed data are compared with
the prediction based on the reactor νe ﬂux calculation and the detector simulation.
νe ’s are produced in nuclear reactors by β-decay of ﬁssion products dominantly from four
main isotopes, 235 U, 239 Pu, 238 U, and 241 Pu. The reactor νe ﬂux is calculated using the MURE
simulation code 14,15 with the location and initial burn-up of each fuel rod assembly and the
thermal power of each reactor core provided by Électricité de France (EDF). Reference νe spectra
are derived from the β spectrum measurements 10,11,12,13 . Double Chooz employed reactor νe
rate measurement of Bugey4 16 as a constraint to the normalization with corrections for the
diﬀerent fuel composition of Chooz reactor. Systematic uncertainty associated with the reactor
ﬂux prediction is evaluated to be ∼ 1.7%, in which dominant components are: 1) 1.40% from
Bugey4 measurement; 2) 0.73 ∼ 0.82% (depending on data set) from ﬁssion fraction; and 3)
0.44% from the thermal power. Among these, 1) is fully correlated across the data sets. Although
the uncertainty of the normalization for each data set is ∼ 1.7%, relative normalization of the
prediction to the FD-II and ND data sets are determined with the uncertainty of <0.1% as the
νe ﬂux from the same reactor cores are observed by the two detectors in parallel under the nearly
iso-ﬂux condition ((L1,N /L1,F )2  (L2,N /L2,F )2 , where L1,N represents the distance between
reactor B1 core and ND, and so on). Relative uncertainty on the prediction between FD-I and
FD-II is evaluated to be 0.90%, conservatively assuming 2) and 3) are fully uncorrelated.
Based on the reactor νe ﬂux calculated at each detector, IBD interactions are generated over
the detector volume by the MC simulation. The detector simulation code was developed based
on Geant4 17 with custom models of the scintillation processes, photocathode optical surface,
neutron thermalization and readout system simulation. Custom neutron thermalization model
implements hydrogen molecular bonds in elastic scattering below 4 eV based on Ref 18 and an
improved radiative capture model below 300 eV. It was conﬁrmed that the MC simulation with
custom neutron thermalization model reproduce the observed neutron capture time better than
the default Geant4 model.
4

Reconstruction

As the ﬁrst step of the event reconstruction, signal charge and timing in each PMT are extracted
from the digitized waveform data. The integrated charge is deﬁned as the sum of digital counts
over the integration window (112 ns) after baseline is subtracted. The integrated signal charge
is then converted into the number of photoelectrons (p.e.) based on the gain calibration given
with LI system in which non-linearity of the gain introduced by the digitization is taken into
account.
As the second step, the vertex position of each event is reconstructed based on a maximum

159

likelihood algorithm using the number of p.e. and time recorded by each PMT, assuming the
event to be a point-like light source. The deﬁnition of the event likelihood is found in Ref 7 .
Visible energy, Evis , is reconstructed from the total number of photoelectrons, Npe , as:
m
0
m
0
× fsm (Evis
, t) × fqnl
(Evis
),
Evis = Npe × fum (ρ, z) × fMeV

(2)

where m refers to the data or MC. The parameters ρ and z represent the vertex position in the
detector coordinate with ρ the radial distance from the central vertical axis and z the vertical
coordinate. t is the event time (elapsed days). Final visible energy is obtained after corrections
for the uniformity (fu ), absolute energy scale (fMeV ), time stability (fs ) and charge non-linearity
0 represents the energy after applying
(fqnl ) due to readout and charge integrating eﬀects. Evis
the uniformity correction. Visible energy from the MC simulation is obtained following the
same procedure as that for the data, although the stability correction is applied only to the data
and the non-linearity correction is applied only to the MC. After all corrections including the
charge non-linearity are applied, the residual non-linearity in the MC with respect the the data
is attributed to the scintillator light non-linearity (such as due to quenching eﬀects). Instead of
applying the correction for this, systematic uncertainty on the energy non-linearity is assigned
to cover the variations conﬁrmed by the calibration data (see Section 7.1).
5

Neutrino Selection and Detection Systematics
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IBD candidates are selected against the background events. First, preselection cuts are applied.
Events with large energy deposit in either ID or IV are identiﬁed as muon, and 1 ms veto is
applied after the muon candidates. Light noise backgrounds are identiﬁed from the PMT hit
pattern and timing distribution. Light noise events tend to have non-uniform PMT hits over
the detector with large signal at one PMT and the hit times distribute broadly with respect to
the physics signals.
Second, two consequent triggers (after the preselection) which satisfy the following coincidence conditions are selected: 1) 4 < Edelayed < 10 MeV; 2) 0.5 < ΔT < 150 μs; 3)
ΔR < 100 mm, where Edelayed is the visible energy of the delayed (second) signal, ΔT and
ΔR are the time and spatial correlations of the two signals, respectively. Figure 1 shows the
distributions of the three variables from ND data and corresponding MC simulation.
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Figure 1 – Visible energy of the delayed signal (left), time correlation of two signals (center) and distance of
vertex positions between two signals (right). Points show the data observed with the ND, and the red line show
the corresponding MC simulation.

After the coincidence conditions are applied, various analysis veto conditions are applied.
These vetoes are developed to reject dedicated background sources as summarized in Table 1.
Details of each selection can be found in previous publications 6,7 . A contamination of liquid
scintillator in the ND buﬀer volume causes buﬀer stopping-μ background. Almost all such
backgrounds are rejected by the new selections. Events satisfying the following conditions are
selected as the IBD candidates.
CPS veto: Lp (rchimney )/Lp (rvertex ) + Ld (rchimney )/Ld (rvertex ) > 2
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where Lp (rchimney ) (Ld (rvertex )) is the vertex likelihood of the prompt (delayed) signal assuming
the position in chimney (at reconstructed vertex).
−0.42
Q ratio: Qmax /Qtot < 0.106 × Evis
where Qmax /Qtot is the ratio of the maximum charge observed by one ID PMT to the total
charge observed by all ID PMTs.
These cuts are applied to the FD-II data, as well as the ND data, to keep the eﬃciency equivalent
in multi-detector analysis.
Table 1: Summary of background veto to select n-Gd IBD candidates. *CPS veto and Q ratio cut are applied
only to the FD-II and ND.

Cut
Muon veto
Multiplicity
LN cut
FV veto
IV veto
OV veto
Li veto
CPS veto*
Q ratio*

Information used
1 ms veto after μ
unicity condition (no extra trigger besides IBD pair)
PMT hit pattern and time
vertex likelihood
IV activity (time and space correlation with ID)
OV activity
Li-likelihood (dist. from μ and No. of n-capture)
vertex likelihood (chimney vs. reconstructed position)
maximum charge over total charge by ID PMT

Target of cut
μ, cosmogenic isotopes
multiple neutron captures
light emission from PMT
chimney stopping-μ
fast n, stop-μ, γ scattering
fast neutron, stopping-μ
cosmogenic isotopes
stopping-μ
ND buﬀer stopping-μ

Systematic uncertainties associated with the detection of the IBD signals are estimated to be
0.4 ∼ 0.5% in each data set (FD-I, FD-II and ND) with respect to the signal, while the relative
normalization uncertainties across the data samples are suppressed to <0.3%. Uncertainties on
the BG vetoes (∼0.1%), Gd fraction (∼0.3%) and IBD selection (0.1 ∼ 0.2%) are estimated
from the data, in which fraction of the statistical uncertainties (∼0.2% in Gd fraction and IBD
selection) are considered to be uncorrelated across three data samples. Uncertainties on the spill
in/out eﬀects (∼0.3%) are evaluated from comparison of two neutron thermalization models 18,19 ,
and hence considered to be correlated. As the same liquid scintillator is used in the FD and ND,
systematic uncertainty on the number of protons (∼0.3%) is strongly suppressed in comparison
of the two detectors (∼0.1%).
6

Backgrounds

There are two types of background, accidental coincidences of two single background events and
correlated events based on the physics mechanism kinematically similar to IBD.
Background rate and the energy spectrum of the accidental coincidences can be precisely
measured by applying the same νe selection criteria but using coincidence window shifted by
> 1 sec in order to avoid coincidence of neutron captures. The statistics of the sample is enhanced
by using multiple oﬀ-time windows.
Fast neutrons induced by cosmic muons traveling the rock nearby the detector can penetrate
the detector and interact in the target, producing recoil protons. Such events can be background
in case the recoil proton is detected in the prompt energy window, and later thermalized neutron
is captured on Gd. In addition, if a cosmic muon entering the ID through chimney stops inside
the detector and produces electron from its decay, the consecutive triggers by the muon and
Michel-electron can be background depending on their energy and decay time. Contamination of
the fast neutron and stopping-μ backgrounds are evaluated using the data tagged by independent
sub-detectors, the IV and OV, and also IBD candidates with the prompt energy above 12 MeV
where IBD signals do not exist. Energy spectrum of the background is found to be ﬂat including
the signal region.
9 Li and 8 He radioisotopes are produced by spallation interaction of cosmic muons with 12 C
nucleus in the target. These cosmogenic radioisotopes β decay with the subsequent emission
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of a neutron, in which electron can be identiﬁed as the prompt signal followed by a neutron
capture on Gd. The long lifetimes of 9 Li and 8 He, a few hundred milliseconds, prohibit their
rejection by the 1 ms muon veto. Instead, a likelihood based on the distance from a muon track
and on the number of neutron candidates following the muon is used to identify the cosmogenic
background. The energy spectrum of the background is measured by the 9 Li enriched data. The
rate of the remaining cosmogenic background in the ﬁnal IBD candidates is estimated from a
ﬁt to the distribution of the time diﬀerence from energetic muons, although rate estimation is
not used in the oscillation ﬁt.
Estimated background rates and the uncertainties are summarized in Table 2 together with
the prediction of IBD signal and the observed data. Double Chooz had an opportunity to
observe with both reactors oﬀ during FD-I data taking period (Reactor-oﬀ in Table 2), in which
background rate is measured to be consistent with the estimation.
Table 2: Summary of the observed IBD candidates together with the signal and background predictions. Estimations of the cosmogenic background rates are not used as input to the oscillation ﬁt. Rsidual νe ﬂux from reactor
cores in reactor oﬀ period is accounted.

Live-time (day)
IBD prediction (day−1 )
Accidental BG (day−1 )
Fast-n + stop-μ BG (day−1 )
Cosmogenic BG (day−1 )
Total prediction (day−1 )
IBD candidates (day−1 )
(number of events)

7

FD-I
Reactor-oﬀ
FD-II
460.93
7.24
212.21
38.04 ± 0.67 0.217 ± 0.065 40.39 ± 0.69
0.070 ± 0.003
0.106 ± 0.002
0.586 ± 0.061
(0.97+0.41
−0.16 )
39.63 ± 0.73
1.85 ± 0.30
42.06 ± 0.75
37.64
0.97
40.29
(17351)
(7)
(8551)

ND
150.76
280.5 ± 4.7
0.344 ± 0.002
3.42 ± 0.23
(5.01 ± 1.43)
289.3 ± 4.9
293.4
(44233)

Neutrino Oscillation Analysis

The observed data are compared with the prediction of the IBD signal from the MC simulation and the background estimation derived from the data to extract θ13 . Precision of θ13 is
enhanced by using the prompt energy spectrum (shown in Figure 2) in the ﬁt, while only the
rate information is used for the reactor oﬀ data due to limited statistics. The prompt energy
window is set to be 0.5 < Evis < 20 MeV to cover whole IBD signals and background dominant
region at high energy which helps to constrain the background rate in the signal region. Data are
divided into four samples as in Table 2 and each is compared with the corresponding prediction.
Predictions are simultaneously ﬁt to all four data samples accounting for neutrino oscillation
from Equation 1 and systematic uncertainties including their correlations across the data sets.
7.1

Systematic Uncertainties

Various systematic uncertainties are accounted for in the oscillation ﬁt. In the multi-detector
analysis, their correlations across the data samples are important as the constraints are given
from diﬀerent data sets through the correlations. Reactor ﬂux uncertainties are described in
Section 3 including the relative uncertainties across the data sets. Not only the normalization,
but the uncertainties on the spectrum shape are handled by covariance matrix in the ﬁt. Detection systematics are summarized in Section 5. Background rate and spectrum shape are
measured by the data (see Table 2 and Figure 2). Rate estimations of the cosmogenic background are not used as input but they are constrained in the ﬁt from the data as the background
spectrum shape are diﬀerent from the IBD signals. Uncertainties on the energy scale are evaluated from the radioactive source deployed inside the detectors, as well as the n-H and n-Gd
peaks from spallation neutrons, to cover the range of variations by three parameters given as:
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Figure 2 – Observed energy spectrum (points) superimposed on the prediction with no-oscillation (blue line)
and the best-ﬁt prediction with oscillation (red line) including the background contributions shown by hatched
histograms with diﬀerent colors and styles. FD-I (left), FD-II (center) and ND (right) data are compared with
the predictions.

Uncertainty (%)

2 , where δ(E ) refers to the variation of E . These three energy
δ(Evis ) = a + b · Evis + c · Evis
vis
vis
parameters are determined separately for three data sets and they are conservatively considered
to be uncorrelated across the data sets although the strong correlations are expected. Figure 3
shows the improvements of the systematic uncertainties in comparison with the past publications 3,20,7 with only the FD.
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Figure 3 – Systematic uncertainties in past publications with only the FD and that in the preliminary multidetector analysis described in this article.

7.2

Results

A χ2 ﬁt was carried out to the observed data accounting for neutrino oscillation and the
systematic uncertainties with the correlations between the prompt energy bins and across
the data samples. The best-ﬁt was found at sin2 2θ13 = 0.111 ± 0.018 (stat. + syst.) with
χ2min /d.o.f = 128.8/120. Best-ﬁt values of the cosmogenic background rates are given as
0.75 ± 0.14 event/day (FD-I and FD-II) and 4.89 ± 0.78 event/day (ND) which are consistent
with the estimations. Figure 4 shows the ratio of the observed data spectrum to the prediction
(FD-I) and the ratio of the energy spectrum of the FD-II data to that of the ND data. Best-ﬁt
predictions are overlaid in the plots. θ13 from Double Chooz is sightly higher than the combined value of sin2 2θ13 = 0.085 ± 0.005 from several experiments 1 but still consistent within the
uncertainties.
Several cross-check analyses were made, such as 1) ﬁt in comparison of FD-II data to ND
data, 2) with constraints on the cosmogenic background rates (see Table 2), 3) with correlation
of the energy scale parameters across the data sets, 4) independent ﬁt based on likelihood. All
these test ﬁts show the consistent results with the default conﬁguration.
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Figure 4 – Left: Ratio of the observed energy spectrum from FD-I data to the prediction. Right: Ratio of
the observed energy spectrum from FD-II data to that from the ND data after the correction for the diﬀerent
baselines. Overlaid red lines show the best-ﬁt with sin2 2θ13 = 0.111. Boxes show the systematic uncertainties as
explained in the legend.

8

Conclusion

Double Chooz collaboration reported the ﬁrst θ13 measurement with two detectors with the
data of 460.93 days (FD-I), 212.21 days (FD-II) and 150.76 days live-time (ND), where FD-I
and FD-II data are taken with the FD in single and double detector phases, respectively. From a
ﬁt of the prompt energy spectrum to the observed data, sin2 2θ13 = 0.111 ± 0.018 (stat. + syst.)
is obtained. In the multi-detector analysis, reactor ﬂux uncertainty is strongly suppressed to
well below 0.1% by the nearly iso-ﬂux condition in the Double Chooz experimental setup. Other
systematic uncertainties are also suppressed well below 1% owing to the analysis improvements
made in single detector phase. Precision of θ13 is currently limited by the statistics, especially
in the double detectors phase, and therefore, further improvements are expected in near future.
References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.

K.A. Olive et al. (Particle Data Group), Chin. Phys. C, 38, 090001 (2014).
M. Apollonio et al., Phys. Lett. B466, 415 (1999).
Y. Abe et al., Phys. Rev. Lett. 108, 131801 (2012).
E. P. An et al., Phys. Rev. Lett. 108, 171803 (2012).
J. K. Ahn et al., Phys. Rev. Lett. 108, 191802 (2012).
Y. Abe et al., Y. Abe et al., JHEP 1, 163 (2016).
Y. Abe et al., Y. Abe et al., JHEP 10, 86 (2014) [Erratum ibid. 2, 74 (2015)].
Y. Abe et al., arXiv:1604.06895, submitted to JINST.
Y. Abe et al., JINST 8, P08015 (2013).
K. Schreckenbach, G. Colvin, and F. von Feilitzsch, Phys. Lett. 160, 325 (1985).
F. von Feilitzsch and K. Schreckenbach, Phys. Lett. B118, 162 (1982).
A. Hahn et al., Phys. Lett. B218, 365 (1989).
N. Haag et al., Phys. Rev. Lett. 112, 122501 (2014).
O. Meplan et al., in ENC 2005: European Nuclear Conference; Nuclear power for the
XXIst century: from basic research to high-tech industry (2005).
NEA-1845/01, documentation for MURE (2009).
Y. Declais et al., Phys. Lett. B338, 383 (1994).
J. Allison et al., IEEE Trans. Nucl. Sci. 53 No. 1, 270 (2006), S. Agostinelli et al., Nucl.
Instrum. Meth. A506, 250 (2003).
J. R. Granada, Phys. Rev. B31, 4167 (1985).
NEA-1716/07, TRIPOLI-4 Ver. 8.1 (2013).
Y. Abe et al., Phys. Rev. D86, 052008 (2012).

164

THE EFFECT OF STERILE NEUTRINOS ON LONG-BASELINE
EXPERIMENTS
BORIS KAYSER
Theoretical Physics Department, Fermilab, P.O. Box 500, Batavia, IL 60510 USA

Light (∼ 1 eV) sterile neutrinos, if real, could rather signiﬁcantly aﬀect the long-baseline
probes of CP violation in neutrino oscillation. We show several of their eﬀects, focusing on
the Deep Underground Neutrino Experiment (DUNE) for purposes of illustration. Imagining
the possibility that future short-baseline experiments probing the existence of sterile neutrinos do not ﬁnd any evidence for them, we ask how tightly sterile-active mixing must then
be constrained to ensure that DUNE data may safely be interpreted without taking sterile
neutrinos into account.

A major goal of future long-baseline neutrino experiments is to establish that neutrino
oscillation violates CP, or else to place a stringent upper limit on any such violation. If CP
violation is found, an eﬀort will be made to determine the CP-violating phase or phases that
cause it.
Our thinking about these experiments usually assumes the standard neutrino paradigm,
which contains just three neutrino mass eigenstates, and just one (oscillation-relevant) CPviolating phase. However, a variety of short-baseline anomalies 1 hint at the existence of shortwavelength oscillations that are already signiﬁcant when L/E, the distance traveled by a neutrino
divided by its energy, is only ∼1 km/GeV. Such rapid oscillations point to the existence of
neutrino mass-squared splittings Δm2 of order 1 eV2 . These large splittings, in turn, imply that
there are ∼1 eV mass neutrino mass eigenstates, in addition to the three established lighter mass
eigenstates. Unlike the latter, the additional mass eigenstates would be largely sterile, a sterile
neutrino being one that does not experience any of the known forces of nature except gravity.
If the additional, largely sterile, mass eigenstates really do exist, what are the consequences
for CP-violation studies at long baselines? Raj Gandhi, Mehedi Masud, Suprabh Prakash and
I, 2 and more recently also Debajyoti Dutta, have been exploring this question. We have concentrated on the Deep Underground Neutrino Experiment (DUNE) 3 for purposes of illustration.
Related work, focusing on long-baseline sensitivity to sterile states, has also been carried out. 4
To get a feeling for the eﬀects of additional neutrino mass eigenstates, we assume that there
is only one of them, so that the standard three-neutrino paradigm commonly referred to as 3 + 0
becomes the four-neutrino paradigm referred to as 3 + 1. In the 3 + 1 model, the leptonic mixing
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matrix, U 3+1 , is a 4 × 4 unitary matrix. It contains 6 mixing angles, and 3 oscillation-relevant
CP-violating phases.
When there are four mass eigenstates, the pattern of CP-violating eﬀects can be qualitatively
quite diﬀerent from what it is when there are only three. Let ΔPαβ ≡ P (να → νβ ) − P (ν̄α → ν̄β )
be the CP-violating diﬀerence between the probability P (να → νβ ) for the oscillation να → νβ
in vacuum and its antineutrino counterpart. Assuming CPT invariance, ΔPβα = −ΔPαβ . Now,
suppose there are only three neutrino mass eigenstates, and correspondingly only three neutrino
ﬂavors. Then there are only three seemingly independent potentially nonzero CP-violating
diﬀerences ΔP to be measured: ΔPeμ , ΔPμτ , and ΔPτ e . However, it follows very quickly from
probability conservation and CPT invariance that
ΔPeμ = ΔPμτ = ΔPτ e .

(1)

That is, when there are only three neutrino ﬂavors, there is in eﬀect only one potentially nonzero
CP-violating neutrino-antineutrino diﬀerence. In particular, it is not possible for CP violation
( )
( )
to be very small or absent in νμ → νe , the only appearance oscillation channel that is likely to
be studied experimentally for some time to come, and yet for a large CP violation to be hiding
( )
( )
in some other oscillation channel, such as νμ → ντ .
Now, suppose there are four mass eigenstates, and correspondingly a sterile ﬂavor, s, in addition to the three active ﬂavors, e, μ and τ . Then there are six independent potentially nonzero
CP-violating diﬀerences ΔP : ΔPeμ , ΔPμτ , ΔPτ e , ΔPes , ΔPμs , and ΔPτ s . Now probability conservation and CPT invariance imply only relations such as
ΔPeμ = ΔPμτ + ΔPμs .

(2)

It is now perfectly possible for CP violation to be small in νμ → νe , but large in some other
( )
( )
active-to-active-ﬂavor oscillation, such as νμ → ντ .
DUNE will seek CP violation by comparing ν̄μ → ν̄e to νμ → νe , using a 1300 km beamline
that passes through earth matter. We ask whether, if there are four neutrino mass eigenstates,
DUNE will be able to tell whether CP violation in ν̄μ → ν̄e is substantial or at most very small.
To explore this question, we consider the asymmetry
(

A(ν − ν̄) ≡

)

(

)

P (νμ → νe ) − P (ν̄μ → ν̄e )
.
P (νμ → νe ) + P (ν̄μ → ν̄e )

(3)

We study the behavior of this asymmetry (in matter) as all three CP-violating phases in 3
+ 1 vary over their entire physical ranges, −π to +π. Guided by the analysis of GonzalezGarcia, Maltoni and Schwetz, 5 we take the mass-squared splittings Δm2ij ≡ m2i − m2j of the
three-neutrino paradigm to be |Δm231 | ∼
= 7.5 × 10−5 eV2 , and the
= 2.4 × 10−3 eV2 and Δm221 ∼
mixing angles of this paradigm to be θ12 = 33.5◦ , θ13 = 8.5◦ , and θ23 = 45◦ . (There is currently
signiﬁcant uncertainty in the precise value of this last angle, but for our illustrative purposes, it
is suﬃcient to take it to be 45◦ .)
Turning to the additional parameters introduced by the presence of a fourth neutrino, for
purposes of illustration, we take the large, additional mass-squared splitting Δm2Big to be 1 eV2 .
We write the 4 × 4 mixing matrix U 3+1 in the form
U 3+1 = O(θ34 , δ34 )O(θ24 , δ24 )O(θ14 )O(θ23 )O(θ13 , δ13 )O(θ12 ) .

(4)

Here, O(θ34 , δ34 ) is a two-dimensional rotation in the 34 subspace through an angle θ34 , and with
a phase δ34 . That is, [O(θ34 , δ34 )]33 = [O(θ34 , δ34 )]44 = cos θ34 , [O(θ34 , δ34 )]34 = −[O(θ34 , δ34 )]∗43 =
sin θ34 e−iδ34 , and all other elements of O(θ34 , δ34 ) are zero,. Similarly for the other factors
O(θij , δij ). A factor O(θij ), with no phase indicated, is a real two-dimensional rotation in the
ij subspace. The new mixing angles θi4 in U 3+1 are taken to be in the ranges
0◦ ≤ θ14 ≤ 20◦ , 0◦ ≤ θ24 ≤ 10◦ , 0◦ ≤ θ34 ≤ 30◦ ,
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(5)

in conformity with the constraints that existed when Ref. 2 was written. 6 Somewhat tighter
constraints have since appeared, but they do not qualitatively change our conclusions.
In Fig. 1, we show A(ν − ν̄) vs. energy E at baseline L = 1300 km. This asymmetry is
displayed in red for the 3 + 0 scenario, and in blue for the 3 + 1 scenario.

Figure 1 – The neutrino-antineutrino asymmetry A(ν − ν̄) vs. energy E. See text for explanation and discussion.

In creating the left-hand panels, we set all CP-violating phases to zero, so the asymmetries
seen in these panels are from matter eﬀects only. In creating the right-hand panels, we allowed
the CP-violating phases to vary over their entire physical ranges, so the asymmetries seen in
these panels include the eﬀects of CP- violation. The top panels assume a normal hierarchy
(NH) among the three established neutrino mass eigenstates, and the bottom panels an inverted
hierarchy (IH). In creating all panels, we took the 3 + 0 sector parameters other than the sole
CP-violating phase in this sector, δ13 , to have the values we have quoted, took the large splitting
Δm2Big of the 3 + 1 sector to be 1 eV2 , and varied the 3 + 1 sector mixing angles θi4 over the
quoted allowed ranges.
To create the two curves in Fig. 1 for a given scenario (3 + 0 or 3 + 1) and a given hierarchy,
we ﬁrst varied the corresponding parameters until we found the parameter set that maximizes
(minimizes) the energy-integrated asymmetry for that scenario and hierarchy. We then plotted
the energy-dependent asymmetry vs. E for this parameter set as a solid (dashed) curve. For a
given scenario and hierarchy, the asymmetry can be anywhere between the corresponding solid
and dashed curves. In an exception to our procedure, in creating the curves for 3 + 0 in the
left-hand panels, no parameters were varied, since the 3 + 0 parameters other than δ13 were held
ﬁxed throughout. Thus, for 3 + 0 in each of the left-hand panels, there is but a single curve,
shown as solid.
From the left-hand panels of Fig. 1, we see that when there is no CP violation, the neutrino-
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antineutrino asymmetries in 3 + 0 and 3 + 1 are quite similar, and are restricted to a rather
narrow band for any given hierarchy. An observed asymmetry that lies outside this narrow band
would imply that, if either 3 + 0 or 3 + 1 describes the physics, CP is violated. However, an
observed asymmetry that lies within this band would not necessarily imply that CP is conserved.
For one thing, as we have already discussed, in 3 + 1, there can be substantial CP violation in
( )
( )
( )
( )
say, νμ → ντ , even if there is little or none in νμ → νe .
From the right-hand panels in Fig. 1, we see that for any given hierarchy, when CP is
violated, A(ν − ν̄) can lie anywhere in a broad range, and this range is much larger for 3 + 1
than it is for 3 + 0. 7 An observed asymmetry outside the band between the solid and dashed red
curves would signal the presence of new physics beyond 3 + 0. However, suppose the measured
asymmetry is found to lie within this band, but outside the much narrower band for the same
hierarchy when CP is conserved. While implying that CP is violated if either 3 + 0 or 3 + 1
describes nature, such a ﬁnding may leave us unable to determine the source of the observed
CP violation among the underlying phases.
Clearly, we need to ﬁnd out whether eV-scale sterile neutrinos exist or not. But suppose
that future short-baseline experiments probing this question do not see any evidence of such
neutrinos. How tightly must the sterile-active mixing angles θi4 then be constrained to ensure
that analyses of DUNE data can safely disregard the possibility of sterile neutrinos? 8 To explore
this question, we generate simulated DUNE event rates in the 3 + 0 and 3 + 1 scenarios, using
( )
the General Long Baseline Experiment Simulator GLoBES. Our νe event rates are based on a
21
1300 km baseline, a 35 kton far detector, 10 protons on target per year at the beam source,
and 10 years of running, divided evenly between neutrino and antineutrino mode. As a very
crude ﬁrst estimate of the experimental uncertainty in the DUNE event rate at any given energy,
we assume ±10%.
In Fig. 2, we show by black curves the simulated DUNE νe + ν̄e signal event rates from the
neutrino-mode running assuming 3 + 0, a normal hierarchy, and the four alternative indicated
values of the 3 + 0 CP-violating phase δ13 .

Figure 2 – DUNE event rates vs energyE for 3 + 0 , and for 3 + 1 with moderate sterile-active mixing. See text
for explanation and discussion.

We display the assumed ±10% experimental uncertainties by red error bars. In grey, we
show the event rates that can result if the underlying scenario is not 3 + 0 but 3 + 1, and the
sterile-active mixing angles θi4 are as indicated. In creating the grey bands, we allow the 3 + 1
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sector CP phases, δ24 and δ34 , to vary over their entire physical ranges. We see that with these
moderate sterile-active mixing angles, which are consistent with the existing constraints, the 3
+ 1 event rates can be noticeably diﬀerent from those for 3 + 0. However, in Fig. 3, we show
the analogous results when the sterile-active mixing angles are smaller, being only 5◦ each.

Figure 3 – Same as for Fig.2, but with smaller sterile-active mixing.

Now the grey bands that show what the event rates can be if the underlying scenario is
3 + 1 do not go signiﬁcantly beyond the assumed DUNE red error bars. We ﬁnd the same
pattern for antineutrino-mode running, and for the inverted hierarchy. Thus, if the experimental
( )
uncertainty in the DUNE νe event rates is ±10%, and the θi4 have been shown by short-baseline
( )
experiments to be no larger than 5◦ , the analysis of the DUNE νe event rates can safely disregard
the possibility of a 1 eV mass sterile neutrino.
At short baseline, the oscillation νμ → νe is driven by the eﬀective mixing parameter
sin2 2θμe = sin2 2θ14 sin2 θ24 . When θ14 = θ24 = θ34 = 5◦ , this parameter is 2.3 × 10−4 . The
Fermilab Short Baseline Neutrino program 9 will be able to exclude values of sin2 2θμe larger
than this at approximately 90% CL, but not at 3σ or 5σ.
In summary, 1 eV scale sterile neutrinos, if real, could have a substantial eﬀect on longbaseline experiments. In particular, such neutrinos could signiﬁcantly aﬀect the eﬀort to study
neutrino CP violation. Clearly, it is very important to pursue a short-baseline program that
deﬁnitively conﬁrms the existence of 1 eV scale sterile neutrinos, or else tightly constrains their
possible eﬀects.
My collaborators and I are continuing to explore the possible ways to probe these physics
issues.
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Gouvêa, K. Kelly and A. Kobach, Phys. Rev. D 92, 073012 (2015), arXiv:1507.03986;
S. Agarwalla, S. Chatterjee, A. Dasgupta and A. Palazzo, JHEP 1602, 111 (2016),
arXiv:1601.05995; S. Agarwalla, S. Chatterjee and A. Palazzo, arXiv:1603.03759.
5. M. Gonzalez-Garcia, M. Maltoni and T. Schwetz, JHEP 1411, 052 (2014),
arXiv:1409.5439.
6. J. Kopp, P. Machado, M. Maltoni and T. Schwetz, JHEP 1305, 050 (2013),
arXiv:1303.3011.
7. For an explanation of why the diﬀerence between CP violation in 3 + 0 and 3 + 1 can be
quite large, see N. Klop and A. Palazzo, Ref. 4.
8. We thank B. Littlejohn for getting us to consider this question, and D. Cherdack, L.
Whitehead and E.Worcester for helpful inputs to our exploration of it.
9. M. Antonello et al. (MicroBooNE, LAr1-ND, and ICARUS-WA104 Collaborations),
arXiv:1503.01520.

170

RECENT RESULTS FROM BOREXINO
S. Zavatarelli*, on behalf of the Borexino Collaboration: M. Agostini, S. Appel, G. Bellini, J. Benziger,
D. Bick, G. Bonﬁni, D. Bravo, B. Caccianiga, F. Calaprice, A. Caminata, P. Cavalcante, A. Chepurnov,
D. DAngelo, S. Davini, A. Derbin, L. Di Noto, I. Drachnev, A. Empl, A. Etenko, K. Fomenko, D.
Franco, F. Gabriele, C. Galbiati, C. Ghiano, M. Giammarchi, M. Goeger-Neﬀ, A. Goretti, M. Gromov,
C. Hagner, E. Hungerford, Aldo Ianni, Andrea Ianni, K. Jedrzejczak, M. Kaiser, V. Kobychev, D.
Korablev, G. Korga, D. Kryn, M. Laubenstein, B. Lehnert, E. Litvinovich, F. Lombardi, P. Lombardi,
L. Ludhova, G. Lukyanchenko, I. Machulin, S. Manecki, W. Maneschg, S. Marcocci, E. Meroni, M.
Meyer, L. Miramonti, M. Misiaszek, M. Montuschi, P. Mosteiro, V. Muratova, B. Neumair, L.
Oberauer, M. Obolensky, F. Ortica, K. Otis, M. Pallavicini, L. Papp, L. Perasso, A. Pocar, G. Ranucci,
A. Razeto, A. Re, A. Romani, R. Roncin, N. Rossi, S. Schonert, D. Semenov, H. Simgen, M.
Skorokhvatov, O. Smirnov, A. Sotnikov, S. Sukhotin, Y. Suvorov, R. Tartaglia, G. Testera, J. Thurn,
M. Toropova, E. Unzhakov, A. Vishneva, R. B. Vogelaar, F. von Feilitzsch, H. Wang, S. Weinz, J.
Winter, M. Wojcik, M. Wurm, Z. Yokley, O. Zaimidoroga, S. Zavatarelli, K. Zuber, and G. Zuzel
*Istituto Nazionale di Fisica Nucleare - Sezione di Genova,via Dodecanneso 33
16146 Genoa, Italy
The neutrino probability to interact is so faint that every attempt to detect the neutrino
signal is an experimental challenge. Neutrinos freely escape from remote galaxies or from the
deep of the Sun and they are natural carriers of precious information about regions otherwise
unaccessible. Borexino is a large, unsegmented liquid-scintillator calorimeter built in the
Laboratori Nazionali del Gran Sasso (LNGS) in Italy with the ambitious goal to study in
real-time energy the single components of the solar neutrino spectrum. The record-low level
of radioactive purity made possible to achieve an exceptional sensitivity especially at energies
close and below few MeV. This contribution is aimed at reviewing the most important Borexino
results and to discuss the future perspectives, emphasizing in particular the unique possibility
of Borexino to aggress the measurement of the elusive CNO-neutrino component and to exploit
the possible existence of a fourth sterile neutrino (SOX project).

1

The Borexino detector

The Borexino detector was build starting from 1996 in the underground hall C of the Laboratori
Nazionali del Gran Sasso (LNGS) in Italy and it is taking data since May 2007. Its layout
is based upon the principle of the graded shielding: the detector structure consists of a set of
concentric shells, more inner the shell, higher the radiopurity. The core is made of ∼ 280 tons of
a liquid scintillator using pseudocumene (PC, 1,2,4-trimethylbenzene) as aromatic scintillation
solvent, and a ﬂuorescent dye ( PPO, 2,5-diphenyloxazole) as solute at a concentration of 1.5 g/l.
It is contained within a thin nylon transparent vessel with 4.25 radius and viewed by about 2000
photomultipliers (PMT). The scintillator is surrounded by a layer of non scintillating medium
and by water working as Cerenkov detector for vetoing the residual muons and the muon induced
events1 .
The neutrinos are detected through the elastic scattering interaction with electrons in the
organic liquid scintillator, Eq. 1:
νe,μ,τ + e− → νe,μ,τ + e−
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(1)

This process is sensitive to all neutrino ﬂavors, through the neutral current interaction, but
the cross section for νe is larger than that for νμ and ντ by a factor of 5-6, due the combination
of charged and neutral currents. Anti-neutrinos are conversely detected via the inverse neutron
beta-decay on protons, a process with a threshold of 1.8 MeV:
ν̄e + p → e+ + n

(2)

The event energy is measured through the number of hit PMT’s or charge: several calibration
campaigns 2 with radioactive sources allowed to establish the energy scale and to calibrate the
Monte Carlo simulation code 3 . Depending on the type of the analysis, a ﬁducial volume is
software deﬁned within the 4.25 m sphere through the measured event position, obtained from
the PMT’s timing data via a time-of-ﬂight algorithm. The choice of a liquid scintillator as target
mass is especially important to observe the low energy events: the high light yield typical of
Borexino scintillator (∼ 104 photons/MeV) makes it possible to get a good energy resolution
(∼ 5% at 1 MeV) and to set a very low energy threshold (50 keV). The drawback of a liquid
scintillator is its isotropic light emission so that no event directionality is possible. It is also
not possible to distinguish the electrons scattered oﬀ by solar neutrinos from electrons due to
natural radioactivity.
For this reason, an extremely low level of radioactive contamination is mandatory and this
has been one of the main tasks and technological achievements of the experiment. All the materials used in Borexino were specially selected for extremely low radioactivity and only qualiﬁed
ultra-clean processes and careful surface cleaning methods were employed for the realization of
the whole detector. The record-low level of radioactive purity and the related low background
make Borexino a powerful instrument to search for many rare processes.
2

Solar neutrinos physics with Borexino

According to Standard Solar models (SSM) solar neutrinos are mainly produced in the so-called
proton-proton cycle reactions and in the subdominant CNO cycle4 : the predicted ﬂuxes are
shown in Fig.1 - left. In spite of their elusiveness, the study of solar neutrinos has been up to
now very rewarding: on one hand, it has provided a sensitive test of the Standard Solar Model4 ;
on the other hand, it has proved that neutrinos oscillate and therefore have mass.

Cherenkov
Chlorine
Gallium
Scintillation

Figure 1 – Left: The solar neutrino energy spectra according to Serenelli et al. 4 .The number in parenthesis
represent the theoretical uncertainties and the colored areas highlight the sensitivity of the diﬀerent experimental
techniques. Right: the electron neutrino survival probability as measured by Borexino and compared with MSWLMA predictions (purple band).

The phenomenology of lepton ﬂavor changing neutrino oscillations has now been robustly
established thanks to a join experimental eﬀort pursued both with natural and with man-made
neutrino beams. According to our present knowledge the left-handed ﬂavor neutrino ﬁelds are
unitary linear combinations of the massive neutrino ﬁelds as described by the Pontecorvo-MakiNakagawa-Sakata (PMKS) matrix 5 , the leptonic analogous of the Cabibbo-Kobayashi-Maskawa
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matrix for quarks. Since the amplitudes of diﬀerent mass components evolve diﬀerently with
space and/or time, acquiring diﬀerent quantum mechanical phases, it follows than ﬂavor is
a periodical function of time. The PMKS matrix is usually parametrized in terms of three
mixing angles (θ12 , θ23 , θ13 ) and one(three) phases depending on the Dirac (Majorana) nature
of neutrinos. Relevant to oscillation are also two of the three mass diﬀerences, Δm212 , Δm223 ,
Δm213 .
Only two parameters (Δm212 and θ12 ) are suﬃcient to describe well the main features of
solar neutrino oscillations: Δm212 = 7.6±0.2 eV2 and tan2θ12 = 0.47±0.05. These two values
are known as the MSW-LMA (low mixing angle) solution to the solar neutrino problem and
are obtained by combining the measurements of high energy 8 B solar neutrino ﬂuxes, data from
radiochemical experiments and the electron ﬂavor survival probability measured by nuclear
reactor experiments. The MSW-LMA model predicts an energy dependent survival probability
Pee of electron neutrinos traveling from the Sun to the Earth with two oscillation regimes, in
vacuum at low energies and in matter at energies above few MeV with a transition regime in
between. There do exist also several non standard neutrino interaction models 6,7,8 , predicting
Pee curves that deviate signiﬁcantly from the MSW-LMA paradigm particularly between 1 and
4 MeV. Low-energy solar neutrinos are thus a sensitive tool to test the MSW-LMA paradigm
measuring Pee versus neutrino energy.
Before Borexino only radiochemical experiments could observe solar neutrinos below 3 MeV,
while real-time experiments were just sensible to the very small fraction of the solar neutrino
spectrum represented by 8 B neutrinos. The very low energy threshold (down to 50 keV) allowed
the Borexino experiment to perform an almost complete spectroscopy of solar neutrinos.
In the years 2007-2010 (Phase-I data taking) the following fundamental steps have been
accomplished:
• the ﬁrst direct measurement of the 7 Be solar neutrinos ﬂux within a 4.2% error 9,10 which
is smaller than the uncertainty of Solar Model predictions and therefore it is setting constraints to the models . Any signiﬁcant day-night asymmetry of the 7 Be neutrinos interaction rate 11 was also ruled out;
• the ﬁrst direct observation of the solar pep neutrinos 12 (with 20% precision);
• a new measure of 8 B neutrino ﬂux with the lowest threshold achieved so far (3 MeV) and
with 20% precision13 .
Thanks to the detector radio-purity the Compton edge at 661 keV due to 7 Be neutrino
scattering oﬀ electrons is perfectly visible and overwhelming all the other backgrounds in the
same energy region (see Fig.2-left) : the 7 Be ﬂux has been deduced through an energy ﬁt of
the events collected within the ﬁducial volume. Under the assumption that the reduction in the
apparent ﬂux is the result of νe oscillation to νμ or ντ we found Pee = 0.51±0.07 at 862 keV.
The extraction of the pep signal required conversely the development of new analysis tools
to suppress the cosmogenic 11 C background dominating in the energy region around 1-2 MeV:
the β + 11 C decays have been be recognized and rejected by exploiting the coincidence with the
parent muon and the diﬀerent pulse shape with respect to a β − decay. The ﬁnal result was
based on a binned likelihood multivariate ﬁt performed on the energy, pulse shape, and spatial
distributions of selected scintillation events12 . Under the assumption that the ﬂux reduction is
the result of νe oscillation we found Pee =0.62±0.17 at 1.44 MeV. The most stringent limit on
the CNO neutrino rate was also obtained as a by-product of this analysis: ΦCN O < 7.9 cpd/100t
at 95% C.L12 .
After these results, the scintillator was subjected in 2010-11 to extensive puriﬁcation campaigns, based both on water extraction and nitrogen stripping processes, which have further
brought down the background levels, especially the 85 Kr amount, now negligible.
Thanks to most radio-pure Phase II data, in 2014 a new milestone has been achieved with
the measurement of the neutrinos emitted by the ﬁrst reaction of the pp chain14 :
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CNO

pep

Figure 2 – Left: The Borexino energy spectra with a 153.6 ton · year exposure: the 7 Be shoulder is clearly visible;
the peak at ∼ 420 keV is due to the 210 Po contamination (for details see 9 . Right: Borexino energy spectrum
between 165 and 590 keV: the best ﬁt pp neutrino component is shown in red (see 14 ).

p + p →4 He + 2e+ + 2ν

(3)

This reaction belongs to the proton-proton cycle and it is the keystone process for energy production in the Sun and responsible for 90% of the solar neutrino ﬂux at Earth. The data set
uses for this analysis ranges from January 2012 to May 2013 (408 days). The pp neutrino energy
spectrum extends up to 420 keV, yielding in the scattering process a maximum electron recoil
energy of 264 keV: particularly relevant to this analysis are the backgrounds due to 14 C, an α
emitter intrinsic to the organic liquid scintillator whose energy spectrum extends up to 156 keV
and its pile-up. 14 C and pp neutrinos exhibit however diﬀerent energy spectra and independent
analysis methods14 have been developed to precisely constrain these sources of background.
The signal of the pp solar neutrinos was extracted from the data through a ﬁt of the energy
spectrum of the events collected in the 165-590 keV energy window. The solar pp neutrino interaction rate in Borexino was found to be of 144 ± 13 (stat.) ± 10 (syst.) counts/(day·100 t),
corresponding to a survival probability of 0.64±0.12 and to a solar pp neutrino ﬂux of (6.6±0.7)
· 1010 cm−2 s−1 , according to the oscillation parameters reported in 15 . This result is a major
experimental milestone in solar neutrino physics since it strongly conﬁrms our understanding
of the Sun. The pp neutrino ﬂux measured by Borexino shows that neutrino and photon luminosities are equal within errors: on the right panel of Fig.1 the MSW-LMA prediction of the
survival probability for solar neutrinos is compared to all Borexino results.
In spite of this huge eﬀort, the study of solar neutrinos is far from being completed.
The SSM has been continuously reﬁned during the years including new eﬀects like the
diﬀusion of elements or updated results about cross sections of the relevant nuclear reactions at
low energies. A great success of the models was the capability to reproduce with great accuracy
the heliosismological data like the sound speed proﬁle in the outer layers of the Sun or the depth
of the convective zone. In more recent years the development of three-dimensional hydrodynamic
models of the solar atmosphere has determined a revision of the solar composition predicting in
particular a lower amount of metals (i.e. of elements heavier the helium). Unfortunately solar
models accounting the low metallicity values poorly reproduce heliosismological data. This
tension is known as the high/low metallicity controversy. A precise measurements of the solar
neutrino ﬂuxes can help to resolve this issue: neutrinos from the CNO cycle oﬀer the maximal
sensitivity being the CNO ﬂux 40% higher in High metallicity models (GS98) 4 than in the Low
metallicity ones (AGS09) 16 The detection of neutrinos resulting from the CNO cycle would have
huge implications in astrophysics: it would be the ﬁrst direct evidence of the nuclear processes
that are believed to fuel massive stars (>1.5 Msun ).
The detection CNO solar neutrinos is extremely challenging: the expected interaction rates
are of the order of a few counts per day in a 100 ton target but the main backgrounds, the
cosmogenic β + -emitter 11 C and radiogenic 210 Bi, are one order of magnitude more intense10 . As
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noticed in the pep neutrino analysis, the 11 C decays may be tagged and rejected by exploiting the
coincidence with the parent muon and the diﬀerent pulse shape with respect to a β − decay: the
fraction of background events surviving all these cuts is of the same order of the expected CNO
signal and it may be discriminated because of the diﬀerent energy shape. Conversely, because of
the similarity between the electron-recoil spectrum from CNO neutrinos and the spectral shape
of 210 Bi decay, CNO ﬂux may be tackled only by ﬁnding a method to independently constrain
the 210 Bi contamination.
We are presently pursuing the idea to constrain the 210 Bi content of the scintillator through
the precise determination of the decay rate of the 210 Po successor: 210 Bi and 210 Po are both
daughter of 238 U. 210 Bi is produced by the slow decay of 210 Pb which has a lifetime equal to
τP b = 32.3 y. It then undergoes a beta decay to 210 Po with a lifetime τBi = 7.232 d. 210 Po is
an α emitter with a lifetime τP o = 199.634 d: the decay rate in Borexino can be easily deduced
from the prominent alpha peak in the event energy spectrum (see Fig.2 - left).
The relationship between the 210 Po and the 210 Bi abundances is given by:
dNP o
NBi (t) NP o (t)
−
=
dt
τBi
τP o

(4)

The two terms on the right side of Eq. 5 may be discriminated because of the diﬀerent
behavior as a function of time, provided that the time dependence of 210 Po decay rate is precisely
recorded. The 210 Bi decay rate can, in turn, be used as input in the solar data energy ﬁt with
the aim of improving the actual CNO ﬂux limit and eventually gaining sensitivity toward a
measurement. If some external source of 210 Po is polluting the scintillator Eq. 4 modiﬁes as:
dNP o
NBi (t) NP o (t)
−
+ SP o (t)
(5)
=
dt
τBi
τP o
In such a case the method is not eﬀective. Unfortunately because of temperatures changes in
the experimental hall we observed small movements of the scintillator liquid that are supposed
to be at root of transfer of dust and particulate sitting on the vessel towards the core of the
Fiducial Volume, producing instabilities in the counting rate of the 210 Po. To measure the CNO
ﬂux a smooth and regular decay of the residual 210 Po must be guaranteed. In order to achieve
such a good thermal stabilization of the detector, in 2015 the Collaboration pursued a huge
eﬀort by completing the application of an insulation material up to the top of the Water Tank,
as well as installing an active thermal control system: the adopted strategy looks up to now
very successful and the stable detector behavior observed so far is very promising in view of a
CNO neutrino ﬂux measurements.
3

Earth radiogenic heat and Borexino

Geo-neutrinos are electron antineutrinos released in the decays of radioactive elements with
lifetimes comparable with the age of the Earth and distributed through the Earth’s interior.
They are mainly produced in the β decay of 40 K and of several nuclides in the chains of 238 U
and 232 Th. All these isotopes are also known as Heat Producing Elements (HPE). Presently,
geochemical and geodynamical models of the Earth predict that as much as 50% of the total
heat radiated by the Earth comes from radiogenic decays. However, the predicted amount of
HPE in the mantle is model dependent and we have no direct information in our hands. The
heat released during the radiogenic decays is in a well ﬁxed ratio with the total mass of HPE
inside the Earth, thus, it is possible to extract from the measured geo-neutrino ﬂuxes several
geological information completely unreachable by other means: the observation of geoneutrinos
is ”the method” to directly measure the HPE in the mantle. Such a knowledge is conversely
of critical importance for understanding complex processes such as the mantle convection, the
plate tectonics, the geo-dynamo (the process of generation of the Earth’s magnetic ﬁeld), as well
as the Earth formation process itself.
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The idea of studying geoneutrinos dates back to 1966-1969 17 but only in 1998 it was proposed the idea of using solar neutrino and reactor neutrino detectors18 : currently, two largevolume, liquid-scintillator neutrino experiments, KamLAND in Japan 19,20,21 and Borexino in
Italy 22,23,24 , have been able to measure the geo-neutrino signal. Antineutrinos are detected
in liquid organic scintillators by means of the Inverse Beta Decay on protons, a process having a threshold of 1.8 MeV(Eq. 2): only geo-neutrinos from U an Th decay chains are enough
energetic to be detected. The cross-section of the inverse-beta decay detection interaction is
very low (σ ∼=10−43 cm2 ) and even a typical ﬂux of the order of 106 geo-neutrinos cm−2 s−1
leads to only a hand-full number of interactions, few or few tens per year with the currentsize detectors. This means, the geo-neutrino experiments must be installed in underground
laboratories in order to shield the detector from cosmic radiation. Borexino made the ﬁrst
observation of the geo-neutrino signal in 2010 22 already with a statistical signiﬁcance of more
than 4 σ, and it has recently released an updated result 24 based on the data collected between
December 2007 and March 2015, corresponding to an eﬃciency corrected exposure after cuts
of (907 ± 44) ton · year. The coincidence between the prompt positron signal and the delayed
2.2 MeV gamma due to neutron capture on protons makes the signature of this reaction very
clean: energy, space/time correlation and pulse shape cuts are applied for an overall detection
eﬃciency of (84.2 ± 1.5)%. Events occurring within 2 ms of every muon crossing the outer
water Cherenkov detector and within 2 s of muons pass through the inner liquid scintillator
detector are also rejected, to remove from the gold event sample, neutrons and long-lived cosmogenic radioactivity, respectively. Antineutrinos from nuclear reactor power plants are the
main background to the geo-neutrino measurements. Since there are no nuclear power plants
close by, the Gran Sasso laboratory is well suited for geo- neutrino studies. In the whole statistical sample, 77 antineutrino candidates were picked out 24 , among which 47.4 ± 2.2 events
expected from nuclear reactors and 0.78+0.13
−0.10 from the non-ν̄e backgrounds. The energy spectra
of antineutrinos coming from nuclear reactors are more energetic respect to the geo-neutrino
ones, therefore this background can be experimentally disentangled thanks to a maximal likelihood ﬁt of prompt event energies (Fig.3 - left). An unbinned ﬁt of the light-yield spectrum
of prompt candidates was performed, with the Th and U mass ratio m(T h)/m(U ) ﬁxed to 3.9
as suggested by the chondritic model 25 . The number of events from reactor antineutrinos was
left as a free parameter, while all the other small backgrounds (accidental, cosmogenic and induced by (α,n) reactions) were constrained to the values determined by independent analyses.
+0.9
+11.8
+2.7
The best ﬁt yielded: Sgeo = 23.7+6.5
−5.7 (stat)−0.6 (sys) events [43.5−10.4 (stat)−2.4 (sys) TNU] and
+0.7
+15.6
+4.9
(stat)
(sys)
events
[96.6
(stat)
(sys)
TNU]
(1TNU=
1event/1032 proSreact = 52.7+8.5
−7.7
−0.9
−14.2
−5.0
tons/year). Borexino alone observes geoneutrinos with 5.9σ signiﬁcance (Fig. 3-left) and the
null hypothesis for geoneutrino observation has a probability equal to 3.6 × 10−9 .
The measured geoneutrino signal corresponds to ν̄e ﬂuxes at the detector from decays in
the U and Th chains of φ(U ) = (2.7 ± 0.7) × 106 cm−2 s−1 and φ(T h) = (2.3 ± 0.6) × 106
cm−2 s−1 , respectively 24 . Our spectroscopical analysis method allows also for a separation of
the contribution from uranium (the dark-blue area) and thorium (the light blue area): a general
agreement with the expectations from the chondritic mass ratio of Th/U∼3.9 was observed but
the precision is still modest because of the limited statistics(see Fig. 3 - left).
The present data can also be used to constrain the signal from the mantle: by using a
detailed computation of the contribution from the crust based on geological surveys and on 3D
models of the crust up to the mantle boundary, it turned out that the expected geoneutrino
signal is of Scrust =(23.4± 12.8) TNU, corresponding to ∼13 events. The overall signal from
+2.7
Borexino is Sgeo =43.5+11.8
−10.4 (stat)−2.4 (sys) TNU. Taking into accout the experimental likelihood
proﬁle for Sgeo and a gaussian proﬁle for Scrust we got: Smantle = Sgeo − Scrust =20.9+15.1
−10.3 TNU.
The hypothesis of Smantle =0 is rejected by the present result at 98% C.L.
As presently stated, the Earths energy budget is a fundamental question for understanding
the plate tectonics and mantle convection. The present data best ﬁt corresponds to 23-36 TW of
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radiogenic heat. By adopting the chondritic mass ratio 25 and a potassium-to-uranium mass ratio
m(K)/m(U) = 104 , the total measured terrestrial radiogenic power is P (U +T h+K)= 33+28
−20 TW,
to be compared with the global terrestrial power output Ptot =47±2 TW. In conclusion, the two
independent geo-neutrino measurements from the Borexino and KamLAND experiments have
opened the door to a new inter-disciplinary ﬁeld, the Neutrino Geoscience: we have a new
tool for improving our knowledge on the Earth energy budget. The very low background level
achieved in Borexino allows us to perform a real time spectroscopy of geo-neutrinos, currently
limited only by the size of the detectors..

Events / 233 p.e. / 907 ton × year
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Figure 3 – Left: prompt light yield spectrum, in units of photoelectrons (p.e.), of antineutrino candidates and
best-ﬁt. The best-ﬁt shows the total contribution of geoneutrino, reactor neutrino and background (yellow colored
area) and reactor neutrino (orange colored area) assuming the chondritic ratio. The result of a separate ﬁt with U
(blue colored area) and Th (light-blue colored area) set as free and independent parameters is also shown. Right:
the sensitivity of the Borexino-Sox project to the sterile neutrino oscillation parameters, considering a 100 kBq
144
Ce-144 Pr source 27 deployed in the tunnel below the detector .

4

The detection of rare processes

The conservation of charge is thought to be a fundamental law as a direct consequence of
Maxwell’s equations and the unbroken U(1) gauge symmetry of the electroweak theory and, of
course, any experiment proving otherwise would point to physics beyond the standard model.
In 2015 the tools developed for the pp neutrino analysis have oﬀered the possibility to set a new
improved limit on the possible electron decay into a neutrino and a monochromatic photon of 256
keV energy: such a photon would induce in our detector a signal equivalent to that of an electron
of 220 ± 0.4 keV due to the ionization quenching of the scintillator: since the energy shape is
similar and strongly correlated with the pp-neutrino spectrum, treating the pp rate as a free
parameter in the ﬁt would lead to non-physical values. To break the degeneracy, the pp-neutrino
rate was constrained in the analysis to the value measured by radiochemical experiments, as far
as the they are not sensitive to the electron decay. Then the ﬁt was performed with a procedure
similar to the one yielding the pp result. The non observation of the 256 keV signal allowed
to set the limit on the lifetime of this decay of τ > 6.6 1028 years, improving by two order of
magnitude the literature limit 26 . The sensitivity was such that a 5 σ discovery signal would
have been possible with an electron lifetime of 1.9 · 1028 yr.
5

The future

The very stable detector behavior together the record-low contaminant levels after the puriﬁcation campaigns, enable us with phase II data, to further improve the precision on solar neutrino
ﬂuxes, to aggress the more elusive CNO neutrinos and to extend the range of investigation to
new eﬀects: several experimental indications have recently emerged also from cosmological observations in favor of the possible existence of a fourth sterile neutrino. These evidences are not
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so strong to make a claim but by sure they deserve further investigations. One of the most popular is the so called reactor neutrino anomaly, a 6% deﬁcit in the observed reactor antineutrino
rate measured with short baseline detectors (∼100 m), possibly consistent with an oscillation
into the fourth species with L/E ∼ 1m/MeV. In such a scenario, by using a neutrino source with
energy of few MeV, the oscillation length would be smaller than the detector dimensions (∼10
m) and larger that its spatial resolution (∼10 cm), allowing for an observation of rate wiggles as a
function of the distance from the source. The eﬀect of oscillations will be further investigated by
comparing the overall interaction rate with expectations. In 2016-17 the Borexino collaboration
foresees to deploy in a pit just below the detector, at a distance of 8 m from its center, at ﬁrst a
144 Ce-114 Pr and later a 51 Cr source (SOX project)27 . 144 Ce-114 Pr is an emitter of antineutrinos
with energies up to 3 MeV and a decay time of 411 days. The inverse beta decay on protons
gives a clean signature allowing for an almost background free measurement: a source activity of
∼ 100 kCi is therefore adequate (Fig. ??-right) . In the case of 51 Cr a source intensity of 5 MCi
is required since the expected signal has to overwhelm both the solar neutrinos and intrinsic
backgrounds: 51 Cr neutrinos are emitted with energies of 430 keV (10%) and 750 keV (90%)
and a relatively short decay time (∼ 40d) . The 144 Ce-114 Pr source production at Mayak reactor
facility (Russia) is at a good stage. In case of the existence of a fourth sterile neutrino with the
parameters highlighted by the reactor anomaly, Borexino-SOX will be able to discover the eﬀect
and to measure the oscillation parameters 27 .
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RESULTS FROM OPERA

A. PASTORE on behalf of the OPERA Collaboration
University of Bari and INFN, Department of Physics ”M. Merlin”
Via G. Amendola 173, 70126 Bari, Italy
The Oscillation Project with Emulsion-tRacking Apparatus (OPERA) was designed to investigate muon to tau neutrino oscillations in appearance mode. Physics data were collected from
2008 to the end of 2012 in the CERN Neutrinos to Gran Sasso (CNGS) νμ beam and neutrino
interactions have been studied on an event-by-event basis.
Five tau neutrino candidate events have been detected in the analysed data sample, assessing
the discovery of the appearance of tau neutrino in the CNGS beam with a signiﬁcance larger
than 5 sigma. Limits on muon to tau and muon to electron neutrino oscillations induced by
additional neutrino states have also been derived.
An overview of the OPERA experiment and its latest results will be reported.

1

Introduction

The discovery that neutrinos can convert from one ﬂavour state to a diﬀerent one is a major
milestone for particle physics, as highlighted on the occasion of the 2015 Nobel Prize in Physics 1
awarded to the scientists T. Kajita and A. B. McDonald.
Neutrino oscillations represent indeed experimental evidence for the incompleteness of the description of Nature provided by the Standard Model. Moreover, they constitute today a major
research topic in particle physics, together with the related issues of the nature of the neutrino,
ν masses and possible CP violation among leptons.
Strong evidence for neutrino oscillations has been provided by several experiments over the past
decades. In particular, in the atmospheric sector, the mixing of neutrino ﬂavor states has been
mainly investigated in disappearance mode 2,3,4,5 .
At this scale, OPERA 6 is the unique neutrino experiment designed to provide the ﬁrst measurement of muon neutrino to tau neutrino oscillations in appearance mode, i.e. through the
detection of the τ lepton possibly produced in a charged current (CC) interaction of the oscillated ντ . The OPERA detector was located in the underground Gran Sasso Laboratory of
INFN (LNGS, Italy), 730 km away from the neutrino source: the CERN Neutrinos to Gran
Sasso (CNGS) 7 νμ beam, characterised by a mean energy of 17 GeV.
The experiment successfully ran from 2008 to 2012, collecting an integrated intensity of 17.97 ×
1019 protons on target and demonstrated, for the ﬁrst time, the appearance of tau neutrinos in
a muon neutrino beam on an event-by-event basis.
In the following, a brief description of the OPERA detector and data analysis strategy will be
given in section 2 while a summary of the oscillation physics results will be reported in section 3.
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2
2.1

The OPERA experiment
The detector

The OPERA detector 8 consists of two identical Super Modules as shown in Figure 1.

Figure 1 – The OPERA detector.

Each Super Module is made up of a target section followed by a muon spectrometer. Each
target section is arranged in 31 vertical walls ﬁlled with lead/nuclear emulsion bricks, each wall
being followed by two planes made of plastic scintillator strips (Target Trackers, TT). The overall target mass is about 1.2 kt.
The brick is the basic target unit and consists of 57 nuclear emulsion ﬁlms à la OPERAa , interleaved with 1 mm-thick lead plates. It has a total volume of 7.9x10.2x12.8 cm3 and a mass of 8.3
kg. The brick detector allows the reconstruction of neutrino interactions and short-lived particle
decays with sub-micrometric accuracy. Moreover, the evaluation of charged particles momenta
using their Multiple Coulomb Scattering (MCS) in the lead plates, the identiﬁcation of μ/π by
dE/dx measurements and the reconstruction of electromagnetic showers are also possible. On
the downstream face of each brick, a pair of additional emulsion ﬁlms in a separate envelope
(Changeable Sheets, CS 9 ) acts as an interface between the brick and the TT. The TT are able
to locate the brick where a neutrino interaction has occured, on a centimetric scale.
Each spectrometer consists of a dipolar magnet instrumented with planes of Resistive Plate
Chambers (Inner Tracker) and drift tubes (Precision Tracker) detectors in order to identify
muons, mainly from νμ CC interactions, and measure their momentum and charge. The chargesign misidentiﬁcation probability was estimated to be of about 0.3% up to 50 GeV/c; the momentum resolution is about 20% in the same kinematical range. A veto system, consisting of
planes of glass Resistive Plate Chambers, is placed in front of the ﬁrst Super Module in order
to tag the interactions occurring in the upstream rock.
The apparatus is equipped with an automatic machine (Brick Manipulator System, BMS), allowing the online removal of bricks from the detector, together with some ancillary facilities
devoted to the emulsion ﬁlms’ handling.
2.2

Event location

The reference data sample for neutrino oscillation studies consists of events triggered by the neutrino beam, i.e. in coincidence with the two 10.5 μs-long CNGS spills 50 ms apart (on − time).
Each charged particle belonging to an on-time event produces a signal in the TT which is the
a
OPERA emulsion ﬁlms are made of two 45 μm-thick sensitive layers deposited on each side of a 205 μm
plastic base.
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basic information to select the brick with the highest probability to contain the neutrino interaction. The selected brick is promptly removed from the target by the BMS. The corresponding
CS doublet is developed in a dedicated underground facility and measured. The scanning of the
OPERA emulsion ﬁlms is performed by means of automated high-speed scanning systems 10,11
with position resolution at the sub-micron level, angular resolution of the order of one milliradian and 90% tracking eﬃciency. The residuals between electronic detectors’ predictions and
CS tracks are of the order of 1 cm.
If any track originating from the ν interaction is detected at CS level, the brick is exposed to
high-energy cosmic rays for alignment purposes. Its emulsion ﬁlms are subsequently developed
and processed for event location studies and decay search analysis. All CS tracks are searched
for in the most downstream ﬁlms of the brick. The connection between CS and brick is achieved
with a position accuracy smaller than 100 μm and an angular accuracy of the order of 10 mrad.
Tracks that have been successfully connected are followed upstream through the corresponding
brick (scan-back) until they stop. This is the signature of either a primary or a secondary vertex.
A general scanning (no angular pre-selection) is then performed in a 2 cm3 volume around the
stopping points in order to reconstruct the vertex topology with micrometric precision.
In order to detect decay topologies, each located vertex is carefully investigated by means of a
dedicated procedure.
2.3

Decay search

The challenge of OPERA is the separation, on an event-by-event basis, of CC interactions
induced by oscillated ντ ’s from dominant νμ interactions. The ντ appearance search is based on
the detection of the τ lepton decaying in one prong (a muon, single hadron or electron) or in
three hadrons over typical distances of a few hundred microns. Tau decays inside a brick may be
classiﬁed as short or long, depending on the decay length. A decay is short when occurring in the
same lead plate as the ντ CC interaction or in the ﬁrst 45 μm-thick emulsion layer downstream
of it. Otherwise, the decay is a long one.
At ﬁrst, interesting topologies are selected by means of topological criteria. The main signature
of a τ candidate is the observation of a track with a signiﬁcant impact parameter (ip) relative
to the neutrino interaction vertex. Only tracks showing an ip smaller than 10 μm are conﬁrmed
as primary tracks. Tracks that do not verify this selection, have to be further investigated to
ﬁnd whether they are due to scattering in the traversed lead thickness or are decay daughters.
The in-track decay search is then applied to tracks conﬁrmed to belong to the primary vertex, in
order to identify small kink angles (θkink > 15 mrad), which are signatures of decaying particles
to be analysed in more detail. Extra tracks originating from neutral decays, interactions and
gamma ray conversions are searched for, visually inspected in order to reject electron-positron
pairs from gamma-conversion and then investigated as short decays’ daughter candidates or long
decays’ daughter/parent candidates.
Once an interesting secondary vertex topology is found, it is submitted to kinematical criteria
which depend on the decay channel under investigation and are based on particle angles and
momenta measured in the emulsion ﬁlms.
The procedure developed to detect τ lepton decays in OPERA has been validated by studying
its application to the search for charmed particle production in a subsample of data collected
in runs 2008-2010 12 . In this sample, 50 νμ CC interactions with a charmed hadron in the ﬁnal
state were observed, while 54 ± 4 were expected.
3

Oscillation physics results

Details about the ﬁve CNGS runs are given in Table 1. The total number of neutrino interactions
recorded in the OPERA detector is 19505. For runs 2008 and 2009, all predicted events have
been searched for in the two bricks with the highest probability of containing the neutrino
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Table 1: Details of the CNGS runs: beam intensity, eﬃciency and run duration are reported, as well as the
number of recorded neutrino interactions in OPERA.

Run
p.o.t (× 1019 )
SPS eﬃciency
Beam days
ν interactions

2008
1.7
61%
123
1931

2009
3.53
73%
155
4005

2010
4.09
80%
187
4515

2011
4.75
79%
243
5131

2012
3.86
82%
257
3923

Total
17.97
77%
965
19505

interaction. Only the most probable brick has been analysed so far for runs 2010-2012. In the
present analysis, the whole sample of events without a reconstructed muon in the electronic
detectors (0 μ) have been considered. A cut on the muon momentum (pμ < 15 GeV/c) has
been applied for 1 μ events to improve the signal to noise ratio. At the time of this talk, the
total amount of fully analysed neutrino interactions is about 6600 and ﬁve ντ candidate events
have been observed 13,14,15,16,17 .
3.1

νμ → ντ oscillation

The ﬁrst OPERA ντ candidate is shown in Figure 2 left. The primary neutrino interaction
consists of seven tracks. One of them exhibits a visible kink of 41 ± 2 mrad, after a path length
of 1335 ± 35 μm. Two electromagnetic showers, initiated by γ-rays and associated with the
decay vertex, have been reconstructed. Their invariant mass is (120 ± 20 (stat.) ± 35(syst.))
MeV/c2 , supporting the hypothesis that they originate from a π 0 decay. The observed decay
topology and kinematics are compatible with the tau lepton decay mode τ → h(nπ 0 )ντ .

Figure 2 – Display of the ﬁrst (left) and second (right) ντ CC candidate events.

Figure 2 right shows a display of the second ντ candidate event. The primary vertex consists
of two tracks forming an angle of (167.8 ± 1.1)◦ in the beam transverse plane. In addition, a
forward-going nuclear fragment has been detected. One of the two primary particles (the τ
lepton candidate) decays after 1466 ± 10 μm into three charged hadrons. One of the daughter
tracks interacts in the same brick containing the neutrino vertex, about 1.3 cm downstream.
The ﬁnal state is composed of two charged tracks and four back-scattered nuclear fragments.
The third ντ candidate is depicted in Figure 3 left. The neutrino vertex is formed by two
tracks: the τ lepton and a hadron. An electromagnetic shower produced by a γ-ray and pointing
to the primary vertex has also been observed. The τ lepton decays into a single prong at a
distance of 376 ± 10 μm from the neutrino interaction point. The daughter particle appears as
an isolated, penetrating track traversing 24 planes of the TT and six RPC planes before stopping
in the spectrometer. The track is reconstructed as a muon by the electronic detectors with a
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momentum 2.8 ± 0.2 GeV/c, compatible with the measurement obtained by MCS in the bricks
of 3.1+0.9
−0.5 GeV/c. The sign of its charge has been measured to be negative by the bending of
the track in the magnetized iron, thus rejecting the hypothesis of a neutrino-induced charmed
particle production with subsequent muonic decay. Figure 3 right shows a display of the fourth

Figure 3 – Sketch of the third (left) and fourth (right) ντ candidate events detected by OPERA.

candidate event as reconstructed in the brick, in the view transverse to the neutrino direction.
The primary vertex consists of four tracks. One of them (track 1) exhibits a kink topology after
1090 μm. The measured kink angle is 137 mrad. The decay daughter track was analysed in all
traversed downstream bricks and was found to stop in the spectrometer after leaving a signal in
three RPC planes. The track was identiﬁed as a hadron. Two electromagnetic showers initiated
by the conversion of γ’s and pointing to the neutrino vertex were also reconstructed.
The ﬁfth ντ candidate, found in the 2012 data sample, is sketched in Figure 4. The primary
vertex is formed by the tau candidate track and a charged particle track which is identiﬁed as
a hadron from its interaction in the downstream brick. The tau candidate decays after a ﬂight
length of 960 ± 30 μm into one charged daughter which interacts after crossing 22 plates and
therefore is identiﬁed as a hadron. The diﬀerence in angle between the tau candidate track and
the daughter particle track is 90 ± 2 mrad. A search for photon conversions possibly pointing
to the primary and secondary vertices was performed. None was found.

Figure 4 – Sketch of the ﬁfth ντ candidate event detected by OPERA.

In the analysed sample 0.25 ± 0.05 background events are expected. The main sources of
background are charmed events with an undetected primary muon, hadronic re-interactions (for
the hadronic decay channels) and large angle muon scattering (for the τμ channel). Table 2
reports the estimated numbers of signal and background events for the analysed data sample,
assuming Δm223 = 2.32 eV 2 and maximal mixing. The discovery of νμ → ντ oscillation in
appearance mode is thus estabilished at 5.1 σ level.
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Table 2: Estimated signal and background events for the analysed sample.

Decay
channel
τ →h
τ → 3h
τ →μ
τ →e
Total

3.2

Expected signal
(Δm223 = 2.32 eV2 )
0.52 ± 0.10
0.73 ± 0.14
0.61 ± 0.12
0.78 ± 0.16
2.64 ± 0.53

Total
background
0.04 ± 0.01
0.17 ± 0.03
0.004 ± 0.001
0.03 ± 0.01
0.25 ± 0.05

Observed
events
3
1
1
0
5

νμ → νe oscillation

A systematic search for νe interactions was applied to 505 neutral current neutrino events located
in the OPERA target bricks from 2008 and 2009 data sample. The number of νe candidate events
is 19, in agreement with the expectation of 19.8 ± 2.8 (syst). The number of observed events
is compatible with the non-oscillation hypothesis and yields an upper limit of sin2 2θ13 < 0.44
(90% C.L.). The extension of the analysis to the whole data sample is under way.

3.3

Limits on sterile neutrinos

Δ m2new (eV 2)

The OPERA oscillation results, both in νμ → ντ and νμ → νe oscillation channels, are used to
derive limits on the mixing parameters of a massive sterile neutrino 18,19 .
Indeed, OPERA has set an upper limit for non-standard νe appearance in the parameter space
suggested by the LSND 20 and MiniBooNE 21 experiments in the one mass scale dominance
approximation with oscillation parameters θnew and large Δm2new (> 0.1eV2 ). A signal of 6
events was found in 2008-2009 data sample while 9.4 ± 1.3 (syst) events were expected for
neutrino energy lower than 30 GeV b . The corresponding exclusion plot is shown in Figure 5.

LSND 90% C.L.

102

LSND 99% C.L.
KARMEN 90% C.L.
NOMAD 90% C.L.
BUGEY 90% C.L.

10

CHOOZ 90% C.L.
MiniBooNE 90% C.L.
MiniBooNE 99% C.L.
ICARUS 90% C.L.

1

OPERA 90% C.L. (Bayesian)

10-1

10-2

-3

10

10-2

10-1

1
sin2(2θnew )

Figure 5 – Exclusion plot for the parameters of a non-standard νμ → νe oscillation. The other limits shown
are from KARMEN 22 (ν μ → ν e ), BUGEY 23 (ν e disappearance), CHOOZ 24 (ν e disappearance), NOMAD 25
(νμ → νe ) and ICARUS 26 (νμ → νe ). The regions corresponding to the positive indications reported by LSND 20
(ν μ → ν e ) and MiniBooNE 21 (νμ → νe and ν μ → ν e ) are also shown.
b

This choice optimises the cut on the reconstructed energy in terms of sensitivity.
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For large Δm2new values, the 90% C.L. upper limit on sin2 2θnew reaches 7.2 · 10−3 . For
comparison, results from other experiments, working at diﬀerent L/E regimes, are also reported
in this plot.
Preliminary limits on the existence of a sterile neutrino in the 3+1 neutrino model have been
derived from latest OPERA ντ appearance results. The analysis has been realised using the
GLoBES software 27 , taking into account a non-zero Δm241 value and also matter eﬀects. In
Figure 6 the 90% CL exclusion plot is reported in the Δm241 vs sin2 2θμτ parameter space. The
most stringent limits of direct searches for νμ → ντ oscillations at short-baselines obtained by
the NOMAD 28 and CHORUS 29 experiments are also shown. Our analysis stretches the limits
on Δm241 down to 10−2 eV2 , extending the values explored with the τ appearance searches by
about two orders of magnitude at large mixing, for sin2 2θμτ greater or equal to 0.5. The upper
limit on sin2 2θμτ is 0.119 at large Δm241 .

13&-*.*/"3:

Figure 6 – OPERA 90% CL exclusion limits in the Δm241 vs sin2 2θμτ parameter space for the normal (N.H., blue)
and inverted (I.H., red) hierarchy of the three standard neutrino masses. The exclusion plots by NOMAD 28 and
CHORUS 29 are also shown. Bands are drawn to indicate the excluded regions.

4

Conclusions

The OPERA experiment has successfully run in the CNGS neutrino beam from 2008 to 2012,
using about 18 · 1019 protons on target. Five ντ CC interaction candidate events have been
detected so far. Given the low background, the discovery of tau neutrino appearance in a muon
neutrino beam is achieved with a signiﬁcance of 5.1 σ.
The systematic search for νμ → νe oscillations on a sub-sample of data led to the detection of
19 electron neutrino candidates while 19.8 ± 2.8 (syst) were expected. The result is compatible
with the non-oscillation hypothesis and allowed OPERA to set an upper limit for a non-standard
νe appearance in the parameter space indicated by the LSND and MiniBooNE Collaborations.
Moreover, a ﬁrst limit on a sterile neutrino state in a search for νμ → ντ appearance has been
derived in the 3+1 model. Given the ﬁve ντ CC interaction candidates observed by the OPERA
Collaboration, at high values of Δm241 , the preliminary 90% CL upper limit on the mixing term
sin2 2θμτ is 0.119, independently of the mass hierarchy of the three standard neutrinos.
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SOLID: A NEW SHORT-BASELINE NEUTRINO EXPERIMENT
N. VAN REMORTEL, on behalf of the SoLid Collaboration
Universiteit Antwerpen, Department of Physics, Groenenborgerlaan 171,
B-2020 Antwerpen, Belgium
SoLid, or Search for Oscillations with a Lithium-6 detector, is a new short-baseline neutrino
experiment. Its principle goal is to resolve some of the the long-standing short-baseline neutrino anomalies by performing a ν¯e oscillation measurement at 5-15m proximity to the core of
the Belgian BR2 research reactor. The SoLid detection technology relies on ﬁnely segmented
plastic scintillators, covered with a scintillation screen containing 6 Li in order to detect ν¯e ’s
with high eﬃciency via the the inverse beta decay reaction. A ﬁrst full-size detector module
was constructed and operated in the years 2014-2015 and collected data at 5.5 m from the
BR2 core during 60MW operation and when the reactor was in shutdown mode. Some of
the ﬁrst preliminary results of this commissioning run are presented here, together with some
outlooks for the planned scale-up of the experiment in 2016.

1

Motivation

The last decades have shown tremendous progress in the experimental veriﬁcation of the neutrino oscillation parameters within the three neutrino ﬂavor paradigm of the Standard Model.
However, as repeatedly covered in this conference series 1 , there are hints from various sources 2
that nature may contain more than three neutrino mass eigenstates with mass splittings that
can be signiﬁcantly larger than the currently measured values of Δm221 and Δm231 . Although not
extremely compelling, those hints are interesting enough to justify further investigation by new
short baseline neutrino experiments. In recent years, several experiments have been proposed, or
are being constructed to probe neutrino oscillations at a scale of L/E = O(1m/M eV ) 3 . It does
not fall within the scope of this conference contribution to review in detail the neutrino anomalies related to the measurements of the reactor neutrino ﬂuxes 4 , nor to the deﬁcits in electron
neutrino ﬂuxes measured by radiochemical experiments when using calibration beta-sources 5 ,
but they are most relevant to the measurement program proposed by the SoLid collaboration.
Nearly all prior measurements in this context rely on the measurement of an integrated ﬂux (or
rate), measured at a ﬁxed distance from the neutrino source, which is not suﬃcient to determine
the true origin of the observed deﬁcits. The theoretical predictions of the neutrino ﬂux and
energy spectrum are in itself very challenging tasks 6 . The new generation of experiments should
therefore perform an oscillometric analysis by using position sensitive detectors with a good
energy resolution and suﬃcient detection eﬃciency, and with as little possible theoretical model
dependence, in order to resolve the rather subtle discrepancies seen in previous data. Regardless
of the diﬃculty to dismiss all short baseline neutrino anomalies with a single trivial argument,
it is of course compelling to interpret the data in terms of physics beyond the Standard Model,
in particular the existence of one or more sterile neutrino species 2 . Most experiments that
use electron (anti-)neutrinos illustrate their sensitivity reach in the parameter space spanned
by the dominant mixing angle sin2 2θe4 and Δm41 , under the assumption of a 3+1 eigenstate
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scenario. The physics potential of SoLid is expressed in this parameter space in Figure 1 as
a set of exclusion limits, together with the 1σ contours of the best ﬁts to the reactor 4 and
Gallium 5 anomalies. The SoLid experiment will also measure the neutrino energy spectrum at
close proximity to a nearly pure 235 U reactor fuel composition, which is of interest in the context
of recent discrepancies seen between reactor data and mode predictions.
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Figure 1 – Exclusion sensitivity of the SoLid experiment in the 3+1 sterile neutrino oscillation parameter space,
corresponding to one year data collection using a 2T detector with 14% energy resolution at 1 MeV (blue), and
for a 3 year data taking time, extending the detector with a 1T module with superior energy resolution of 6% at
1 MeV (black). For comparision also the 95% exclusion limit is given in the latter case (dashed).

2

The SoLid detector

The SoLid experiment is currently operated at the BR2 research reactor of the Belgian Nuclear Research Centre (SCK-CEN). Its main assets that make it very suitable to conduct a
neutrino oscillation measurement are the compactness of its core, with an eﬀective diameter
of 0.5 m, a large duty cycle of ∼150 days/year at a high thermal power in the range between
50-80 MW, achieved by using a 95% enriched 235 U fuel assembly, an experimental hall in direct
line-of-sight with the center of the reactor core, covering a baseline between 5.5 and 12m, and
small gamma ray and neutron background levels. The SoLid experiment will detect neutrinos
primarily via the inverse beta-decay reaction: ν¯e + p → e+ + n, which is experimentally characterized by the detection of a prompt signal originating from the energy loss (and subsequent
annihilation) of the ﬁnal-state positron and a time delayed signal due to the capture of the
ﬁnal state neutron after thermalisation inside the detector. The positron is detected via the
scintillation signal induced in a PVT-based plastic scintillator, while the thermalised neutron
is primarily captured on a ZnS(Ag) based scintillator screen in which 6 Li isotopes are embedded. The 6 Li nucleus has a high cross-section for thermal neutron absorption via the reaction
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+ n →42 He(2.05M eV ) +31 T (2.75M eV ).
The SoLid detector has a high granularity due to the segmentation of the scintillating material in cubic cells with a dimension of 5x5x5 cm3 . Each detection cell is wrapped in a reﬂective
tyvec sheet to prevent the leakage of light to neighboring cells. The cells are stacked in planar
frames that contain each 16x16 cubes, which allows for a high modularity and extendability of
the ﬁducial mass, while maintaining a high degree of uniformity of the detector. The scintillation
light is extracted from the ﬁducial volume via a network of wavelength shifting ﬁbers, oriented
in the transverse plane with respect to the beam axis which connects the center of the reactor
core with the length axis of the detector. Each optical ﬁber with a cross section of 3x3 mm2
is individually coupled to a multi-pixel photon counter (MPPC) produced by Hamamatsu that
contain 3600 photo-sensitive pixels operating in avalanche mode. A schematic view of the basic
detector components is shown in Figure 2.
6 Li
3

Figure 2 – The SoLid technology, based on cubic detection cells of 5x5x5 cm3 covered by a neutron detection
sheet, and wrapped in light-tight tyvek wrapping. The IBD reaction is characterized by a prompt energy deposit
from the positron in the PVT, followed by a time-delayed neutron signal after thermalisation and capture by the
6
Li in the neutron screen. The detector cells are stacked in a large block-sized volume that is interspersed with
wavelength shifting ﬁbers connected to Hamamatsu MPPC light sensors.

In the second half of 2014, a ﬁrst full-size module containing 9 detection planes was constructed and installed at 5.5m distance from the BR2 reactor core. After commissioning, it took
stable physics data for several months, collecting over 50 hours of reactor data at a constant
power of 60 MW, and subsequently an additional 500 hours of data when the reactor was oﬀ. In
addition, calibration data was taken using various radioactive sources placed in the vicinity and
inside the detector module, including 60 Co, AmBe, and 252 Cf. The stability of the detector over
time was monitored via the total channel rate and the number of muons crossing the detector
and was found to be stable within 1%. In the course of 2016, the experiment will be scaled
up to a total ﬁducial mass of 1.5T, with a total of 50 detection planes. The electronics are
being re-designed to be more noise tolerant, the light yield per cube is enhanced by a doubleﬁber light extraction, the amount of neutron detection screens will be doubled to enhance the
neutron detection eﬃciency, a dedicated neutron hardware trigger will be implemented, and an
additional passive water shielding will be included. As a future upgrade, the SoLid detector
will be extended by an additional 1T module based on the HiRES CHANDLER technology 7 ,
improving the current energy resolution by a factor of two. The description of this technology
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falls out of the scope of this contribution, but can be found in 7 .
3

Detector response and object reconstruction

The response of the PVT scintillator to electromagnetic (EM) signals is tested both in dedicated
test benches that use the 1MeV conversion electrons from a 207 Bi source, the Compton edge of
a 60 Co source or the mean dE/dx value of a highly energetic muon crossing the detector. These
measurements indicate that an energy resolution of 15% at 1MeV is achievable and also provide
a technique to calibrate and monitor the stability of the detector over time. Neutron detection
relies on dedicated scintillation screens that contain 6 Li, which cover one side of each detection
cube. The associated neutron capture eﬃciency is estimated to be 65%. In the future each cell
will be equipped with two screens on adjacent sides, enhancing the capture eﬃciency to 80%.

Figure 3 – The SoLid neutron identiﬁcation discriminant, based on the integrated charge of the neutron waveform
(left) applied to various data sets including a calibration run with an AmBe source, and a comparison of the
measured and simulated neutron capture (thermalisation+detection) times for various neutron origins (right).

Due to the diﬀerences in deposited energy and characteristics of the scintillators that are responsible for the detection of neutrons and EM signals, the neutron waveform has a longer decay
time constant, a secondary peak structure and an overall larger integrated charge, compared to
electromagnetic energy deposits in the PVT. These characteristics are exploited in a dedicated
neutron identiﬁcation algorithm with an excellent purity. One of the available neutron discriminants is shown in Figure 3, together with measured and simulated capture times. The response
of the detector to various types of particles is, in combination with its environment, simulated
in detail by a dedicated GEANT4 implementation. The transport of neutrons is in addition also
veriﬁed with independent MCNP code. Energetic neutrons thermalize in the detector over an
average distance of 10 cm. Their capture time is measured in data as the time diﬀerence between
a prompt electromagnetic signal and an identiﬁed neutron object with AmBe sources and with
cosmogenic fast neutrons and found to be independent of the neutron production mechanism,
and in excellent agreement with Monte Carlo predictions. This characteristic time diﬀerence
will be exploited in the search for IBD candidates. The conﬁned topology of the IBD events, in
combination with the high granularity of the detector allows, in addition, for a very powerful
background rejection, in particular for accidental gamma+neutron signals originating from the
reactor.
In the current implementation, SoLid employs an x-y coincidence trigger with a suitable
channel treshold to keep the trigger rates at an acceptable level. Oﬄine, several physics objects
can be reconstructed based on timing, waveform discrimination, hit multiplicity and tracking.
By exploiting the excellent tracking capabilities, the rate of crossing muons was determined to
be 70 Hz. The most probable value of the dE/dx distribution is used to inter-calibrate the
detection channels, improving the inter-channel response variation from ∼5% to less than 1%.
In addition to tracking, muons can also be tagged by identifying a large energy deposit in the
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outer layer of the detector. Michel electrons, reconstructed in a characteristic time window after
a muon tag are used to validate the EM object identiﬁcation, as is shown in Figure 4, and the
extracted muon lifetime is compatible with the PDG value. Identiﬁed neutrons being detected
in a suitable time window after a tagged muon, and excluding the Michel electron candidates,
allow the detection of muon induced spallation neutrons, with a measured capture time that
is consistent with measurements using other neutron sources, as shown on the right side of
Figure 4. All these measurements give us conﬁdence that the object identiﬁcation methods and
time reconstruction are valid and robust and allow us to devlop a dedicated strategy to select
IBD candidates.

Figure 4 – Demonstration of the detection of Michel electrons by measuring the time diﬀerence between a tagged
muon and an EM signal (left). Neutron candidates are searched for in a time delayed window after a muon
veto signal, resulting in a measured capture time compatible with that of other neutron sources (right). The
background subtracted ﬁt result is shown by a dashed line.

The identiﬁcation of IBD events is initiated by the detection of a neutron waveform and a
minimum energy threshold to reduce the mis-identiﬁcation of EM signals. In addition a muon
veto is applied to reduce the background from muon induced spallation neutrons. A time window
of 3 ms is used to search for a prompt EM signal preceding the neutron, these time diﬀerences
are labeled as positive. A selection on the hit multiplicity further reduces the background of
fast neutrons and a topological event selection requiring the neutron and prompt EM signal
to be detected in nearby cells reduces the rate of accidentals. Remaining backgrounds can be
estimated from data based control samples. Backgrounds that are not correlated in time are
measured in an oﬀ-time window shifted by 100ms after the identiﬁed neutron, while retaining
the same IBD-like selections, or by using the 3ms time window following the tagged neutron
(negative time diﬀerences). Time-correlated backgrounds can be estimated from data taken
during reactor OFF periods.
Using these data-driven background estimates, the IBD event identiﬁcation algorithms are
currently being optimized, but preliminary results indicate that a high IBD eﬃciency can be
achieved by an exploitation of pulse shape discrimination, timing and spatial event topology. In
particular, the time-correlated background can be reduced by 90% due to the unique features
the SoLid detector.
4

Conclusion

Over the past year, the SoLid collaboration constructed, commissioned, calibrated and operated
a full scale neutrino detector module, based on a novel technology that exploits a very high level
of segmentation, and in realistic reactor conditions. We demonstrated a very good stability of
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the detector response over time and developed many object identiﬁcation and analysis tools in
order to maximize the sensitivity to IBD candidates. The detector and its environment are well
modeled by dedicated Monte Carlo simulation models, including GEANT4 and MCNP. Using
the data collected in 2015, various backgrounds have been studied extensively, allowing for an
optimization of some of the detector parameters in function of the scale-up planned in 2016.
The sensitivity for the detection of sterile neutrinos is competitive with other experiments in the
relevant ranges of neutrino oscillation parameter space. The nearly pure 235 U fuel composition
of the BR2 reactor will allow for a reference measurement of the neutrino energy spectrum at
close proximity to the core. A future extension of the SoLid detector is possible with the HiRES
CHANDLER technology, improving the current energy resolution by a factor two.
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Nuclear Matrix Elements for Neutrinoless Double-Beta Decay
J. ENGEL
Department of Physics and Astronomy, University of North Carolina Chapel Hill, NC 27599-3255, USA
Recent progress in nuclear-structure theory has been dramatic and a DOE-sponsored topical
collaboration has formed in the US to apply new methods to the matrix elements that govern
neutrinoless double-beta decay. I describe the ab initio nuclear-structure methods that are
being applied, and discuss when and why traditional nuclear models are still useful. I also
brieﬂy discuss the old and vexing problem of the renormalization of the weak nuclear axialvector coupling constant “in medium” and plans to resolve it.

1

Introduction

Neutrinoless double-beta (0νββ) decay occurs if neutrinos are Majorana particles, at a rate that
depends on a weighted average of neutrino masses (see References 1,2 for reviews). New experiments to search for 0νββ decay are under development, and one or more tonne scale experiments
may be funded. Extracting a mass from the results, however, or setting a reliable upper limit —
even planning the experiments eﬃciently — will require accurate values of the nuclear matrix
elements governing the decay. These cannot be measured and so must be calculated.
The matrix elements have been computed in traditional nuclear models, but vary by factors
of two or three. Nuclear-structure theory is now at the point, however, where we can do so-called
ab initio calculations in systems with up to 50 or 60 nucleons, and should soon be able treat
heavier nuclei as well. Ab initio means, as far as we’re concerned, “from ﬁrst principles.” One
starts with an interaction among nucleons, usually obtained from chiral eﬀective ﬁeld theory,
and solves the many-nucleon Schrödinger equation in a controlled approximation scheme with
quantiﬁable errors. The development of this kind of theory and the urgency of calculating
double-beta-decay matrix elements has led to the funding of a ﬁve-year “topical” collaboration
of theorists to apply the new methods to double-beta decay.
In this paper, I review some of the more promising ab initio schemes for computing the
double-beta matrix elements. I also discuss how more traditional phenomenological methods
can be improved, and then examine the currently unsettling “renormalization” of the nuclear
weak axial coupling constant gA , and argue that the cause will be identiﬁed soon through an
investigation of many-body currents and the eﬀective enlargement of model spaces. Although
the presence of diﬃcult theoretical issues such as this one mean that we don’t yet know how
accurately we will be able to compute the matrix elements, we will certainly be signiﬁcantly
better positioned in ﬁve years than we are now.
2

Neutrinoless Double-Beta Decay

The lifetime for neutrinoless double-beta decay, if the exchange of the familiar light neutrinos
 2 is
mi ,
responsible, is given by the product of a phase space factor, an eﬀective mass mν = i Uei
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where mi is the mass of the ith eigenstate and Uei weights each mass by the mixing angle of
the associated eigenstate with the electron neutrino, and M 0ν is the nuclear matrix element.
The matrix element is complicated but can be simpliﬁed without signiﬁcantly altering its value
through the “closure approximation.” In this approximation, and neglecting two-body currents
(which I take up brieﬂy later), one can write the matrix element as
 ∞
2R
q dq
(1)
M 0ν =
2
πgA
0
 j0 (qrab ) [hF (q) + hGT (q)σa · σb ] + 3j2 (qrab )hT (q)σa · rab σb · rab
τa+ τb+ |i ,
× f |
q + E − (Ei + Ef )/2
a,b
where rab ≡ |ra − rb | is the distance between nucleons a and b, j0 and j2 are the usual spherical
Bessel functions, Ē is an average excitation energy to which the matrix element is insensitive,
and the nuclear radius R ≡ 1.2A1/3 fm is inserted with a compensating factor in the phase-space
function to make the matrix element dimensionless. The “form factors” hF , hGT , and hT are 3
hF (q) ≡ −gV2 (q 2 )
2 2
hGT (q) ≡ gA
(q ) −

hT (q) =

gA (q 2 )gP (q 2 )q 2 gP2 (q 2 )q 4 gV2 (q 2 )(μp − μn )2 q 2
+
+
3mp
12m2p
6m2p

(2)

gA (q 2 )gP (q 2 )q 2 gP2 (q 2 )q 4 gV2 (q 2 )(μp − μn )2 q 2
−
+
,
3mp
12m2p
12m2p

with
gV (q 2 ) =
gA (q 2 ) =
gP (q 2 ) =

1
1 + q 2 /(0.71 GeV2 )
1.27

2

1 + q 2 /(1.09 GeV2 )

2

2mp gA (q 2 )
q 2 + m2π

(3)

gM (q 2 ) = 3.70gV (q 2 ) .

Here mp and mπ are the proton and pion masses, and μp − μn = 3.706.
In this development I have assumed that the weak nuclear currents are given adequately
by the impulse approximation, i.e. as the sum of the currents associated with individual free
nucleons. This approximation can be avoided (or lessened) by including two-body currents that
are due to pion exchange. These occur at higher order in chiral eﬀective ﬁeld theory.
3

Chiral Eﬀective Field Theory

Some ab initio calculations begin with an explicit model for the interaction between two nucleons
and among three nucleons, but these days it is more common to use the framework of chiral
eﬀective ﬁeld theory to determine these interactions. The theory 4 is supposed to work at
kinetic/potential energies of up to a few hundred MeV, so the only degrees of freedom are
nucleons and pions. The chiral framework, which provides a counting scheme in powers of
momentum or pion mass divided by a QCD scale ΛQCD of about 500 MeV, allows one to write
down all possible interactions that are consistent with the underlying spontaneously broken
chiral symmetry at any order of p/ΛQCD or mπ /ΛQCD . Two-nucleon interactions begin with
one Feynman digram at leading order, three-nucleon interactions with two diagrams at next-tonext-to leading order. The coeﬃcients of the interactions up to any order are ﬁt to data. As
long as one truncates the theory at some order n, one has a Hamiltonian a that should reproduce
any low-energy data up to O([p/ΛQCD ]n+1 ). These Hamiltonians, typically up to next-to-nextto-next-to leading order (N3 LO) are what is used increasingly frequently in ab initio work.
a

There is not universal agreement the theory is suﬃciently rigorous to be completely trustworthy.
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4

Ab Initio Shell Model

I turn now to the many-body methods used in conjunction with the Hamiltonians described in the
last section. Some nuclei are easier to apply such methods to than others. The easiest are those
that can be represented in ﬁrst approximation by a single spherical Slater determinant. Such
nuclei have “closed shells,” i.e. a speciﬁc number of protons or neutrons so that the nucleus is
much more bound than the nucleus with one additional proton or neutron. Many-body methods
handle these nuclei by systematically correcting the Slater determinant. “Open-shell” nuclei are
more diﬃcult because they require a more sophisticated starting point.
Such nuclei have been described for a long time by what is called the nuclear shell model.
The model focuses on the nucleons outside the last closed shell(s), with the others taken to form
an inert core. The last (valence) nucleons are allowed to correlate arbitrarily, though only within
a few valence single-particle orbitals. For that reason the Hamiltonian described in the previous
section must be replaced by a phenomenological Hamiltonian. Once that Hamiltonian has been
determined (generally through ﬁts to nuclear data in isotopes close to those one cares about),
the model works quite well. In our context, however, it has a problem. We are computing the
matrix element of a complicated two-body nuclear operator. The “bare operator” of Eq. (1)
may not suﬃcient in a limited space, for the same reason the bare Hamiltonian is not. Thus,
even if the model describes spectra well, it may err considerably in its predictions of double-beta
matrix elements.
Researchers are now, however, beginning to map ab inito calculations into shell-model calculations. Among the ab initio approaches in which this can be done are coupled clusters
theory 5 and the in-medium similarity renormalization group (IMSRG) 6,7 . The idea behind
both approaches is to construct a unitary transformation that transforms the full many-body
Hamiltonian into block diagonal form, with a piece Heﬀ in the shell-model space that reproduces
the lowest-lying energies exactly. Figure 1 presents the idea graphically, in terms of projection
operators typically labeled P̂ and Q̂.

P

Q

P

P̂ H P̂

P̂ H Q̂

P

Q

Q̂H P̂

Q̂H Q̂

Q

P

Q

Heﬀ

Heﬀ-Q

Figure 1 – Representation of unitary transformation for construction of eﬀective shell-model Hamiltonian Heﬀ .
The operator P̂ projects onto the shell-model (valence) space with an inert core, and the operator Q̂ projects
onto onto the rest of the many-body Hilbert space. After the transformation, the two spaces are decoupled.

Coupled cluster theory is based on replacing a single Slater determinant with the completely
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general correlated state vector:
|corr = eT |SD


tmi a†m ai +
tmn,ij a†m a†n ai aj + . . . .
T =
mi

(4)

mnij

Here |SD is a Slater determinant and i, j label occupied orbitals in that determinant while
m, n label empty orbitals. Thus the operator T creates one-particle one-hole conﬁgurations,
two-particle two-hole conﬁgurations, etc. The presence of these operators in the exponent means
the correlations are iterated and many-particle many-hole excitations are present, even when
the series is truncated at the point indicated in Eq. (4).
Coupled clusters theory has reached the point at which the correlated closed-shell state
above can be generalized to states containing two or three valence particles outside closed shells.
The procedure for obtaining a shell-model interaction, e.g. in a valence space appropriate for
76 Ge (a prime double-beta decay candidate) goes something like this:
1. Begin with a two- and three-nucleon Hamiltonian from chiral eﬀective ﬁeld theory 8 .
2. Do ab initio coupled-clusters calculations of the ground state of the closed shell nucleus
56 Ni, of the low-lying eigenstates states of the closed-shell-plus-one nuclei 57 Ni and 57 Cu,
and of the low-lying states of the closed-shell-plus-two nuclei 58 Ni, 58 Cu, and 58 Zn. Eventually, when it becomes possible, do the same in closed-shell+three nuclei as well.
3. Perform a “Lee-Suzuki” mapping 9 of the low-lying states in these nuclei onto states in
the valence shell containing one and two (and eventually, three) nucleons. The mapping
is designed to maximize the overlap of the full ab initio eigenstates with their shell-model
images, while preserving orthogonality of the images 10 .
4. Use the mapping of states to construct the shell-model interaction Heﬀ that gives the image
states the same energies as their parents. Construct an eﬀective double-beta operator that
gives the same matrix elements between image states as the bare operator does between
the associated parents. The formalism that allows this step has long been worked out.
5. Put 4 protons and 16 neutrons (for 76 Ge) and 6 protons and 14 neutrons (for 76 Se) in the
valence shell and use the eﬀective interaction and decay operator derived in the previous
step to calculate the ground-state-to-ground-state decay matrix element.
The last step, of course, is where things get tricky, because in principle, many-body eﬀective
interactions will be needed once more nucleons are in the valence shell. There are arguments
that the eﬀects of these fall oﬀ with the number of nucleons involved in the interaction. There
is no power-counting scheme that tells us how fast, but one expects three body interactions
and operators to be suﬃcient. The expectation can be checked by including four-body operator
approximately. Such checks are how error is estimated in ab initio work.
The program has just begun to be carried out, starting in lighter nuclei. Reference 11 uses
coupled cluster calculations in 16,17,18 O to predict the spectra of oxygen isotopes with more
neutrons. Figure 2 shows the results. The left column for each isotope contains predictions,
the middle column the experimental data, and the right column the “predictions” of the USD
shell-model interaction 12 that was ﬁt long ago to lots of data in neighboring nuclei. The coupledclusters-generated interaction, which uses only data in two- and three-nucleon systems to obtain
the N3 LO chiral interaction, produces results which are at least as good. Though researchers
have yet to investigate matrix elements of the double-beta operator, the initial results for energy
levels are extremely promising. Including an eﬀective three-nucleon interaction, from still extremely diﬃcult ab initio calculations in 19 O and 17 C (ensuring that predictions exactly match
the ab initio results in those isotopes) should improve the spectra further.
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Figure 2 – Spectra of neutron-rich oxygen isotopes. The left column contains the results of sd-shell-model
calculations with an eﬀective Hamiltonian derived form ab initio chiral two- and three-body forces 8 and coupledcluster calculations in 16,17,18 O. The middle column contains experimental data and the right column contains
the predictions with the phenomenological USD interaction 12 that was ﬁt to data in the same shell.

A similar program is being undertaken in the IMSRG; it has actually been taken a bit further. 7 The idea of that method is to write down ﬂow equations for the unitary transformation
that decouples the shell-model space from everything else, that is, to decouple the spaces incrementally. The ﬂow equations are subject to truncation, like the operator in Eq. (4), but they
are truncated at each step in the ﬂow. The method takes advantage of normal ordering with
respect to the decoupled space to minimize the eﬀects of truncation.
Figure 3 compares the predictions of this approach, again with the chiral N3 LO interaction,
for spectra of neon and magnesium isotopes with experimental data and with the predictions
of a traditional phenomenological shell-model calculation. The leftmost column is the result of
an incomplete IMSRG calculation that ignores chiral three-body interactions. The next column
shows results with those interactions included; one can see that they are essential for a good
description of the spectrum. Again, we see that with everything included the spectra are as
good as that produced by our best phenomenology, here in nuclei with both valence protons
and neutrons, including isotopes that exhibit collective rotation. (The two in the bottom panel
have a characteristic J(J + 1) spectrum.)
5

Heavier Nuclei

For heavier complicated nuclei such as 130 Te or 150 Nd, fully ab initio calculations in the region
are still a ways oﬀ. The main problem is the chiral-eﬀective-theory Hamiltonian, which, for
reasons that are not fully understood, tends to over-bind in nuclei with more than 100 nucleons.
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Figure 3 – Figure taken from Reference 7 . The top part shows spectra of neutron-rich neon isotopes. The leftmost
column contains the results of sd-shell-model calculations with an eﬀective Hamiltonian derived form ab initio
chiral two-body forces 8 and IMSRG ﬂow-equations. The next column to the left includes the chiral three-body
interactions. The third column from the left contains contains experimental data and the rightmost column
contains the predictions with the phenomenological USDB interaction 12 that was ﬁt to data in the same shell.
The bottom part shows the same for isotopes of Ne and Mg with collective spectra (containing a rotational band).

Thus the shell model and other phenomenological methods will still be important. Some of these
models — the interacting boson model 13 , the quasiparticle random phase approximation (see,
e.g., Reference 14 ), and the generator coordinate method 15,16 — emphasize collective degrees of
freedom. To use these methods one must be convinced that collective degrees of freedom are
the most important for double-beta decay. Is that really the case? Recent work 17 suggests that
it is.
Figure 4 from that work shows the results of several calculations for the Gamow-Teller part
of the double-beta matrix element in isotopes of titanium and chromium. (Nparent is the number
of neutrons in the decaying nucleus.) Double-beta decay in these isotopes will never be observed,
but one can calculate the matrix elements nonetheless. The ﬁgure shows the results of three calculations in a shell model space (the f p shell). The solid line connects results with the venerable
KB3G shell-model eﬀective interaction. The red dashed curve connects results generated by
an approximate Hamiltonian Hcoll. that includes only collective terms in the interaction. Here
“collective” refers to a piece that generates deformation, one that generates superﬂuid correlations among like particles, and one that generates superﬂuid correlations between neutrons and
protons. The rest of the shell-model Hamiltonian is discarded. The red and black line are nearly
on top of one another, showing that in these isotopes, anyway, collective degrees of freedom are
suﬃcient. The dashed blue curve connects results for which neutron-proton superﬂuid correlations have been omitted. One sees that such correlations are essential for a correct result. This
fact often surprises nuclear-structure theorists because pairing between neutrons and protons
typically manifests itself only delicately. When it comes to double-beta decay, however, that
pairing is crucial.
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Figure 4 – Gamow-Teller part of the neutrinoless double-beta-decay matrix elements, M GT , for the decay of Ti
isotopes into Cr (top panel), and Cr isotopes into Fe (bottom), as a function of the neutron number Nparent of
the initial nucleus. Results are shown for the KB3G interaction (black, solid line), the collective interaction Hcoll
(red, dashed line), and Hcoll without the isoscalar (neutron-proton) pairing term (blue, short-dashed line).

The results of this work suggest that nuclear models that include only collective degrees
of freedom can correctly predict double-beta decay rates. Such models have a long history in
nuclear theory and are well understood. Typically they do not treat neutron-proton pairing
explicitly, but they are capable of including it and work to make them do so is underway.16
I turn ﬁnally to the renormalization of the axial-vector coupling gA . It has been know for
some time (see, e.g., Reference 12 ) that matrix elements for β and two-neutrino double-beta
decay are smaller in reality than in our calculations. If neutrinoless matrix elements are as
small compared to our calculations as two-neutrino matrix elements, experiments are in trouble.
Fortunately, the issue can now be investigated systematically. There can only be two sources
of the quenching: many-body weak currents, which would alter the predictions of calculations
with the one-body Gamow-Teller operator, and model space truncation, i.e. the omission of
important conﬁgurations. Work is now beginning to examine both these sources. The eﬀects of
many-body currents have traditionally been thought to be small 18 , but the construction of those
currents in chiral eﬀective ﬁeld theory — currents that should go along with the interactions
used by ab initio calculations — may lead to larger eﬀects 19,20 . Crucially, however, those
eﬀects should be smaller for neutrinoless decay than for two-neutrino decay. The issue should
be cleared up by careful EFT parameter ﬁts in the near future. The other source of quenching,
model-space truncation, can be investigated in the ab initio shell-model calculations described
earlier. Those implicitly include many conﬁgurations from outside shell-model spaces in the
eﬀective interactions and operators. We should soon be able to see whether neutrinoless decay
is quenched, and if so, by how much.
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The searches for neutrinoless double beta decay and other physics with EXO-200
Yung-Ruey Yen
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EXO-200 is a single phase liquid xenon detector designed to search for the neutrinoless doublebeta decay of 136 Xe. The experiment uses enriched liquid xenon (110 kg in the active volume)
in an ultralow background time projection chamber installed at the Waste Isolation Pilot
Plant (WIPP), a salt mine with a 1600 m water equivalent overburden near Carlsbad, NM,
USA. The detector has demonstrated excellent energy resolution and background rejection
capabilities to set a limit of 1.1 × 1025 yr at 90% C.L. The physics results based on a 100
kg·yr exposure of 136 Xe are summarized. Recently, the experiment has restarted data taking
after a two year hiatus due to unforseen WIPP incidents. The current electronic upgrades of
EXO-200 and its restarted operation will help with the planning of tonne-scale next generation
experiment, nEXO.

1

Introduction

Nuclear double-beta (ββ) decay with the emission of two antineutrinos, ﬁrst considered by
Goeppert-Mayer in 1935 1 , is a second-order weak transition observed in a number of even-even
nuclei. The two-neutrino decay mode (2νββ) to the ground state was directly observed in nine
nuclei with half-lives in excess of 1018 yr, with 136 Xe being the longest at 2.2 ×1021 yr 2 3 . Decays
with half-lives up to 1024 yr have been observed using indirect radiochemical and geochemical
methods 4 .
What is more interesting for the general neutrino community, at large, is the double-beta decay mode where zero antineutrino is emitted. Neutrinoless double beta decay (0νββ ) represents
physics beyond the Standard Model. In addition to the lepton number violation when the two
electrons are produced without the two antineutrinos, the observation of 0νββ indicates that
neutrinos are Majorana in nature - that a neutrino can turn into its own antiparticle. Neutrinos,
the only fermions to be massive and electrically neutral, are the only known candidate to be
a Majorana particle. In Figure 1, the Feynman diagrams for 2νββ (left) and 0νββ (right) are
shown.
An observation of 0νββ can shed plenty of light on the nature of the neutrino. Most im0ν ) can reveal
portantly, the measurement (or even just setting the limit) of 0νββ half-life (T1/2
information on the absolute mass of the neutrinos. The 0νββ half-life is directly related to
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Figure 1 – The Feynman diagrams for 2νββ (left) and 0νββ (right).

the eﬀective Majorana neutrino mass (mν ) by a phase space factor (PSF, G0ν (E0 , Z)) and a
nuclear matrix element (NME, M 0ν ) via the equation:



2


0ν −1
] = G0ν (E0 , Z) M 0ν  mν 2 ,
[T1/2

(1)

where E0 is the Q value and Z is the atomic number of the daughter nucleus. A suﬃcient
sensitive 0νββ experiment can determine whether the various neutrino mass states are in the
normal or the inverted hierarchies. Neutrino oscillation experiments can only measure the square
of the mass-state diﬀerences; the ordering of the three known mass-states can result in either a
higher total eﬀective Majorana neutrino mass (inverted hierarchy) or not (normal hierarchy).
Alternatively, there may exist a new particle called a Majoron that can be created in a 0νββ
decay. The Majoron, originally conceived as a Goldstone boson associated with the spontaneous lepton number symmetry breaking, can theoretically have diﬀerent detailed characteristics. These various modes (spectral index) of the Majorons will result in diﬀerent shapes of the
observable sum electron spectrum, shown in Figure 2 left.
Back to the Standard Model, 2νββ decays to the ﬁrst 0+ excited state (0+
1 ) of the daughter
nucleus is an allowable process if this state is energetically accessible. Such is the case for
136 Ba as indicated in Figure 2 right. These decays are suppressed relative to their groundstate counterparts but are generally accompanied by the emission of de-excitation γs, creating a
signature that is distinct from typical γ backgrounds and 2νββ decays to the ground state. The
de-excitation is much too fast (few ps) to be temporally resolved by most practical detectors.
Measurement of this decay can lead to better understanding of the fundamental nuclear physics,
which may greatly decrease the uncertainty in the nuclear matrix element that goes into the
Majorana eﬀective mass calculations.
2

EXO-200

The searches for 0νββ decays boil down to measuring the two electron sum spectra in a very
careful manner. In an ultra low background experiment with little radioactive impurities, 0νββ
will manifest as a peak corresponding to the Q-value since all of the energies will go to the two
β’s in the absence of the neutrinos. A very good energy resolution is necessary to distinguish
between the tail of the 2νββ spectrum and the 0νββ window (since the line will be smeared by
realistic energy resolution of the detector).
The EXO-200 experiment is a single phase, liquid xenon time projection chamber (TPC) that
uses 175 kg of xenon enriched to 80.6% in the isotope of 136 Xe, which has a relatively high Q-value
of 2458 keV to be above most of the typical gamma backgrounds. The xenon can be puriﬁed
with a zirconium getter 6 in situ while the experiment is running to minimize the amount of
electronegative impurities. The xenon purity is further checked via the cold trap/mass spectrum
method 7 to ensure impurities at only parts per billion level. Energy depositions in the liquid
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Figure 2 – The sum electron spectra for the various potential Majoron decays (left) and the energy level for
excited states (right). Data for the energy level came from NNDC 5 .

136

Ba

xenon creates both ionization and scintillation (at 178 nm), which are anticorrelated. EXO200 measures both the ionization and the scintillation signals and exploits the anticorrelation
between the two to achieve a good energy resolution.
The detector consists of two back-to-back cylindrical TPC’s with a shared cathode at the
center. Each TPC is 20 cm in radius and 22 cm in length with the anode consisting of two
separate wire grids that are tilted by 60◦ from each other. For the ionization signals which
creates electrons in the liquid xenon, the ﬁrst grid measures an induction signal while the
second grid measures the collection signal. Both grids consist of wires eﬀectively separated by
9 mm. Behind the grids are an array of Large Area Avalanche Photodiodes (APDs) to measure
the scintillation light. Teﬂon reﬂectors along the outside of the cylinder will reﬂect the UV
scintillation light. The two wire grids allow for reconstruction of the charge deposit position in
the plane perpendicular to the length of the cylinder (Z). The Z coordinate can be determined
by the timing diﬀerence between the prompt scintillation signal and the ionization signal that
depends on how far the electrons have to drift in the ﬁxed electric ﬁeld. More details can be
found in EXO-200 detector paper 8 .
To be shielded from cosmic ray, the EXO-200 detector is located at the Waste Isolation Pilot
Plant (WIPP) near Carlsbad, NM, USA. The WIPP site has an overburden of 1585 meters water
equivalent and is a salt mine, which has less natural Uranium and Thorium background than
a hard rock mine. The detector is housed inside a clean room in the salt with the additional
shielding of 25 cm of lead, 50 cm of a cryoﬂuid known as HFE-7000, and about 5 cm of copper on
all sides. Muon veto panels on 6 sides of the TPC provide further discriminating power against
backgrounds of cosmogenic origin.
A total of 477.60±0.01 live days of data were collected between September 22, 2011 and
September 1, 2013. For the results discussed below 9 10 11 , this same data set (“low-background
data”) and the same set of event selection criteria were applied. Events consistent with noise,
coincident with the muon veto, with more than one scintillation signal, or within 1 s of other
events in the TPC were removed.
The same ﬁducial volume, deﬁned as hexagonal with an apothem of 162 mm, was used for
all the analyses. Only regions within this hexagonal volume that are >10 mm from the cathode
and anode wire planes were included. This geometry corresponds to a 136 Xe mass of 76.5 kg,
or 3.39 × 1026 atoms of 136 Xe. The total exposure is 100 kg·yr (736 mol·yr). In all of the
analyses, an energy range (summed over all charge clusters in an event) of 980−9800 keV was
used, to ensure that all of the charge clusters have near 100% eﬃciency of being reconstructed
in three dimensions. Finally, only events that have fully reconstructed U-, V-, and Z-positions
were considered.
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3

Data Analysis

The ability to discriminate between β-like and γ-like events due to their topology, mainly whether
the event is single-site (SS) or multi-site (MS), is the main reason behind EXO-200’s good
sensitivity as a double beta decay detector. At the Q-value, there is a 3 to 1 rejection of γ
backgrounds. Most β events are single site in nature, while γ events tend to leave multiple
distinct charge clusters after Compton scattering.
A Geant4-based Monte Carlo (MC) simulation of the detector and shielding (described in
detail in 3 ) is used to model the detector response. Comparison of data and MC in source runs
(source agreements) validates the simulations. From the MC simulations, probability density
functions (PDFs) separated for SS and MS are created. Periodic calibrations using γ sources
(primarily 228 Th but also 60 Co, 226 Ra, and 137 Cs) determines the energy scale and resolution
from ﬁtting the full shape of the energy spectra between the data and the MC simulation.
Separate energy scale and resolutions were determined for SS and MS.
To get the physics results, a binned maximum-likelihood (ML) ﬁt is performed simultaneously in SS and MS with the 2-dimensional PDFs in energy and another variable (Standoﬀ
Distance for most of the analysis, a machine learning generated ”discriminator” for the excited
analysis) and the low background data set to search for 0νββ and other physics. Systematic
uncertainties are taken into consideration by applying Gaussian constraints on the ﬁt parameters. Proﬁle likelihood scans are next performed for each signal separately to get the count that
corresponds to 90% conﬁdence level (C.L.) to determine the corresponding limit on the half-life.
For the Majoron and the excited state results, unique normalization parameters are calculated. Toy MC data sets with a nonzero number of signal events are generated from PDFs
that have been skewed by the relative diﬀerences between data (calibration source data or a
background subtracted spectrum from the physics run to represent 2νββ ) and MC. These toy
data sets are then ﬁt to the standard, un-skewed PDFs, and the resulting diﬀerence between the
ﬁtted and simulated number of excited state events is determined. This fractional diﬀerence is
accounted for as a systematic error that is an allowed constraint in the normalization term of
the ﬁt.
4

Results

4.1

0νββ

The main objective of the EXO-200 experiment is of course the search for 0νββ . A blind
analysis, where the ROI was not looked at until all of the background models have been veriﬁed,
resulted in a best ﬁt value of 9.9 0νββ count, consistent with the null hypothesis at 1.2σ 9 . While
the half-life sensitivity of 1.9 · 1025 yr was achieved, a half-life limit of 1.1 · 1025 yr at 90% C.L.
was set. Figure 3 left shows the SS (top) and MS (bottom) energy ﬁt results.
4.2

Majoron

Majoron modes with indices of 1, 2, 3, and 7 were searched for independently in separate ﬁts
without the inclusion of 0νββ 10 . The best ﬁt results are shown in Figure 3 right. No Majoron
was observed and the corresponding limits on the half-life are shown in Table 1.
4.3

2νββ decay to excited state

The decay to the excited state study 11 is the ﬁrst EXO-200 analysis to use a Machine Learning
technique. Several diﬀerent Machine Learning algorithms were considered with a variety of
input variables. Ultimately, Boosted Decision Tree (BDT) was chosen with 6 variables - energy,
multiplicity, standoﬀ distance, and the minimal energy diﬀerence among all of the charge clusters
and one of 760.5 keV, 8181.5 keV, and 1579 keV (the energies of the emitted γ’s and the sum
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Table 1: The half-life limits at the 90% C.L. for each Majoron modes searched by EXO-200.

Decay Mode
0νββχ0
0νββχ0
0νββχ0 χ0
0νββχ0
0νββχ0 χ0

Spectral Index, n
1
2
3
3
7

T1/2 , yr
> 1.2 · 1024
> 2.5· 1023
> 2.7 · 1022
> 2.7 · 1022
> 6.1 · 1021

of the two) - as the method with the best sensitivity and the minimal systematic uncertainties.
The ﬁnal ﬁt was not conducted until after this choice of the machine learning algorithm.
A theoretical calculation, based on the 2νββ to ground state measured rate 3 and PSF 12 and
NME 13 theoretical calculations, predicts a half-life of ∼ 1025 yr, with substantial uncertainty.
Best ﬁts by the EXO-200 search for the decay to the excited state are shown in Figures 4. A
best ﬁt value of 43 events was found with a 90% C.L. upper limit of 104 events. The resulting
lower limit on the half-life of the 2νββ decay of 136 Xe to the ﬁrst 0+ excited state of 136 Ba is
2ν > 6.9 × 1023 yr at 90% C.L. This limit is slightly worse than the expected sensitivity of
T1/2
1.7 × 1024 yr, see Figure 5 left. Like the Majoron results, the excited state ﬁt was conducted
without the inclusion of a search for 0νββ .
5

Current Status of EXO-200 and progress toward nEXO

Unfortunately, EXO-200 was forced to take a nearly two year hiatus from February of 2014 to
late January of 2016 due to an unforseen problem at the WIPP site in their radiation waste
storage eﬀort 14 . The EXO-200’s remote recovery system worked successfully as designed, as the
underground site power outage lasted a full year. Eventually after the power has been restored,
the experimental recovery eﬀort took about an year to get EXO-200 back to data taking. EXO200 has now resumed the hardware electronic upgrades designed to lower the energy resolution.
A deradonator has also been commissioned to improve the background in the region of interest.
While EXO-200 is planned to run for 3 additional years, the ultimate improvement in 0νββ
sensitivity may be minimal. The more useful contribution for EXO-200 is to provide further
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Number of Toy MCs

knowledge and lessons toward the design of nEXO, the ”next EXO” or the next phase with
approximately 5 tonnes of liquid xenon. The current projected sensitivity for nEXO (assuming a
lower energy resolution that may be attainable by EXO-200 after the current electronic upgrades)
is good enough to fully probe the inverted mass hierarchy after ﬁve years or run time, see Figure
5 right. The nEXO design is hoping to beneﬁt from additional improvements from self-shielding
(the new design removes the cathode and its radioimpurities from the center of the detector),
deeper location (it is currently designed with a move to SNOLAB in mind), and technological
improvements of using silicon photomultipliers for scintillation detection and having a more
eﬃcient charge readout scheme for ionization detection. The projected nEXO sensitivity is
6.6 × 1027 yr.
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Figure 5 – Left: Distribution of 90% CL upper limits on the number of excited state events from toy MC data
sets with no excited state events, using ﬁts to energy and either standoﬀ distance (red) or discriminator (blue).
Median values are drawn with dashed lines, with the limit from data at 104 events drawn as a solid line. Right:
The projected sensitivity to the eﬀective neutrino mass (based on the expected sensitivity to 0νββ half-life) for
the ﬁnal EXO-200 result and the next phase nEXO, with and without Barium Tagging. nEXO with Barium
Tagging could rule out the entire phase space for the inverted hierarchy of the neutrino mass.

Should the EXO barium tagging eﬀort, the idea that the daughter 136 Ba ion can be positively
identiﬁed from a candidate event in the 0νββ search energy window to eliminate nearly all
backgrounds, proves to be successful. nEXO with barium tagging can completely cover the
inverted hierarchy and probe into the normal hierarchy with a ten year runtime.

206

References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.

M. Goeppert-Mayer Phys. Rev. 48, 512 (1935)
K.A. Olive et al Chin. Phys. C38, 090001 (2014)
J.B. Albert et al (EXO-200) Phys. Rev. C 81, 015502 (2014)
A. S. Barabash Phys. Rev. C 81, 035501 (2010)
A.A. Sonzogni Nuclear Data Sheets 95, 837 (2002) data extracted from the ENSDF
database, Oct. 9, 2015 http://www.nndc.nbl.gov
A. Dobi et al Nucl. Instrum. Methods A 620, 594-598 (2010)
A. Dobi et al Nucl. Instrum. Methods A 675, 40-46 (2012)
M. Auger et al (EXO-200) JINST 7, P05010 (2012)
J.B. Albert et al (EXO-200) Nature 510, 229 (2014)
J.B. Albert et al (EXO-200) Phys. Rev. D 90, 092004 (2014)
J.B. Albert et al (EXO-200) Phys. Rev. C 93, 035001 (2016)
J. Kotila and F. Iachello Phys. Rev. C 85, 034316 (2012)
J. Barea, J. Kotila, and F.Iachello Phys. Rev. C 91, 034304 (2015)
J. Vincent The Verge published March 27, 2015 at http://www.theverge.com/2015/3/
27/8299325/kitty-litter-nuclear-waste-accident-wipp

207



208

Neutrinoless double beta decay results from CUORE-0
and status for CUORE experiment
P. Gorla1 , C. Alduino3 , K. Alfonso2 , D. R. Artusa1,3 , F. T. Avignone III3 , O. Azzolini4 , T. I. Banks5,6 ,
G. Bari7 , J.W. Beeman8 , F. Bellini9,10 , A. Bersani11 , M. Biassoni12,13 , C. Broﬀerio12,13 , C. Bucci1 ,
A. Camacho4 , A. Caminata11 , L. Canonica1 , X. G. Cao14 , S. Capelli12,13 , L. Cappelli11,1,15 ,
L. Carbone13 , L. Cardani9,10 , P. Carniti12,13 , N. Casali9,10 , L. Cassina12,13 , D. Chiesa12,13 , N. Chott3 ,
M. Clemenza12,13 , S. Copello16,11 , C. Cosmelli9,10 , O. Cremonesi13 , R. J. Creswick3 , J. S. Cushman17 ,
A. D’addabbo1 , I. Daﬁnei10 , C. J. Davis17 , S. Dell’Oro1,18 , M. M. Deninno7 , S. Di Domizio16,11 ,
M. L. Di Vacri1,19 , A. Drobizhev5,6 , D. Q. Fang14 , M. Faverzani12,13 , J. Feintzeig6 , G. Fernandes16,11 ,
E. Ferri12,13 , F. Ferroni9,10 , E. Fiorini13,12 , M. A. Franceschi20 , S. J. Freedman6,5 , B. K. Fujikawa6 ,
A. Giachero13 , L. Gironi12,13 , A. Giuliani21 , L. Gladstone22 , C. Gotti12,13 , T. D. Gutierrez23 ,
E. E. Haller8,24 , K. Han25,17 , E. Hansen22,2 , K. M. Heeger17 , R. Hennings-Yeomans5,6 ,
K. P. Hickerson2 , H. Z. Huang2 , R. Kadel26 , G. Keppel4 , Yu. G. Kolomensky5,26,6 , A. Leder22 ,
C. Ligi20 , K. E. Lim17 , X. Liu2 , Y. G. Ma14 , M. Maino12,13 , L. Marini16,11 , M. Martinez9,10,27 ,
R. H. Maruyama17 , Y. Mei6 , N. Moggi28,7 , S. Morganti10 , P. J. Mosteiro10 , T. Napolitano20 ,
C. Nones29 , E. B. Norman30,31 , A. Nucciotti12,13 , T. O’Donnell5,6 , F. Orio10 , J. L. Ouellet22,5,6 ,
C. E. Pagliarone1,15 , M. Pallavicini16,11 , V. Palmieri4 , L. Pattavina1 , M. Pavan12,13 , G. Pessina13 ,
V. Pettinacci10 , G. Piperno9,10 , C. Pira4 , S. Pirro1 , S. Pozzi12,13 , E. Previtali13 , C. Rosenfeld3 ,
C. Rusconi13 , S. Sangiorgio30 , D. Santone1,19 , N. D. Scielzo30 , V. Singh5 , M. Sisti12,13 , A. R. Smith6 ,
L. Taﬀarello32 , M. Tenconi21 , F. Terranova12,13 , C. Tomei10 , S. Trentalange2 , M. Vignati10 ,
S. L. Wagaarachchi5,6 , B. S. Wang30,31 , H. W. Wang14 , J. Wilson3 , L. A. Winslow22 , T. Wise17,33 ,
A. Woodcraft34 , L. Zanotti12,13 , G. Q. Zhang14 , B. X. Zhu2 , S. Zimmermann35 , and S. Zucchelli36,7
1
INFN - Laboratori Nazionali del Gran Sasso, Assergi (L’Aquila) I-67010 - Italy
Department of Physics and Astronomy, University of California, Los Angeles, CA 90095 - USA
3
Department of Physics and Astronomy, University of South Carolina, Columbia, SC 29208 - USA
4
INFN - Laboratori Nazionali di Legnaro, Legnaro (Padova) I-35020 - Italy
5
Department of Physics, University of California, Berkeley, CA 94720 - USA
6
Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720 - USA
7
INFN - Sezione di Bologna, Bologna I-40127 - Italy
8
Materials Science Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720 - USA
9
Dipartimento di Fisica, Sapienza Università di Roma, Roma I-00185 - Italy
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The Cryogenic Underground Observatory for Rare Events (CUORE) is a 1-ton scale bolometric
experiment whose detector consists of an array of 988 TeO2 crystals arranged in a cylindrical
compact structure of 19 towers. CUORE-0 is the CUORE demonstrator: it has been built to
test the performance of the upcoming CUORE experiment and represents the largest 130 Te
bolometric setup ever operated. CUORE-0 has been running at Laboratori Nazionali del Gran
Sasso (Italy) from March 2013 to March 2015. The ﬁnal CUORE-0 analysis on neutrinoless
double beta decay and the corresponding detector performance are presented. The status of
the CUORE experiment, now in its ﬁnal construction and commissioning phase, are discussed.
The results from assembly of the detector and the commissioning of the cryostat are reported.

1

Introduction

Neutrinoless double-beta decay (ββ0ν) is a nuclear decay that violates lepton number conservation. In this transition a nucleus (A, Z), with even A and Z, decays into (A, Z+2) nucleus with
the emission of two electrons and no neutrino, resulting in a peak in the sum energy spectrum
of the emitted electrons. This process, ﬁrst hypothesized in 1 , has never been observed so far.
Its discovery would demonstrate the lepton number violation, the Majorana nature of neutrinos, and would constrain the absolute neutrino mass scale. Given its importance, an intense
experimental eﬀort is ongoing to search for this decay in several nuclei 2 .
The Cryogenic Underground Observatory for Rare Events (CUORE) 3 , presently in the ﬁnal
stages of construction at the Gran Sasso National Laboratory (LNGS), will be one of the most
sensitive upcoming ββ0ν experiments. It is an array of 988 TeO2 bolometers with the goal of
searching for the ββ0ν of 130 Te. The detectors are arranged in a compact structure of 19 towers,
each one containing 52 TeO2 crystals, disposed on 13 ﬂoors. CUORE aims to reach a sensitivity
on the half-life of ββ0ν of 130 Te T1/2 = 9.5·1025 yr in 5 years ( at 90 % C.L.).
The ﬁrst tower built in the CUORE assembling line was operated as a stand alone experiment, named CUORE-0 from 2013 to 2015 to prove all the CUORE features and upgrades and
to set a world best limit on the half life of ββ0ν decay of 130 Te.
2

CUORE

CUORE is a bolometric experiment searching for ββ0ν of 130 Te. In the bolometric approach, the
energy deposited by particle interacting in an absorber is measured as an increase of temperature
in the absorber itself. In CUORE each bolometer will use a cubic 5×5×5 cm3 TeO2 crystal
with a mass of about 750 g as crystal absorber. In this way the detector contains the source
of the decay, achieving high eﬃciency (∼88%) and good energy resolution. The temperature
variations of the crystal are detected by a thermistor as resistance variations. The thermistor is a
neutron transmutation doped (NTD) Ge semiconductor, that exhibits an exponential response
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Figure 1 – Left: the CUORE-0 detector during the assembling: the 52 TeO2 crystals are arranged in 13 ﬂoors of
4 crystals each. Right: sketch of the CUORE cryostat with the CUORE detector surrounded by the vessels of
increasing temperature.

to T variations of the resistance at low temperatures. The crystals are held and thermally
coupled to a heat sink, that is a copper structure cooled down to about 10 mK, by means of
eight Polytetraﬂuoroethylene (PTFE) supports. Typical sensitivity of the thermistor is ∼100
μV/MeV of deposited energy. The CUORE detector will be composed by 988 natural TeO2
bolometers for a total mass of 741 kg. As the natural abundance of 130 Te is ∼34%, the total
amount of ββ0ν active mass is 206 kg. The detectors will be arranged in 19 towers of 13
layers each. The towers will be placed in a roughly cylindrical compact conﬁguration in a new
low radioactivity custom dilution refrigerator, to be commissioned and installed in Laboratori
Nazionali del Gran Sasso (LNGS), in Italy.
A demonstrator experiment, CUORICINO 4 , was operated in the same laboratory from
2003 to 2008. The CUORICINO detector was composed by 62 TeO2 bolometers, for a total
mass of 40.7 kg. The acquired statistics was 19.75 kg(130 Te)· y, and no ββ0ν signal was found.
The background level in the ββ0ν energy region was 0.169 ± 0.006 counts/keV/kg/y and the
corresponding lower limit on the ββ0ν half-life of 130 Te is 2.8 · 1024 y (90% C.L.). This limit
translates into an upper limit on the neutrino eﬀective Majorana mass ranging from 300 to 710
meV, depending on the nuclear matrix elements considered in the computation.
2.1

Experimental challenges

The aim of future neutrinoless experiments, as CUORE, is to begin to probe the inverted
hierarchy region of neutrino masses. To achieve the necessary sensitivity the key experimental
parameters are: i) large sample of candidate nuclei under control, ii) long live time, iii) good
detector energy resolution, and iv) very low radioactive background. The ﬁrst two challenges are
matched by the described CUORE design. Crucial requirements are the capability of completing
988 TeO2 bolometers in clean and reproducible conditions and the capability of delivering a
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uniform base temperature in a low vibration and low background environment. The status of
detector realisation and assembling and of the cryostat commissioning are reported in section
4. Requirements iii) and iv) were part of the intense CUORE R&D program. In CUORICINO
the average energy resolution at 2615 keV (208 Tl line) was 6.3 ± 2.5 keV 5 . After CUORICINO,
the detector performances of the R&D bolometers for CUORE have been improved thanks to a
new layout of the detectors that uses new copper frames and new PTFE crystal supports, and
the target energy resolution in the CUORE is 5 keV. Moreover a strong material selection and
cleaning campaign was performed for the detectors and for the cryostat components to reduce
the background events in the region of interest (ROI). The ββ0ν Q-value for this nucleus is
2527.515 ± 0.013 keV 6 . A challenge related to the detector performances is the uniformity of
their behaviour. In CUORICINO, we observed a large spread in the pulse shape among the
detectors. This leads to a complication in the data analysis that could be more challenging in
case of an experiment, like CUORE, with about 1000 single detectors. To improve the detector
response uniformity special care has been devoted in the realisation of a new detector assembly
system. The background level is expected to be as good as 0.01 counts/keV/kg/y due to:
improvements in the radio-purity of the copper and crystal surfaces as well as in the assembly
environment; thicker shields using low-activity ancient Roman lead; and the fact that the 19tower array aﬀords superior self-shielding and better anti-coincidence coverage (discussion of the
diﬀerent contribution can be found in 11 ).
3

The CUORE-0 experiment

CUORE-0 is a single CUORE-like tower, the ﬁrst one built using the low-background assembly
techniques developed for CUORE 7 . It is made of 52 TeO2 bolometers, for a total mass of 39 kg.
The TeO2 crystals are held in an ultra-pure copper frame by PTFE supports and arranged in 13
ﬂoors, with 4 crystals per ﬂoor (see Fig. 1). Each TeO2 detector is instrumented with a Neutron
Transmutation Doped (NTD) Ge thermistor glued on its surface, to measure the temperature
change of the absorber and convert it into an electric signal. Each crystal is instrumented also
with a silicon resistor (“heater”) to generate reference pulses. The tower was operated in Hall A
of LNGS, in the same dilution refrigerator that previously hosted the CUORICINO experiment,
and it took data between March 2013 and March 2015. Technical details are reported in 8 , while
the CUORE-0 physics results can be found in 9 .
3.1

Detector performance

CUORE-0 acquired data for the ββ0νsearch accumulating a total exposure of 9.8 kg·y of 130 Te.
Data are collected in month-long blocks called datasets. At the beginning and end of each dataset
we calibrate the detector by placing a 232 Th source next to the outer vessel of the cryogenic
system. We use the calibration line with the highest intensity and next to the ROI, 2615 keV
from 208 Tl, in order to study the detector response function to a mono energetic energy deposit
for each bolometer and dataset. We estimate the shape parameters of the 2615 keV line with
a simultaneous, unbinned extended maximum likelihood (UEML) ﬁt to calibration data. The
physics exposure-weighted eﬀective mean of the FWHM values for each bolometer and dataset
is 4.9 keV, with a corresponding RMS of 2.9 keV. We evaluate the background level in the
alpha-dominated region (2700-3900) keV to be 0.016±0.001 counts/keV/kg/y), 6 times smaller
with respect to the Cuoricino background in the same region (see Fig. 2 right) .
3.2

ββ0ν decay result

We search for ββ0ν decay of 130 Te in the ﬁnal CUORE-0 energy spectrum performing a simultaneous UEML ﬁt in the energy region 2470-2570 keV (Fig. 2). The ﬁt function is composed by three parameters: a posited signal peak at the Q-value of the transition, a peak at
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Figure 2 – Left bottom: The best-ﬁt model from the UEML ﬁt (solid blue line) overlaid on the spectrum of ββ0ν
decay candidates in CUORE-0 (data points); the data are shown with Gaussian error bars. Dotted black line
shows the continuum background component of the best-ﬁt model. Left top: normalized residuals of the best-ﬁt
model and the binned data. The vertical dot-dashed black line indicates the position of Qββ . Right: Comparison
of CUORE-0 and CUORICINO spectra in the ﬂat alpha region (2700-3900 keV).

∼2507 keV from 60 Co double-gammas, and a smooth continuum background attributed to multiscatter Compton events from 208 Tl and surface decays. The best-ﬁt values are Γ0ν = 0.01 ±
0.12(stat)±0.01(syst) × 10−24 yr−1 for the ββ0ν decay rate and 0.058±0.004(stat)±0.002(syst)
counts/keV/kg/y) for the background index in the ROI. This result is 3 times lower than the
Cuoricino background, 0.169±0.006 counts/keV/kg/y, in the same ROI. Using a Bayesian approach, we set a 90% C.L. lower bound on the decay half-life of 2.7×1024 yr 9 . When combined
with the 19.75 kg·y exposure of 130 Te from the Cuoricino experiment, we ﬁnd a Bayesian 90%
C.L. limit of T0ν > 4.0×1024 yr, which is the most stringent limit to date on the 130 Te ββ0ν
half-life. Additional details on the analysis techniques can be found in 10 .
4

CUORE commissioning

The commissioning of the CUORE experiment has two main deliverables: i) the 988 TeO2
bolometers properly assembled and wired and ii) the cryostat able to host the detector and cool
it to the expected base temperature (<10 mK) in stable conditions.
The assembly of the CUORE detector towers started in late February 2013. Following the
experience of CUORE-0, the assembling was performed under nitrogen atmosfere in a dedicated
assembling line. The assembly of all the 19 CUORE towers has been completed in July 2014.
The towers are presently stored inside the CUORE clean room until they will be installed into
the cryostat just before the ﬁnal cool-down. Each tower is maintained inside its individual cage
and ﬂushed with nitrogen.
The commissioning of the CUORE cryostat was concluded in March 2016. The cryostat
(see sketch in Fig. 1) is composed by 6 coaxial vessels, kept at 300, 40, 4 K, 600, 50, 10 mK,
respectively. 300 and 4 K shields are vacuum tight. The detector will be placed inside the 10
mK vessel. The cryostat is suspended from above to a structure called Main Support Plate
(MSP). A Y-Beam, isolated from the MSP through Minus-K special suspensions, supports the
detector. In this way, vibration transmission from the cryostat to the crystal is minimized.
To suppress external γ background, inside the cryostat, just above the detector, is placed a
30-cm-thick cylindrical shielding, made of lead sheets, kept at about 50 mK. This is the only
shielding wall from the top side. Another cold lead shielding, kept at 4 K, is a 6-cm-thick wall
that surrounds the 600 mK vessel. The lateral shield is made of 210 Pb-free ancient roman lead
The aim of the cold shields is to prevent radioactivity contamination from the external vessels
(300, 40, and 4 K) and from all the cryostat plates. The 4K temperature stage is obtained
by means of 5 two-stage Cryomech PT415 Pulse Tubes (PTs), with nominal cooling power of
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1.5 W at 4.2 K and 40 W at 45 K each. Base temperature is reached using a modiﬁed DRSCF3000 continuous-cycle Dilution Refrigerator (DR) made by Leiden Cryogenics. Its nominal
cooling power is 5 μW at 12 mK (3 mW at 120 mK), and the minimum reachable temperature
is around 5 mK (for more details on the CUORE cryostat see 12 ). CUORE wiring consists of
2600 NbTi cables with 0.1-mm diameter, grouped in 100 ribbons, 13 twisted pair each. Wiring
ribbons bring the thermistors and heaters signal from the top plate (300 K) to the Mixing
Chamber (MC) plate (10 mK) and they can carry heat directly to the bolometers, so their
thermalization requires special care. From 300 to 4 K, the ribbons are thermalized by radiation,
while below 4 K by conduction, by means of dedicated thermalization clamps connected to the
4 K, 600 and 50 mK stages. A mini-tower with 8 crystals was built, mounted, and connected to
the electronics to check bolometer functionality. The commissioning consisted in a sequence of
could run of increasing complexity in the cryostat. The last cold run was performed with the
full cryostat with all the components installed but the detector. The cryostat provided a stable
base temperature of ∼ 6.3 mK for about 70 days. The performance of the detectors measured on
the on 8 bolometer array (Mini-Tower) were encouraging and a full debugging of the electronics,
DAQ, temperature stabilization, and detector calibration systems was performed.
The installation of the detectors in the CUORE cryostat is foreseen in summer 2016. Cool
down will start immediately after.
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We report LHC measurements of single W and Z boson production at diﬀerent centre-of-mass
energies. Together, the ATLAS, CMS, and LHCb detectors cover an absolute rapidity range
from 0 to 4.5, enabling precision tests and studies of Standard Model physics across diﬀerent
kinematic regions. We report total, ﬁducial and diﬀerential cross-section measurements and
their ratios. These results allow tests of the performance of diﬀerent parton distribution
functions (PDFs), and can be used to further constrain the PDFs. In addition, the results
are compared to theoretical predictions which use diﬀerent approaches to model eﬀects within
quantum chromodynamics. We also report measurements of the forward-backward asymmetry
in Z boson decays, and measurements of angular coeﬃcients, which provide sensitivity to the
electroweak mixing angle.

1

Cross-section measurements

Measurements of gauge boson production cross-sections at the LHC provide sensitivity to many
diﬀerent areas of particle physics. This article concentrates on measurements of inclusive W and
Z boson production.a Total, ﬁducial, and diﬀerential cross-sections as a function of the boson
rapidity are well predicted within the Standard Model at the partonic level, allowing study of the
internal structure of the proton and PDFs 1 , across a wide range of Bjorken-x. Diﬀerential crosssection measurements can also be used to study modelling of pp collisions, allowing the tuning of
diﬀerent event generators used to simulate proton-proton collisions. Such studies will be crucial
for any future LHC measurement of the W boson mass.2 Ratios of cross-section measurements at
diﬀerent pp collision energies also provide sensitivity to potential physics beyond the Standard
Model.3
a

This article includes the contributions from virtual photons within the label Z.
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1.1

Selected measurements from LHC Run 2

The ATLAS, CMS and LHCb collaborations have all made measurements of gauge boson production in pp collisions at 13 TeV.4,5,6 The ATLAS and CMS collaborations have presented
measurements of W and Z boson production in ﬁducial regions corresponding to the acceptance
of their detectors using decays to ﬁnal states including electrons or muons. For ATLAS, the
ﬁducial acceptance corresponds to the leptons having transverse momentum, pT > 25 GeV, and
absolute pseudorapidity, |η | < 2.5. For Z boson production the dilepton invariant mass m
is required to be between 66 < m < 116 GeV, and for W boson production the transverse
mass, mT , is required to be above 50 GeV. At CMS, the ﬁducial requirements are diﬀerent for
electrons and muons, and are optimised to the CMS detector acceptance. ATLAS and CMS
have also measured total cross-sections where the ﬁducial measurements are extrapolated to the
full phase space using simulation. The requirement on the di-lepton invariant mass is retained
since the diﬀerential cross-section increases signiﬁcantly at low dilepton invariant masses due
to the virtual photon contribution. At CMS this corresponds to a window between 60 and 120
GeV. The LHCb collaboration have made measurements of Z boson production using muons in
a ﬁducial region corresponding to the forward region occupied by the LHCb detector: muons
are required to have 2.0 < η μ < 4.5 and pμT > 20 GeV, and the invariant mass of the dimuon
system is required to be between 60 and 120 GeV.
All the LHC experiments have compared the measurements to theoretical predictions calculated at next-to-next-to leading order (NNLO) in perturbative quantum chromodynamics
(pQCD) based on diﬀerent PDF sets and found good agreement. Cross-section ratios between
W and Z boson production, and between W + and W − production, are shown for ATLAS and
CMS in Figure 1.

Figure 1 – (Top) measurements of ﬁducial cross-sections ratios by the ATLAS collaboration, and (bottom) measurements of total cross-section ratios by the CMS collaboration. The data are shown as bands, with the inner
band corresponding to the statistical uncertainty and the outer band corresponding to the total uncertainty.
NNLO predictions calculated using diﬀerent PDF sets are shown as points. From the original articles 4, 5 , where
more detail is given about the theoretical predictions compared to the data.

218

The diﬀerential cross-section for Z boson production as a function of the boson rapidity as
measured at LHCb is shown in Figure 2. With increased precision future measurements from
all three experiments will provide important constraints on PDFs.

Figure 2 – Measurements of the diﬀerential cross-section for Z boson production as a function of the boson
rapidity. The data are shown as bands, with the inner band corresponding to the statistical uncertainty and
the outer band corresponding to the total uncertainty. NNLO predictions calculated using diﬀerent PDF sets
are shown as points. From the original article 6 , where more detail is given about the theoretical predictions
compared to the data.

1.2

Selected measurements from LHC Run 1

There are many important measurements of W and Z boson production produced by the LHC
√
experiments for both s = 7 and 8 TeV pp collisions. This article selects a few results of interest
from recent publications from each of the experiments.
The ATLAS experiment has reported the measurement of the Z boson transverse momentum and φ∗η distributions 7,b in 8 TeV pp collisions.8 The measurement has been performed
diﬀerentially in the dilepton invariant mass and rapidity. The precise ﬁducial deﬁnitions are
given in the original article 8 . The results are compared to theoretical predictions generated
using diﬀerent Monte Carlo event generators, and ﬁxed order predictions (at NNLO in pQCD)
calculated using DYNNLO 9 . Selected comparisons are shown in Figure 3. Even at high transverse momentum, signiﬁcant discrepancies are seen between the ﬁxed order predictions and the
data. This disagreement appears to be reasonably independent of the dilepton rapidity and
mass and transverse momentum for pT > 50 GeV, with theory consistently ∼ 10% lower than
the measured diﬀerential cross-section. The event generator predictions agree best with data
when the dilepton invariant mass is close to the Z boson mass (mZ ), and the best agreement is
seen for pT < mZ . Since the greatest sensitivity to the W boson mass, mW , comes from events
with small boson transverse momentum, such behaviour is encouraging for future W boson mass
measurements.
The CMS experiment has reported a measurement of inclusive W boson production in
8 TeV pp collisions, using events where the W boson decays to a muon and a neutrino.10 The
measurement has been performed for a ﬁducial cross-section deﬁned by |η μ | < 2.4 and pμT >
b
The φ∗η variable is strongly correlated to the boson transverse momentum but is less eﬀected by experimental
resolution as it depends only on angular variables. Here only transverse momentum results are shown.
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Figure 3 – Measurements of the diﬀerential cross-section for Drell-Yan production as a function of the dilepton
transverse momentum, in diﬀerent invariant mass bins. The data are shown as bands, with the inner band
corresponding to the statistical uncertainty and the outer band corresponding to the total uncertainty. The
left hand plot compares the data to ﬁxed order predictions, whereas the right hand plot compares the data to
diﬀerent event generators. From the original article 8 , where more detail is given about the theoretical predictions
compared to the data.

25 GeV. The measurement is made diﬀerentially in bins of the muon pseudorapidity separately
for both charges, allowing the diﬀerential lepton charge asymmetry, A ≡ (dσ + − dσ − )/(dσ + +
dσ − ) to be measured in addition. This variable is particularly sensitive to the modelling of
the ratio of the PDFs for the up and down valence quarks. The measurements are compared
to theoretical predictions calculated at NNLO using FEWZ 11 for diﬀerent PDF sets, and show
good agreement; the asymmetry is shown in Figure 4. However, the uncertainties on the data are
smaller than the uncertainties on the theoretical predictions, indicating that this measurement
will play an important role providing constraints in future PDF ﬁts.

Figure 4 – Measurements of the lepton charge asymmetry measured by the CMS experiment. The points correspond to the measured result, while the shaded bands correspond to diﬀerent predictions at NNLO using diﬀerent
PDF sets. From the original article 10 , where more detail is given about the theoretical predictions compared to
the data.

The LHCb experiment has reported a measurement of inclusive W and Z boson production
in 7 and 8 TeV pp collisions using events containing muon(s) in the ﬁnal state.12,13 The muons
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are required to have 2.0 < η μ < 4.5 and pμT > 20 GeV, and for Z boson production, the
dimuon invariant mass is required to be between 60 and 120 GeV. The measured ﬁducial and
diﬀerential cross-sections at 7 and 8 TeV, and the charge asymmetries, all show good agreement
between NNLO predictions generated using FEWZ 11 and data. The LHCb collaboration has
also measured ratios between ﬁducial cross-section in pp collisions at 8 and 7 TeV (for W + ,
W − , and Z boson production). These measurements are shown in Figure 5. These results show
good agreement with NNLO predictions, though a ∼ 2 σ discrepancy with respect to theory is
apparent when ratios of the measurements are evaluated. Future measurements at new collision
energies will remain interesting.

Figure 5 – Measurements of ratios of diﬀerent single gauge boson production cross-sections measured by LHCb
between 7 and 8 TeV pp collisions. The inner band shows the statistical uncertainty on the measurement, with
the outer band showing the total uncertainty. The points correspond to predictions at NNLO using diﬀerent PDF
sets. From the original article 13 , where more detail is given about the theoretical predictions compared to the
data.

2

Angular distributions of Z boson decay

We can also consider the decay of directly produced Z bosons at the LHC to a dilepton ﬁnal
state. These measurements are typically performed in the Collins-Soper frame of reference 14 ,
where the diﬀerential cross-section may be expressed as
1
d2 σ
∝ (1 + cos2 θ∗ ) + A0 (1 − 3 cos2 θ∗ )
d cos θ∗ dφ∗
2
1
+ A1 sin(2θ∗ ) cos φ∗ + A2 sin2 θ∗ cos(2φ∗ )
2
+ A3 sin θ∗ cos φ∗ + A4 cos θ∗ + A5 sin2 θ∗ sin(2φ∗ )
+ A6 sin(2θ∗ ) sin φ∗ + A7 sin θ∗ sin φ∗ ],
where θ∗ and φ∗ are the polar and azimuthal angle of the negatively charged lepton. The
coeﬃcients A0 , A1 and A2 are sensitive to the boson polarisation. At leading order A0 − A2 = 0
(the Lam-Tung relation 15 ), and deviations from this relation arise from higher-order eﬀects such
as multi-gluon emission. The coeﬃcients A5 −A7 are typically small. A3 and A4 are also sensitive
to the vector and axial-vector couplings of the boson. The forward-backward
asymmetry in Z
(cos(θ ∗ )>0)−N (cos(θ ∗ )<0)
boson decays to dilepton ﬁnals states, deﬁned by AFB ≡ N
N (cos(θ ∗ )>0)+N (cos(θ ∗ )<0) , where N is
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the number of events fulﬁlling the relevant condition, is proportional to A4 . It can therefore
be used to probe the electroweak mixing angle. Such sensitivity is enhanced by the presence
of interference from the virtual photon, which generates large asymmetries away from the pole
mass of the Z boson. The coeﬃcients A5 , A6 and A7 are predicted to be very small.16
2.1

Measurements of angular coeﬃcients

The CMS collaboration have reported the measurement of the angular coeﬃcients A0 - A4 in
√
data collected at s = 8 TeV using Z → μμ decays, for two regions of rapidity: |y| < 1.0
and 1.0 < |y| < 2.1.16 The measurements of these coeﬃcients in the central region, as well as
A0 − A2 , are compared to diﬀerent theoretical predictions in Figure 6. The data do not favour
one particular set of predictions, and further reﬁnement of the theory will be needed to better
model the data. This will be important for any successful mW measurement at the LHC.

Figure 6 – Measurements of the angular coeﬃcients as a function of the boson transverse momentum, qT , for
|y| < 1. The circles show the measured results, with the vertical error bars showing the statistical uncertainties
and the boxes showing the systematic uncertainties. The boxes associated with the FEWZ predictions show the
PDF uncertainties. From the original article 16 , where more detail is given about the theoretical predictions
compared to the data.

2.2

lept.
Measurements of the forward-backward asymmetry and determination of sin2 (θeﬀ.
)

The forward-backward asymmetry in Z boson decays to muon pairs has been measured by the
√
LHCb collaboration in pp collisions at s = 7 and 8 TeV, as a function of the invariant mass of
lept.
), which is closely related to the
the system. This result has then been used to determine sin2 (θeﬀ.
electroweak mixing angle, a fundamental parameter within the Standard Model.17 The kinematic
region probed by LHCb is particularly well suited for this determination, as the phase space
has a better deﬁned z-axis from which to measure cos(θ∗ ) than the phase space in the central
lept.
region.c The LHCb collaboration reports sin2 (θeﬀ.
) = 0.2314 ± 0.0007(stat.) ± 0.0005(syst.) ±
lept.
) is due
0.0006(theory). The dominant systematic uncertainty on the extraction of sin2 (θeﬀ.
to knowledge of the detector alignment and momentum scale. This is slightly smaller than
lept.
the uncertainty in determining sin2 (θeﬀ.
) from AFB that arises from PDF knowledge. LHCb
lept.
c
Systems with boson rapidity ∼ 0 have little sensitivity to sin2 (θeﬀ.
) since the direction of the initial state
quark has 180◦ ambiguity; the quark direction is diluted in central proton-proton collisions.
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is subject to smaller theoretical uncertainties here than the other LHC experiments, since the
dilution between the quark direction and the proton direction is smaller in the forward region
than in the central region, and is also more precisely predicted with regard to PDF uncertainties;
the forward region contains smaller unertainties than the central region from how well any
correction for this dilution eﬀect is determined. The result is compared in Figure 7 to other
results from the LHC 18,19 and elsewhere. The two best measurements (from LEP 20 and SLD 21 )
are separated by more than 3 σ. The LHCb measurement is still statistically limited, and future
measurements at LHCb and at the other LHC experiments should provide greater precision
lept.
) at the LHC may
from improved measurement techniques. Future measurements of sin2 (θeﬀ.
therefore play an important role in electroweak precision ﬁts.
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Phys. Rept. 427 (2006) 257

LEP AFB(b)

Phys. Rept. 427 (2006) 257

0.2322± 0.0003

SLD ALR

0.2310± 0.0003

CDF

0.2315± 0.0010

Phys. Rev. Lett. 84 (2000) 5945

Phys. Rev. D 89 (2014) 072005

D0

0.2315± 0.0005

Phys. Rev. Lett. 115 (2015) 041801

CMS

0.2287± 0.0032

Phys. Rev. D 84 (2011) 112002
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0.2308± 0.0012

JHEP 09 (2015) 049
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0.2314± 0.0011

JHEP 11 (2015) 190
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Figure 7 – Measurements of the electroweak mixing angle at the LHC and at previous colliders. The band shows
the combination of the LEP and SLD measurements.20

3

Conclusions

Inclusive gauge boson production is a rich ﬁeld of study. LHC results have placed new constraints
on parton distribution functions, and have provided useful inputs for tuning diﬀerent event
generators. Such work is important in its own right, but also paves the way for other crucial
measurements of Standard Model physics, such as the measurement of the W boson mass.
Studies of the angles at which Z bosons decay to dileptons also allow measurements of boson
polarisation and the eﬀective leptonic weak mixing angle.
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lept
We report on the extraction of sin2 θeﬀ
(MZ ) and an indirect measurement of the mass
of the W boson from the forward-backward asymmetry of dilepton events in the Z boson mass region at the Tevatron. The data samples of e+ e− and μ+ μ− events collected
by the CDF detector correspond to the full 9.4 fb−1 run II sample and yield an eﬀective
lept
electroweak mixing angle sin2 θeﬀ
(MZ ) = 0.23222 ± 0.00046. The corresponding result
lept
(MZ ) =
reported by the D0 collaboration with the full 9.4 fb−1 e+ e− sample is sin2 θeﬀ
0.23146 ± 0.00047. The CDF collaboration also extracts the on-shell electroweak mixing angle
2
sin θW = 0.22401 ± 0.00044 which corresponds to an indirect measurement of the W boson
mass MW (indirect) = 80.327 ± 0.023 GeV. The quoted uncertainties include both statistical
and systematic contributions.

1

Introduction

lept
(MZ ), has been accuThe eﬀective sin2 θW coupling at the lepton vertex, denoted as sin2 θeﬀ
rately measured at the LEP-1 and SLD e+ e− colliders. The combined average of six individual
lept
(MZ ) = 0.23153 ± 0.00016. However, there is
LEP-1 and SLD measurements1 yields sin2 θeﬀ
tension between the two most precise individual measurements: the combined LEP-1 and SLD
2 lept
b-quark forward-backward asymmetry (A0,b
FB ) yields sin θeﬀ (MZ ) = 0.23221 ± 0.00029, and the
2 lept
SLD polarized left-right asymmetry (A ) yields sin θeﬀ (MZ ) = 0.23098 ± 0.00026. These two
measurements diﬀer by 3.2 standard deviations. In order to help resolve this diﬀerence new
lept
(MZ ) should have uncertainties similar to SLD or LEP (≈ ±0.0003).
measurements of sin2 θeﬀ
In addition, now that the Higgs boson mass (MH ) is known, the Standard Model (SM) is
over constrained. Any inconsistency between precise measurements of SM parameters could
be indicative of new physics. Fig.1 (a) (from ref.2 ) shows the current world average3 of direct
measurements of the mass of the W boson (MW =80.385 ± 0.015 GeV) versus the 2014 average4
of the direct measurements of the mass of the top quark (Mt = 173.34 ± 0.76 GeV).
The average of the Tevatron measurements of Mt in 2014 is Mt =174.34 ± 0.37(stat) ±
0.52(syst) GeV (or 174.34±0.64). If we also include the 2014 measurements of ATLAS and
CMS the combined 2014 world average 4 (CDF, D0, CMS, ATLAS) is Mt =173.34 ± 0.27(stat)
± 0.71(syst) GeV (or 173.34 ± 0.76 GeV) as shown in Fig.1 (a). Also shown in green is the
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expectation from the SM with MH = 125.6 ± 0.7 GeV. The average of all direct measurements
of MW is about 1.5 standard deviation higher than the prediction of the standard model. Predictions of supersymmetric models for MW are also higher 5 than the predictions of the standard
model.
The most recent measurement of Mt at the LHC are somewhat lower than at the Tevatron.
The ATLAS6 measurement published in 2015 is Mt = 172.99 ± 0.91 GeV. The CMS7 2015
measurement Mt =172.44 ± 0.13(stat) ± 0.47(syst) GeV (or 172.44 ±0.48 GeV) is the most
precise measurement to date and supersedes all previous CMS results. There is about a two
standard deviation tension between the 2015 CMS measurement of Mt and the earlier Tevatron
measurements. However, both are consistent with the world average. The lower value of Mt
as measured by CMS would imply a somewhat larger deviation of MW from the prediction of
Standard Model vs Super symmetry
MW=80.385±0.015 GeV
http://pdg.lbl.gov/2014/reviews/rpp2014-rev-standard-model.pdf
(TeV/LEP2)
K.A. Olive et al. (PDG),
Chin. Phys. C38, 090001 (2014) (http://pdg.lbl.gov)

MSSM

3

7
Standard
Model
MW=80.385±0.015
GeVvs Super symmetry

(TeV/LEP2)
http://pdg.lbl.gov/2014/reviews/rpp2014-rev-standard-model.pdf
K.A. Olive et al. (PDG), Chin. Phys. C38, 090001 (2014) (http://pdg.lbl.gov)
MTOP-CMS 2015

Mtop-2014=173.34±0.76 GeV

SM

MSSM

6

=172.44±0.48 GeV

SM

(a)

(b)

K.A. Olive et al. (PDG), Chin. Phys. C38, 090001 (2014)
(http://pdg.lbl.gov)

Figure 1 – (a) World average of all direct measurements of MW (CDF, D0, LEP2) versus the average of all
Mt measurements (CDF, D0, CMS, ATLAS) in 2014. The green line is the expectation from the SM (with
MH = 125.6 ± 0.7 GeV). Supersymmetry models predict values which are above the SM line. (b) Same as (a)
but with the CMS measurement of Mt in 2015 as compared to the Tevatron measurement of Mt .

the SM as shown in Fig. 1 (b). The parameter that needs to be measured more precisely is
MW . The current experimental uncertainties in the direct measurements of the W boson mass
direct ) by D0 and CDF at the Tevatron are about ±20 MeV per experiment. Equivalently
(MW
2 /M 2 . An error of ±
one can also measure the on-shell8 weak mixing angle, sin2 θW = 1 − MW
Z
2
0.0004 in the on-shell sin θW is equivalent to an indirect measurement of the W boson mass
indirect ) to a precision of ± 20 MeV.
(MW
The angular distribution for the production of deletions in hadron colliders is proportional
to
A0
1 + cos2 θ +
(1 − 3 cos2 θ) + A4 cos θ,
2
where θ is the polar angle in the Collins-Soper frame9 . The coeﬃcient A0 (PT ) is small and vanished for dilepton transverse momentum PT = 0. The integrated forward-backward asymmetry
Afb (M ) is equal to 3A4 (M )/8,
lept
2 /M 2 using the forward-backward
Precise extractions of sin2 θeﬀ
(MZ ) and sin2 θW = 1 − MW
Z
asymmetry (Afb ) of dilepton events produced in pp̄ and pp collisions are now possible for the
ﬁrst time because of four new innovations:
• A new technique 10 for calibrating the muon and electron energy scales as a function of
detector η and φ (and sign), thus greatly reducing systematic uncertainties from the energy
scale. These technique is used at CDF and CMS. A similar technique is used by D0 for
electrons.
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• A new event weighting technique11 . With this technique all experimental uncertainties
in acceptance and eﬃciencies cancel (by measuring the cos θ coeﬃcient A4 and using
the relation Afb = 3A4 /8). Similarly, additional weights can be included for antiquark
dilution, which makes the analysis independent of the acceptance in dilepton rapidity.
These technique is used by CDF and is currently being implemented at CMS.
• The implementation12 in 2012 of Z ﬁtter Eﬀective Born Approximation (EBA) electroweak
radiative corrections into the theory modiﬁed predictions of powheg and resbos which
lept
2 /M 2 . These
(MZ ) and sin2 θW = 1 − MW
allows for a measurement of both sin2 θeﬀ
Z
EBA electroweak radiative corrections were implemented in CDF analyses12,13,? since 2013.
Recently, an oﬃcial version of powheg with electroweak radiative corrections has been
released. Similarly, electroweak radiative corrections have been implemented in other
theory predictions. Comparisons of diﬀerent implementation of EW radiative corrections
are now possible..
• A new technique 15 that reduces Parton Distribution Function (PDF) uncertainties by
incorporating additional constraints from the mass and rapidity dependence of Drell-Yan
Afb . The use of Drell-Yan Afb (M, y) χ2 weighting was ﬁrst proposed in ref. 15 ) for additional constraints on PDFs. The χ2 weighting technique reduces the PDF uncertainty in
lept
(MZ ), sin2 θW , and in the indirect and direct measurements
the measurements of sin2 θeﬀ
of MW . This technique has been used in CDF14 and is currently being implemented in
CMS.
1.1

Electroweak radiative corrections

Zgrad-type EW radiative corrections - used by D0
An approximate method that only corrects for the ﬂavor dependence of sin2 θeﬀ has been prou−quark
=
posed by Baur and collaborators 18 . The ﬂavor dependence is approximately: sin2 θeﬀ
lept
lept
2 d−quark
2
2
sin θeﬀ − 0.0001 and sin θeﬀ
= sin θeﬀ − 0.0002.
We refer to these EW corrections (which have been implemented in resbos) as zgrad-type
lept
(MZ )
corrections. These corrections are used by D0. The D0 collaboration reports19 that sin2 θeﬀ
extracted using resbos (with CTEQ 6.6 -nlo PDFs) including zgrad-type radiative corrections
lept
(MZ ) extracted using pythia 6.323 20 with the same
is +0.00008 larger than the value of sin2 θeﬀ
PDF set and no EW radiative corrections. The pythia matrix elements are QCD leading order
as compared to resbos matrix elements which are nlo. However, as reported by D0, the
estimated correction due to higher order QCD eﬀects is negligibly small.
The above procedure partially corrects for the ﬂavor dependence of sin2 θeﬀ . It does not
account for the mass dependence of sin2 θeﬀ (shown in Fig. ??(c)) nor does it account for
the complex mass dependent form factors. As described below, a more complete treatment
of EW radiative corrections factors is needed in order yield a measurement of the on-shell
2 /M 2 .
sin2 θW = 1 − MW
Z
Eﬀective Born approximation (EBA) electroweak radiative corrections - used by
CDF
These radiative corrections have been implemented in CDF12 (for modiﬁed versions of powheg,
resbos and Tree level calculations). The corrections are derived from the approach adopted at
LEP16 . The Z-scattering-amplitude form factors are calculated by ZFITTER 6.43 16 which has
been used by LEP-1 and SLD measurements for precision tests of the standard model 17 .
Af b (M ) in the region of the mass of the Z boson is sensitive to the eﬀective weak mixing
angle sin2 θeﬀ (M, f lavor), where M is the dilepton mass. Here, sin2 θeﬀ is related to the on-shell8
2 /M 2 via complex mass and ﬂavor (weak isospin)
electroweak mixing angle sin2 θW = 1 − MW
Z
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dependent electroweak radiative corrections form factors. The massless-fermion approximation
is used.
lept
The parameter which is measured at LEP and SLD is sin2 θeﬀ
(MZ ). Previous extraction of
lept
sin2 θeﬀ (MZ ) from Drell-Yan Af b neglected the dependence of sin2 θeﬀ on ﬂavor and dilepton
mass. The input to the theory predictions has been one value of sin2 θeﬀ which on average was
lept
(MZ ).
assumed to be independent of mass or ﬂavor and has been interpreted as sin2 θeﬀ

When the full EBA EW radiative corrections are included, the input to the theory prediction
2 /M 2 . The templates are compared to
templates for Afb (M ) is the on-shell sin2 θW = 1 − MW
Z
2
the data and the best ﬁt value of sin θW is extracted. From the best ﬁt value of sin2 θW and the
lept
(MZ ) which
full complex EBA radiative corrections form factors we can then extract sin2 θeﬀ
is the eﬀective leptonic EW mixing angle at the mass of the Z boson. With the EBA radiative
lept
(MZ ) ≈ 1.037 sin2 θW .
corrections used at CDF it is found that sin2 θeﬀ
lept
(MZ ) is
If the EBA EW radiative corrections are included, the extracted value of sin2 θeﬀ
higher by +0.00023 than the value extracted with no EW radiative corrections. About +0.00008
lept
(M ), +0.00006 originates from
originate from accounting for the ﬂavor dependence of sin2 θeﬀ
2 lept
accounting for the mass dependence of sin θeﬀ (M ), and +0.00009 originate from accounting
for the mass dependent complex EW Fitter form factors.
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Figure 2 – Top-Left: CDF raw Afb (M ) measurement in bins of e+ e− invariant mass. Only statistical uncertainties
(bin-by-bin unfolding) are shown. The Monte Carlo simulation (pythia) includes the eﬀect of resolution smearing
and FSR. The pythia |y| < 1.7 asymmetry curve does not. Top-Right: Afb (M ) for e+ e− events unfolded for
lept
resolution and QED-FSR. The pythia calculation uses sin2 θeﬀ
= 0.232. The EBA-based resbos and powheg
2
2 lept
calculations uses sin θW = 0.2233 ( sin θeﬀ (MZ ) = 0.2315). Bottom-Left: Same as Top-Left for the μ+ μ−
sample (here |y| < 1). Bottom-Right: χ2 vs. sin2 θW for the CDF e+ e− sample.
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2

Analysis of CDF μ+ μ− and e+ e− full 9.4 fb−1 run II sample

After applying the calibrations and muon and electron scale corrections to the experimental and
simulated data, Afb (M ) is measured in bins of μ+ μ−13 for and e+ e−14 invariant mass using the
event-weighting method. This measurement is denoted as the raw Afb (M ) measurement because
the event-weighting method provides a ﬁrst-order acceptance correction, but does not include
resolution unfolding and ﬁnal-state (FSR) QED radiation. The raw Afb measurements in bins
of the μ+ μ− and e+ e− invariant mass are shown on the left part of Fig. 2. Only statistical
uncertainties are shown. The Monte Carlo simulation (pythia+photos) includes the eﬀect
of resolution smearing and FSR. To illustrate the eﬀects of resolution smearing and FSR, the
pythia |y| < 1 and |y| < 1.7 asymmetry curves do not include the eﬀect of resolution smearing
or FSR.
With the event weighting technique, the events near cos θ=0 are assigned zero weight. Therefore, the migration of events between positive and negative cos θ is negligible. Resolution smearing and FSR primarily transfer events between bins in invariant mass. The raw Afb in bins of
e+ e− and μ+ μ− invariant mass is unfolded13 for resolution smearing and FSR using a transfer
matrix which is obtained from the Monte Carlo simulation. The unfolded Afb (M ) for electrons
is shown in the top-right panel of Fig. 2.
lept
The electroweak (EWK) mixing parameters sin2 θeﬀ
(MZ ) and sin2 θW are extracted from
the fully unfolded Afb (M ) measurements using Afb (M ) templates calculated with diﬀerent values
of sin2 θW . Three QCD calculations are used: LO (tree), resbos nlo, and powheg-box nlo.
The three calculations were modiﬁed to include EWK radiative correction12 using the Eﬀective
Born Approximation (EBA).
lept
(M )
The Afb (M ) measurement is directly sensitive to the eﬀective-mixing parameters sin2 θeﬀ
2
2 lept
which are combinations of the form-factors and sin θW . Most of the sensitivity to sin θeﬀ (MZ )
comes from the Drell-Yan Afb (M ) near the Z pole, where Afb is small. In contrast, Afb (M ) at
higher mass values where Afb is large, is mostly sensitive to the axial coupling, which is known.
lept
(MZ ) are independent of
While the extracted values of the eﬀective-mixing parameter sin2 θeﬀ
the details of the EBA model, the interpretation of the best-ﬁt value of the on-shell sin2 θW and
its corresponding form factors depend on the details of the EBA model.
Calculations of the Afb (M ) templates with diﬀerent values of the electroweak-mixing parameter are compared with the measurement to determine the value of the parameter that best describes the data. The calculations include both quantum chromodynamic and EBA electroweak
radiative corrections. The measurement and templates are compared using the χ2 statistic evaluated with the Afb measurement error matrix. Each template provides a scan point for the χ2
function (sin2 θW , χ2 (sin2 θW )). The scan points are ﬁt to a parabolic χ2 functional form. For
the CDF e+ e− analysis, the χ2 distribution of the scan over templates from the powheg nlo
calculation (with nnpdf3.0) is shown in the bottom right panel of Fig. 2. For the e+ e− analysis
the EBA-based powheg box NLO nnpdf3.0 calculations of Afb (M ) are used to extract the
central value of sin2 θW . For the CDF μ+ μ− analysis the EBA-based resbos (cteq6.6m) NLO
calculations of Afb (M ) are used to extract the central value of sin2 θW . The other calculations
are used to estimate the systematic uncertainty from the electroweak radiative corrections and
QCD nlo radiation.
3

Analysis of D0 e+ e− full 9.4 fb−1 run II sample

In the published D0 analysis19 , Afb (M ) measurements in bins of e+ e− invariant mass are done
for several event topologies as shown in Fig.??. Electrons and positrons are detected in in the
Central Calorimeter (CC) and in the Endcap Calorimeter (EC). The event topologies correspond
to Central-Central (CC-CC), Central-Endcap (CC-CE), and Endcap-Endcap (EC-EC). The effects of acceptance, FSR and resolution smearing are all incorporated into MC templates with
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diﬀerent values of sin2 θlept . The resbos templates (calculated with nnpdf2.3 nlo PDFs) are
compared to the data for the three topologies and the best ﬁt values of sin2 θlept are extracted.

3.1

Constraining PDFs through χ2 weighting

This technique which was ﬁrst proposed in ref. 15 has been implemented in the most recent
CDF analysis14 . At the Tevatron the technique reduces the PDF uncertainty in sin2 θW by 20%.
The reduction of the PDF uncertainty in sin2 θW with this technique at the LHC is much more
signiﬁcant15 . Fig. ?? (a) from Ref.15 shows the diﬀerence between Afb (M ) for 10 nnpdf3.0
(nnlo) replicas and Afb (M ) calculated for the default nnpdf3.0 (nnlo) (261000). Much of
the diﬀerence originates form the diﬀerent dilution factors for each of the nnpdf replicas. Here
sin2 θW is ﬁxed at a value of 0.2244. Fig.??(b) shows the diﬀerence between Afb (M ) for diﬀerent
values of sin2 θW ranging from 0.2220 (shown at the top in red) to 0.2265 (shown on the bottom
in blue), and Afb (M ) for sin2 θW =0.2244. Here Afb (M ) is calculated with the default nnpdf3.0
(nnlo).

MC CMS like detector 8TeV
POWHEG NNPDF 3.0 NLO

NNLO

arXiv:1507.02470

www-cdf.fnal.gov/physics/ewk/2015/zAfb9ee/

(a)
(71 bins)

(b)



lept
Figure 3 – (a) CDF data: Best χ2 versus sin2 θW (b) Best χ2 versus sin2 θeﬀ
(MZ ) for MC simulation of a CMS
like detector with 15 fb−1 at 8 TeV (arXiv:1507.02470).

Fig. 3(a) shows the χ2 for the best ﬁt value of sin2 θW at CDF extracted using each of the
100 PDF replicas for the nnpdf3.0 (nnlo) PDF set21 . As shown in Fig.??(b) diﬀerent values of
sin2 θW raise or lower Afb (M) for all values of dilepton mass. In contrast, as shown in Fig.??(a)
PDFs which raise the value of Afb (M ) for dilepton mass above the mass of the Z boson, reduce
Afb (M ) below the mass of the Z bosons. The sensitivity of Afb (M ) to sin2 θW is very diﬀerent
from the sensitivity to PDFs. Therefore, PDFs with a high value of χ2 are less likely to be
correct. As shown in ref. 15 , this information can be incorporated into the analysis by weighting
2
the PDF replicas by e−χ /2 . This reduces the weights of PDFs with large values of χ2 . In
lept
2 /M 2 , these
(MZ ) and the on-shell sin2 θW = 1 − MW
addition to the measurements of sin2 θeﬀ
Z
Afb (M ) constrained PDF weights can also be used to reduce the PDF uncertainties in other
Tevatron measurements such as the direct measurement of MW .
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4

Results

The Tevatron results with the full 9.4 fb−1 sample are:
lept
• D0:
sin2 θeﬀ
(MZ )=0.23147± 0.00043 (stat) ±0.00008( syst)±0.00017 (nnpdf2.3 nlo
lept
(MZ )D0 = 0.23147± 0.00047
PDFs), or
sin2 θeﬀ
lept
(MZ )=0.23222± 0.00042 (stat) ±0.00008( syst)±0.00016 (nnpdf3.0 nnlo
• CDF: sin2 θeﬀ
lept
PDFs), or
sin2 θeﬀ
(MZ )CDF = 0.23222± 0.00046

= 80.327±0.021(stat) ±0.010(syst) GeV,
• CDF: Mindirect
W
or
Mindirect
= 80.327±0.023 GeV
W
lept
(MZ ) measurement from the Tevatron
The left panel of Fig.4 shows a comparison of sin2 θeﬀ
and other experiments, including the latest LHC results from CMS22 , ATLAS23 and LHCb25 .
The LEP-1+SLD Z-pole entry is the combination of their six Z-pole measurements. The right
indirect measurements to measurements by other
panel of Fig.4 shows a comparison of CDF MW
experiments. The TeV and LEP-2 value is the world average of the direct measurements3 of MW
direct = 80.385 ± 0.015 GeV). All the others are indirect W-mass measurements that use the
(MW
standard model (on-shell scheme). The indirect measurement labeled NuTeV24 is the Tevatron
neutrino neutral current measurement24 . The indirect measurement labeled LEP1+SLD(Mt ) is
from standard model ﬁts to all Z pole measurements1 in combination with the Tevatron top-quark
mass measuremen4 .
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lept
Figure 4 – Left panel: Comparison of sin2 θeﬀ
(M)Z measurements. that includes the latest LHC results from
CMS, ATLAS, and LHCb. The LEP-1+SLD Z-pole entry is the combination of their six Z-pole measurements.
Right panel: MW measurements. All except for ’TeV and LEP-2’ are indirect W-mass measurements that use
the standard model (on-shell scheme). NuTeV is the Tevatron neutrino neutral current measurement. .
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TOP QUARK PHYSICS AT THE TEVATRON
C. SCHWANENBERGER
on behalf of the CDF and D0 Collaborations
Deutsches Elektronensynchrotron (DESY),
Notkestraße 85, 22769 Hamburg, Germany

Recent analyses of top quark production in proton-anti-proton scattering at a center-of-mass
energy of 1.96 TeV are discussed representing up to 9.7 fb−1 of Tevatron data. New measurements of the top quark pair production cross section and searches for physics beyond the
Standard Model are presented. Furthermore, top quark property measurements exploring the
longitudinal and transverse polarization, spin correlation and forward-backward asymmetries
in top quark pair production are reviewed.

1

Introduction

At the Tevatron, top quarks are either produced in pairs via the strong interaction or singly via
the electroweak interaction. In the framework of the Standard Model (SM), each top quark is
expected to decay nearly 100% of the times into a W boson and a b quark. W bosons can decay
hadronically into q q̄  pairs or leptonically into eνe , μνμ and τ ντ with the τ in turn decaying into
an electron, a muon, or hadrons, and associated neutrinos.
2

tt̄ Production Density Matrix

In these proceedings the main focus is on property measurements in top–anti-top quark (tt̄) pair
production. A systematic analysis of the tt̄ pair production mechanism is given by the analysis
of the tt̄ production density matrix the theoretical framework from Refs. 1,2,3 .
The basic idea is, in LO QCD, to decompose the production density matrices of the processes
q(p1 ) + q̄(p2 ), g(p1 ) + g(p2 ) → t(k1 , s1 ) + t̄(k2 , s2 ) as
|M |2 ∝ A + B+ · s1 + B− · s2 + Cij s1i s2j .
Because of rotational invariance the functions

Bi±

and Cij can be further decomposed

±
±
Bi± = b±
1 p̂i + b2 k̂i + b3 n̂i ,

Cij

(1)
as 1
(2)

= c1 δij + c2 p̂i p̂j + c3 k̂i k̂j + c4 (p̂i k̂j + k̂i p̂j ) + c5 ijl p̂l + c6 ijl k̂l ,
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Figure 1 – Left: The measured combined tt̄ production cross section dependence on the top quark mass (points)
parametrized by a quartic function (solid black line) and compared to the dependence provided by the NNLO
pQCD calculation. Right: The pT distribution for all the jets with pT > 400 GeV in an inclusive event selection.
Overlaid are the distributions from the pythia MC calculations for QCD jets and tt̄ production.

where n = p̂× k̂ with p̂ the momentum direction of one initial q, g and k̂ the momentum direction
of the top quark in the zero momentum frame. The coeﬃcient A determines the cross section
±
±
and distributions independent of the top quark spin, the coeﬃcients b±
1 and b2 (b3 ) describe
the longitudinal (transverse) polarization of the top quark with respect to the production plane,
and the coeﬃcients c1 , ..., c6 give tt̄ spin correlation properties (there are three more independent
structures, see Ref. 1 , which are dropped here for simplicity).
The main advantage of this decomposition is that the measurements of the coeﬃcients allow
a systematic analysis of the full tt̄ production density matrices with respect to contributions
from new physics beyond the SM (BSM), for example in terms of discrete symmetriesa In the
following, the diﬀerent parts of the production density matrix are analyzed.
2.1

tt̄ Cross Section Measurements

The inclusive tt̄ production cross section (corresponding to A in Eq. 1) has been measured combining the lepton+jets and dilepton top quark decay channels 4 . Multivariate analysis techniques
are employed in the two decay channels to measure the cross sections. Performing a simultaneous log-likelihood ﬁt to proﬁle systematic uncertainties, for a top quark mass of 172.5 GeV,
a combined tt̄ cross section of σtt̄ = 7.26 ± 0.13 (stat.) +0.57
−0.50 (syst.) pb is extracted which corresponds to a relative uncertainty of 7.6%. This result and the measured inclusive cross sections
per decay channel are in good agreement with QCD predictions top++ 5 , which implements
pQCD calculations according to Ref. 6 .
The dependence of the theoretical cross section on the top mass is is presented in Fig. 1 (upper left), and is employed to determine a pole mass of the top quark of mt = 172.8+3.4
−3.2 (tot.) GeV.
The uncertainty corresponds to a precision of 1.9% and represents the most precise determination
of the top quark pole mass at the Tevatron.
Diﬀerential distributions, such as of jet mass, angularity, and planar-ﬂow are studied in tt̄
production and compared to perturbative QCD calculations 7 . Furthermore, the substructure of
the highest transverse momentum (pT ) jets is investigated in events containing at least one jet
with pT > 400 GeV, as presented in Fig. 1 (lower right). All measurements are consistent with
the SM predictions.
±
a
For example, the coeﬃcients b±
1 , b2 are zero in LO QCD, and a non-vanishing value would indicate BSM
is
only
non-vanishing
in NLO QCD and therefore probes “T”-odd absorptive parts.
P-violation. The coeﬃcient b±
3
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Figure 2 – The combined e+ ≥ 4 jets and μ+ ≥ 4 jets (+ ≥ 4 jets) cos θ distributions for data, expected
backgrounds, and signal templates for a polarization of P = −1, for the SM, and for a polarization of P = +1
are shown relative to the beam axis (upper left), the helicity axis (upper right), and the transverse axis (lower
left). The hashed areas represent systematic uncertainties. The direction of the cos θ axis is reversed for the −
events for beam and transverse spin quantization axes plots. Lower right: Distribution of the spin correlation
discriminant in data and for the SM tt̄ prediction with background, showing the merged results from dilepton and
lepton+jets events. The lower plot represents the diﬀerence between data and simulation with SM spin correlation
and without spin correlation. The error bars correspond to statistical uncertainties.

2.2

Longitudinal and Transverse Polarization

Final states containing a lepton and at least three jets are used to measure the top quark
polarization for tt̄ production along several spin-quantization axes B± as deﬁned in Eq. 1 8 . The
±
polarization is measured using the distribution of leptons along the beam (b±
1 ) and helicity (b2 )
±
axes, and the axis normal to the production plane (b3 ), as deﬁned in Eq. 2. This is the ﬁrst
measurement of top quark polarization at the Tevatron in lepton+jets ﬁnal states, and the ﬁrst
measurement of transverse polarization in tt̄ production. As presented in Fig. 2 (upper and
lower left), the observed distributions are consistent with the SM.
2.3

tt̄ Spin Correlation Strength

The correlation properties between the spins of t and t̄ quarks in tt̄ production is analyzed via
the coeﬃcients c1 , ..., c6 as deﬁned in Eq. 2 of the production matrix of Eq. 1. Spin correlation
variables such as measured in 9 are linear combinations of them. First evidence for tt̄ spin
correlation was presented based on a matrix element technique 10 . An updated measurement
of tt̄ spin correlation using the full Tevatron data set is performed applying a matrix element
technique to dilepton and lepton+jets ﬁnal states 11 . The distribution of the discriminant is
presented in Fig. 2 (lower right). The extracted value of the correlation coeﬃcient in the oﬀdiagonal basis, Ooﬀ = 0.89 ± 0.22 (stat + syst), is in agreement with the NLO QCD calculation
12
Ooﬀ = 0.80+0.01
−0.02 prediction , and represents evidence for a top-antitop quark spin correlation
diﬀerence from zero at a level of 4.2 standard deviations.
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Figure 3 – Estimated distribution of the diﬀerence between the rapidities of the top and antitop quarks Δytt̄
(upper left) and the the angle between the positively charged lepton in the top rest frame and the beam basis as
quantization axis, cos θ+ , (upper right) in dilepton events after subtracting the expected background contribution. Deviations between the background-subtracted data and MC can be attributed to statistical ﬂuctuations.
The background-subtracted data asymmetries and the MC asymmetries extracted from these distributions are
also reported. These raw asymmetries need to be corrected for calibration eﬀects to retrieve the parton-level
asymmetries. Middle left: Two dimensional visualization of the Att̄ and κP measurements and comparison to
benchmark axigluon models. Middle right: distributions of Δy from data in dilepton ﬁnal states compared to
the SM expectation. Lower left: comparison of the Att̄ vs. |Δy| dilepton results with the NNLO SM prediction.
Lower right: Summary of Att̄ measurements at the Tevatron compared to higher order SM calculations.
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Figure 4 – Left: example expected and observed ﬁnal discriminant distribution in the signal region. The distribution for a W  boson with 300 GeV mass and SM couplings is overlaid. The signal is normalized to a cross
section times branching ratio of 3 pb. Lower Right: Observed and expected 95% C.L. upper limits on the coupling
strength of a right-handed W  boson compared to the SM W -boson coupling, gW  /gSM , as functions of MW  in
cases where the leptonic decay mode W  → ν is forbidden. The region above each line is excluded.

3

Forward-Backward Asymmetry

A simultaneous measurement of the forward-backward asymmetry and the top-quark polarization in tt̄ production in dilepton ﬁnal states is performed by the D0 collaboration using the
full Tevatron dataset 13 . To reconstruct the distributions of kinematic observables a matrix
element technique is employed that calculates the likelihood of the possible tt̄ kinematic conﬁgurations. Two example distributions are presented in Fig. 3 (upper). After accounting for
the presence of background events and for calibration eﬀects, a forward-backward asymmetry of
Att̄ = (15.0 ± 6.4(stat) ± 4.9(syst))% and a top-quark polarization times spin analyzing power in
the beam basis of κP = (7.2 ± 10.5(stat) ± 4.2(syst))%, with a correlation of −56% between the
measurements is obtained. As presented in Fig. 3 (middle left), within their uncertainties, these
results are consistent with the SM expectations and no hint for new physics such as predicted
from axigluon models 14 is found.
The CDF collaboration has performed a new measurement of the tt̄ forward-backward asymmetry in dilepton ﬁnal states using the full data set 15 . The asymmetry is characterized by the
rapidity diﬀerence between top quarks and antiquarks (Δy) as presented in Fig. 3 (middle right).
The inclusive asymmetry, corrected to the entire phase space at parton level, is measured to be
Att̄ = 0.12 ± 0.13, consistent with the expectations from the standard-model (SM) and previous CDF results in the ﬁnal state with a single charged lepton. The diﬀerential asymmetry is
presented as a function of |Δy| in Fig. 3 (lower left). A linear ﬁt to Att̄ (|Δy|), assuming zero
asymmetry at Δy = 0, yields a slope of α = 0.14 ± 0.15, consistent with the SM prediction and
the previous CDF determination in the ﬁnal state with a single charged lepton. The results of
the inclusive Att̄ are combined with previous CDF results based on the ﬁnal state with a single
charged lepton and hadronic jets 16 yielding a value of Att̄ = 0.160 ± 0.045, which is consistent
with the NNLO SM prediction of 0.095 ± 0.007 17 within 1.5σ.
All tt̄ asymmetry measurement of both collaborations using the ﬁnal data set are summarized
in Fig. 3 (lower right), and are in agreement with the SM prediction.
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4

Searches for New Physics

Various searches for new physics beyond the SM have been undertaken recently. As an example
a search for a massive resonance decaying to tb with the full data set has been performed
using events where the top quark decays to a W b pair and the W boson decays to a charged
lepton and a neutrino; the two bottom quarks hadronize and produce two clusters of particles
(jets) 18 . Since no assumptions on the signal model other than on the natural width are made,
this search is sensitive to any narrow resonant state decaying to a tb ﬁnal state. A simple
left-right symmetric SM extension 19 , predicting the existence of W  bosons of unknown mass
and universal weak-coupling strength to SM fermions, is used as a benchmark model. Neural
networks are trained to separate the W  boson signal from V+jets and QCD backgrounds. An
example discriminant distribution is presented in Fig. 4 (left). The data are consistent with
the background-only hypothesis, and upper limits are set on the production cross-section times
branching ratio at the 95% Bayesian credibility as presented in Fig. 4 (right). In cases where
the W  → tb-leptonic-decay mode is allowed (forbidden), W  bosons with masses lower than 860
(880) GeV are excluded. For masses smaller than approximately 600 GeV, the search yields the
most constraining limits to date on narrow tb-resonance production.
5

Conclusions

Systematic studies of top quark properties and searches for new physics in connection with top
quarks are presented. The results for tt̄ cross section measurements, top quark polarization, tt̄
spin correlation and tt̄ asymmetries using the ﬁnal Tevatron data set are in agreement with the
SM predictions. No signs of new physics are found.
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LHC operation in 2015 and prospects for the future
J. Wenninger
Beam Department, Operation group, CERN, Geneva, Switzerland

In 2015 LHC started operation at a beam energy of 6.5 TeV. After a two month beam commissioning period, ﬁrst collisions were delivered in June 2015. To reach nominal performance
with a bunch spacing of 25 ns, the ﬁrst main hurdle was the conditioning of the vacuum
chamber to suppress the phenomenon of electron clouds. The conditioning lasted for the rest
of 2015 run, the LHC was operated at the limit of stability of the beams and of the cryogenic
system. In November 2015 2244 bunches were stored in the machine, just 20% short of the
nominal ﬁlling. This document will explain the challenges that had to be mastered in 2015.
From the state of the LHC at the end of the 2015 run, projections for the performance for the
period 2016-2018 will be estimated.

1

Introduction

The Large Hadron Collider at CERN, Geneva, is a 26.7 km long circular accelerator 1 . It is
based on a superconducting two-in-one magnet design, with a design energy of 7 TeV/beam. It
features 8 straight sections: 4 Interaction Regions (IRs) are reserved for accelerator equipment
and 4 house particle physics experiments. IR3 and 7 are dedicated to the collimation system,
IR4 houses the RF system and most of the beam instrumentation, IR6 is reserved to the beam
dump system. IR1 and 5 host the high luminosity experiments ATLAS and CMS, while IR2
and 8 accommodate the ALICE and LHCb experiments and beam injection.
The LHC was ﬁrst operated with beam for short periods in 2008 and 2009. In 2010 a ﬁrst
experience with the machine was gained with moderate energy (3.5 TeV/beam), and moderate
beam intensity (up to ≈200 bunches of 1.1 × 1011 p per bunch, or ppb). In 2011 the beam
intensity was pushed to ≈1400 bunches of 1.4 × 1011 ppb. 2012 was fully dedicated to luminosity
production, with even higher bunch intensities (1.6 × 1011 ppb) and energy (4 TeV/beam). In
early 2013 beam operation was stopped for a 2-year long Long Shutdown (LS1) targeted to
consolidate the magnet interconnection in view of reaching the design beam energy.
After LS1, 2015 was the ﬁrst year of beam operation close to design energy. The choice to
operate at 6.5 TeV/beam was conﬁrmed after the ﬁrst results of the dipole training campaign
that took place at the end of LS1. The LHC experiments expressed a strong preference for the
use of 25 ns spaced beams, as opposed to the 50 ns spaced beams used in 2011-2012, which would
result in a too-high number of inelastic collisions per crossing (pile-up). On the machine side
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though, 25 ns beams pose additional challenges, e.g. the formation of electron clouds (e-clouds)
in the vacuum chamber and a higher number of fast loss events, named Unidentiﬁed Falling
Objects (UFOs). Given the number of new territories had to be explored, 2015 was considered
a year of commissioning and learning, dedicated to preparing the machine for full luminosity
production as of 2016 and until the end of Run 2, with the aim of collecting over 100 fb−1 until
the end of 2018.
This paper reviews the 2015 timeline, the luminosity ﬁgures that were achieved and the
main challenges that had to be faced. Future improvements and energy increases will also be
discussed.
2

Luminosity and LHC parameters

The event rate dN/dt of a physical process with a cross-section σp is proportional to the collider
luminosity L
dN
= Lσp
dt

(1)

that can be expressed in terms of machine and beam parameters as 2
L=

kN 2 f
kN 2 f γ
F =
F
∗
∗
4πσx σy
4πβ ∗ ε

(2)

Here k is the number of colliding bunch pairs, N the particle population of each bunch, f =
11.25 kHz is the revolution frequency. For round beams at the collision point the beam sizes in
the horizontal and vertical plane σx∗ and σy∗ are identical. The product of the beam sizes is given
by σx∗ σy∗ = β ∗ ε/γ where β ∗ is the so-called betatron (optical beam envelope) function at the IP,
ε is the normalized emittance (independent of energy) and γ is the usual relativistic factor. F
(≤ 1) is a reduction factor to account for geometric luminosity reductions.
The intrinsic beam parameters are deﬁned by the injectors. The minimum bunch spacing of
25 ns deﬁnes the maximum value of k. The bunch intensity is limited to ≈ 2 × 1011 protons per
bunch (depending on the bunch spacing), while the beam emittance is in the range 1 − 3 μm. In
2015 the LHC injectors have delivered the nominal LHC beam parameters of N ∼ 1.2× 1011 ppb
and ε ∼ 3 μm.
To avoid encounters in the roughly 100 m long vacuum chamber that is shared by both
beams around each experiments, a crossing angle has to be introduced at the collision point.
The crossing angle is in the range of 145 − 185 μrad for the two high luminosity experiments.
The minimum separation between the beams should correspond to around 10 beam sizes to
avoid issues with the long range beam-beam interactions in this region. A consequence of the
crossing angle is a reduction of the luminosity due to the geometric overlap of the beams, in
2016 the loss will be around 35% (F ∼ 0.65).
Finally the focusing at the IP, i.e. the minimum value of the beam envelope β ∗ is limited by
the mechanical aperture of the quadrupoles around the IPs, the crossing angle and the required
margin between the beam halo and the aperture as sketched in Fig. 1.
3

Time-line of the 2015 LHC run

In 2015 operation with beam started relatively late in the year as the ﬁrst three months were
still devoted to magnet powering tests. Some details on the dipole training campaign to 6.5 TeV
are presented in a later section. The ﬁrst beams were ﬁnally circulated on Easter Day (5 April).
Beam commissioning lasted 8 weeks and ended with the ﬁrst physics on 3 June.
During this period, and despite the low beam intensity an aperture restriction, now dubbed
the ULO (Unidentiﬁed Lying Object 3 ), was localized in the beam 2 vacuum chamber on the right
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Figure 1 – Aperture of the LHC near a high luminosity IP (example of CMS). The limitation on the focusing
at the IP (β ∗ ) is given by the mechanical aperture (orange arrow), the crossing angle (magenta arrow) and the
margin to the aperture (light blue arrow).

side of IR8. It was however possible to move the beam around the obstacle, and no limitations
appeared during the run.
The summer was devoted to a step-wise e-cloud scrubbing run and intensity ramp-up, ﬁrst
with 50 ns and then with 25 ns beams. In September and October, the intensity ramp-up with
25 ns continued, mostly limited by the e-cloud-induced heat load on the cryogenic system.
Note that the month of August was particularly diﬃcult as the machine availability was
impaired by radiation induced failures on the Quench Protection Systems and by high UFO
rates, so much that most of the luminosity production for the year happened in the months of
September and October only (Fig. 2).

Figure 2 – Performance plots for 2015: number of bunches per ﬁll (top) and peak luminosity per ﬁll (bottom).
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The last month of beam operation was dedicated to physics with lead ion beams 4 . The
proton-proton physics (PPP) operation was interrupted throughout the year to accommodate
special physics runs, e.g. a very low pile-up run, the 90 m run for forward physics, the protonproton reference run at 2.51 TeV/beam as shown in Fig. 2.
4

Luminosity performance in 2015

By the end of the 2015 proton physics running period the instantaneous luminosity reached ∼
0.5×1034 cm−2 s−1 with 2244 bunches/ring (see Fig. 2). The main beam and machine parameters
that allowed reaching such luminosity are shown in Table 1, together with a comparison of the
parameters in 2012 and the nominal ones 1 .
Table 1: Beam and machine parameters in 2012, in 2015, in 2016 (estimate) and design.

Parameter
beam energy [TeV]
bunch spacing [ns]
betatron function at IP1 and IP5 β ∗ [m]
half crossing angle [μrad]
bunch population N [1011 ppb]
transverse emittance ε [μm]
number of bunches/ring k
luminosity L [1034 cm−2 s−1 ]
maximum pile-up μ
stored energy [MJ]

Design
7
25
0.55
142.5
1.15
3.75
2808
1
∼ 20
360

2012
4
50
0.60
145
1.65
2.5
1374
0.75
∼ 35
145

2015
6.5
25
0.80
145
1.15
3.5
2244
0.55
∼ 15
270

2016
6.5
25
0.40
185
1.2
3.5
2748
1
∼ 20
345

In particular, the beam energy and number of bunches were higher in 2015, but the beams
were brighter in 2012. Fig. 3 presents the peak luminosity evolution between 2010 and 2015.

Figure 3 – Evolution of the LHC peak luminosity between 2010 to 2015.

The luminosity integrated by ATLAS and CMS over the course of the 2015 proton physics
run is just above 4 fb−1 , see Fig. 4, while LHCb and ALICE integrated 360 pb−1 and 9 pb−1 ,
respectively. The integrated luminosity ran short of the initial projection of 10-15 fb−1 due to
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the delayed start (∼1 month) and the diﬃculties encountered in August. The production rates
in the end of the run though reached ∼1 fb−1 /week, which make good foundations for physics
production in 2016.

Figure 4 – Integrated luminosity along the year in 2011, 2012 and 2015. At the end of 2015 the slope was very
similar to the production slope of 2012.

5
5.1

Operational challenges
Electron-cloud and scrubbing

E-clouds have been observed at the LHC since the start of beam operation with bunch trains
(for 150, 75, 50 and 25 ns spacings 5 ). Their signatures include vacuum pressure rise, increased
heat load on the cryogenic systems, beam size growth, and single- and multi-bunch instabilities.
“Scrubbing” runs at injection energy have been regularly incorporated in the annual schedule
to allow the reduction of the Secondary Emission Yield (SEY) of the LHC beam screens by
increasing the exposure to beam and thus the accumulated dose. This allows preparing the
machine for physics running with improved beam parameters.
The SEY was reset after LS1 as most of the machine was exposed to air. This imposed
the need for an extended period of scrubbing in preparation for 25 ns beams, which totalled to
3 weeks in 2015, split in two parts. First, 10 days with 50 ns beams aimed at preparing the
machine for the 50 ns intensity ramp-up. Then 2 weeks of scrubbing with 25 ns beams aimed at
enabling physics production with 25 ns beams. The LHC was then operated with 25 ns beams
until the end of the PPP run, staying at the limit for the cryogenics heat-load, which deﬁned
the maximum number of bunches per ring as shown in Fig. 5.
5.2

Fast beam loss events

Fast loss events, nicknamed Unidentiﬁed Falling Objects, have been observed at the LHC since
2010 7 . These losses are in the ms time range and they are believed to be due to dust particles
moving in the beam pipe and interacting with the beam, creating particle showers that are then
detected by the Beam Loss Monitors. UFOs caused ≈20 dumps/year in Run 1 and were feared
to be one of the main limitations to operation in Run 2, due to lower margins for losses in the
superconducting magnets, and the higher losses created per event at higher energy. They aﬀect
machine availability, as the most intense ones can trigger a beam dump, or initiate a magnet
quench and the subsequent long time for cryogenics conditions recovery.
UFO rates in 2015 were as high as 30-40 events per hour, and decreased with beam time
(“conditioning”), to ≈10 events/hour 8 . They caused ≈20 beam dumps and 3 beam-induced
quenches. The strategy for 2015 had initially been to prevent all UFO-induced magnet quenches 9 .
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Figure 5 – Evolution of the beam intensity (top) and the heat-load to the cryogenics system between September
and November 2015. From end of September the LHC was operated at the limit of the cryogenic cooling capacity.

It was realized over the course of the year, though, that most of the events that caused dumps
would not have caused quenches. Thus the policy changed, and the BLM thresholds were increased to allow a few UFO-induced quenches in a year. A further increase is in place for
2016.
6
6.1

LHC Performance in 2016 and beyond
Luminosity performance

Estimated beam parameters for 2016 are presented in Table 1. In 2016 dedicated e-cloud scrubbing will be minimized, and scrubbing in parallel to physics will start as soon as possible.
During the 2016 run the LHC is expected to reach its design luminosity. The integrated luminosity should be in the range of 25 − 30 fb−1 . As the understanding of the machine, of the
beam and of the performance limitations are progressing, one can expect a further increase of
the luminosity in 2017 and 2018. The target of 100 fb−1 is in reach for LHC Run 2.
6.2

Beam energy reach

Running the superconducting magnet circuits close to the design high energy meant that most
systems were operated close to the design margins. For this second LHC run, it was decided to
start operation of the main dipole magnet at 6.5 TeV/beam. The quench training campaign took
longer than expected: while about 100 quenches were expected across the 8 sectors, a total of 175
were needed, see Fig. 6. This is mostly traced back to the production batches, but details are still
under study. Additionally, 5 training quenches were observed during beam operation. Following
the training campaign a better understanding of the quench behaviour makes it possible to
predict that 300 − 400 additional quenches are required to reach 7 TeV/beam 11 . A possible test
for bringing 2 LHC sectors to the nominal 7 TeV/beam might be carried out before the next
Long Shutdown.
7

Conclusions

2015 was successful for LHC operation: 25 ns beams were collided routinely at 6.5 TeV, with up
to 2244 bunches per ring, laying a stable foundation for the 2016 physics production. Despite
the intensity ramp up not being fully ﬁnished due to limitations in the cryogenic system, at the
end of the year the production rates reached 1 fb−1 /week. The good peak luminosities and the
excellent luminosity lifetimes were enabled by an excellent transmission through the cycle, low,
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Figure 6 – Number of dipole training quenches as a function of the ﬁeld (expressed here in current). The larger
points correspond to the 2015 training campaign. The quenches are presented for the 3 companies that built the
magnets. The green line at 11’100 A was the target current for training to 6.5 TeV. A beam energy of 7 TeV
corresponds to 11’800 A.

non-burn-oﬀ losses during physics, and acceptable rates for emittance growth. E-clouds and the
consequent abundant heat-load for the cryogenic system remain a challenge for 2016.
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Top quark production at the LHC
P. Ferreira da Silva (CERN),
on behalf of the ATLAS and CMS Collaborations

Twenty years past its discovery, the top quark continues attracting great interest as experiments keep unveiling its properties. An overview of the latest measurements in the domain of
top quark production, performed by the ATLAS and CMS experiments at the CERN LHC,
is given. The latest measurements of top quark production rates via strong and electroweak
processes are reported and compared to diﬀerent perturbative QCD predictions. Fundamental
properties, such as the mass or the couplings of the top quark, as well as re-interpretations
seeking for beyond the standard model contributions in the top quark sector, are extracted
from these measurements. In each case an attempt to highlight the ﬁrst results and main
prospects for the on-going Run 2 of the LHC is made.

1

Introduction

√
Early measurements of top quark production in proton-proton collisions at s =13 TeV are
showing overall good agreement with the standard model predictions. These results open the
door to a new era where the properties of the top quark will be probed to a new level in
precision, proﬁting from a high integrated luminosity dataset expected to be collected after Run
2 of the LHC (> 100 fb−1 ). In this writeup the latest results regarding the study of strong and
electroweak top quark production modes are reviewed. The available results for the inclusive
cross section measurements, at the time the talk has been given, are summarised in Figure 1.
A selection of these results is made, with the intention of highlighting and discussing the main
uncertainties. These early results can already provide information on the main experimental
and theory uncertainties which need to be improved in order to achieve the necessary precision
for top quark physics at the end of Run 2.
2

Strong production of top-antitop quark pairs

At hadron colliders top quarks are predominantly produced in pairs (tt̄) through strong interactions. The state of the art calculations are able to predict the rates at which tt̄ pairs are
produced at next-to-next-to-leading order, including soft-gluon resummation to next-to-nextto-leading-log order (NNLO+NNLL) with an uncertainty of ≈5% 1 . With respect to the ﬁrst
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Figure 1 – Left: evolution of the tt̄ cross section as function of s at NNLO+NNLL compared to diﬀerent
measurements. The inset highlights the most recent 13 TeV measurements. Right: summary of single top
√
production cross section measurements in the diﬀerent production modes at diﬀerent s.

run of the LHC at 7 and 8 TeV center of mass energy, an increase by a factor of ≈3.3 in rate is
expected, for the 13 TeV pp collisions.
The tt̄ production cross section is expected to decrease approximately with the fourth power
of the top quark mass (mt ), a characteristic which can be explored experimentally to measure
the latter. If measured diﬀerentially, the production cross section may be sensitive to the top
quark width, and electroweak corrections which depend, amongst other factors, on the top
quark Yukawa coupling to the Higgs boson. The typical timescale of the event is dictated by
a fast electroweak decay (t → Wb) which occurs within 10−25 s. This is shorter, by an order of
magnitude, than the typical hadronization timescale (∼ 1/ΛQCD ) and leads to the preservation
of the properties of a bare quark in the ﬁnal states.
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The ﬁnal states contain b-jets and other jets or leptons from the W decays and are usually
classiﬁed to the lepton multiplicity as: fully hadronic (46%), +jets (45%) or dilepton ﬁnal states
(9%).
2.1

Inclusive cross section measurements

During the Run 1 of the LHC, the experiments have explored many ﬁnal states to measure
the tt̄ cross section, and all have been found to be in agreement with each other and with the
theory. The dilepton channel was found to lead in precision, owing to its purity (typically >90%)
and loose selection, for which only a small extrapolation factor is required. The latter proves
also to be one of the most relevant ﬁgures of merit for the extraction of the pole mass, as the
ﬁnal acceptance is expected to have minimal dependency on the top mass itself, owing to loose
kinematics requirements.
Early analysis at 13 TeV have promptly established tt̄ production with a rate close to that
which is predicted at NNLO+NNLL (see Fig. 1, left). At 13 TeV tops are now probed in a region
which is dominated by gluon-gluon fusion (≈86% of the production), making tt̄ production a
standard model (SM) candle for gluon luminosities. An early CMS measurement 2 , using 42 pb−1
of data, and electron-muon ﬁnal states, can be used to exemplify how experimental uncertainties
dominate at restart of operating the experiments. In this analysis the leptons are required to
have pT >30 GeV and |η| <2.5. The main backgrounds, consisting of Drell-Yan (DY), dibosons
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(WW, WZ, ZZ) and top+W (tW) associated production, become negligible after requiring two
jets (pT > 30GeV , |η| < 2.5) in the event. The uncertainty attained in this early measurements
(11%) is dominated by statistics (7.8%) the luminosity (4.8%) and eﬃciency estimation-related
(5.8%) uncertainties. These are expected to improve in the long run, in particular the uncertainty
on the trigger and selection eﬃciencies which are derived from control regions such as Z → 
events and are therefore expected to beneﬁt from higher statistics.
With the full integrated luminosity of the 2015 dataset the measurements have started to
constrain in-situ some of the systematics by adopting ﬁtting strategies to the yields observed
in diﬀerent event categories. The latest result from ATLAS 3 makes use of electron-muon ﬁnal
states and counts the number of events with one or two jets identiﬁed as b-jets (b-tagged). The
events, counted in these categories, can be related amongst each other by assuming Vtb = 1
and by writing the probability of selecting and b-tagging jets from top decays, using a binomial
expansion of the eﬃciency of the “ﬁnding” these jets. As an example the number of tt̄ events with
2 b-tagged jets is expected to be: N2 (tt̄) = Lσtt̄ εeμ ε2b Cb where L is the integrated luminosity, σtt̄
the cross section to be extracted, εeμ the product of the acceptance and eﬃciency for selecting eμ
ﬁnal states, εb the b-ﬁnding eﬃciency which is determined in-situ and Cb a residual correlation
factor for the eﬃciency of ﬁnding the two b jets in a tt̄ event. Using b-tagging in the analysis
yields a purer selection, while reducing the number of jets required yields higher eﬃciency. The
ﬁt result has a 6.7% total uncertainty and it is fully consistent with the SM prediction. In
this case the uncertainty is still dominated by the luminosity determination (5.5%), but the
next-to-leading uncertainty is due to the extrapolation to the full phase space and it is therefore
of theoretical nature. This uncertainty is estimated by varying the signal model (2.9%) and
includes a change of the hadronizer used in the simulations (PYTHIA versus HERWIG++),
a change of the NLO matrix element generator (POWHEG versus MG5 aMC@NLO), and
the choice of the QCD scales. Signal model related uncertainties can be partially mitigated by
performing ﬁducial measurements. In this case this source of uncertainty decreases to 2.0%.
However in the long run these uncertainties need better understanding, e.g. by performing
dedicated measurements of the underlying event and jet activity, as it will ultimately be a
limiting factor once the assessment of the integrated luminosity improves. A recent example of
such measurements at 13 TeV, can be found in 4 . Further partial cancellation of some of the
experimental systematics can be achieved by computing the ratio of cross sections as, e.g. to
the production of Z bosons as performed recently by ATLAS 5 , using the same ﬁt technique to
extract the tt̄ cross section in the same-ﬂavour ﬁnal states (ee and μμ). The ratio σ(tt̄)/σ(Z)
is determined to be Rtt̄/Z = 0.445 ± 0.027(stat) ± 0.028(syst), in good agreement with the SM
+0.012
+0.005
prediction obtained with the CT10 PDF set: Rtt̄/Z = 0.427+0.022
−0.013 (PDF)−0.016 (scales)−0.004 (αS ).
It is relevant to notice that the measurement is mainly aﬀected, again, by the uncertainty in
the signal model (≈5%). The result can be used to probe the gluon content predicted by the
PDFs: fair agreement is found for CT10, NNPDF3.0, MMHT while some tension with ABM12
has been reported 5 .
With more data it is expected that the inclusive cross section analysis will be able to explore
ﬁner details, including diﬀerential distributions in the ﬁts. A recent example of how these
analysis may evolve can be considered from a CMS result using 20 fb−1 at 8 TeV 6 . The analysis
makes use of the extra jet activity to constraint the signal modeling uncertainties in the visible
phase space. A combined ﬁt to the distribution of the transverse momentum of the extra jets
reconstructed in the events, categorised according to the total number of jets and b-tags in the
event, leads to a reduced signal modeling uncertainty (1.1%) and to to a signiﬁcant improvement
of the ﬁnal uncertainty which is observed to be 3.8%. Further optimisation of these techniques,
along with the ability to maintain low pT single lepton and (or) dilepton trigger thresholds in
Run 2 is expected to lead to very precise measurements of the tt̄ production cross section.
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2.2

Pole mass measurements from production rates

The more precise and close to the full phase space the analysis are, the more adequate they are to
extrapolate fundamental parameters such as mt or αS . While performing these extrapolations
it is crucial to ensure that the acceptance has minimal sensitivity on the parameters being
measured. In the last analysis referred in the previous section, the dependency attained is at
the level of 0.4% per GeV 6 . In addition, when comparing the observed cross section to the
√
theory prediction computed at ﬁxed s, the uncertainty in the nominal beam energy at the
LHC needs to be taken into account as it is known up to ≈1.7% 7 . This reﬂects in an additional
intrinsic limitation which is assigned to the reference cross section to be used for the extraction
of the pole mass. Finally the theory prediction is also bound to the PDF set which is used. In
the long run, and with improved PDF sets which incorporate LHC data in their ﬁts, special care
must be taken in order not to incur in a circular dependency between the parameter extracted
and the “tuned” prediction for the composition of the proton.
An uncertainty of 1% in the determination of the pole mass has been attained after Run
1 6 . Optimistically, if the experimental uncertainties can be reduced to a total of 2% (luminosity
included), and the acceptance dependency can be kept to a value <1%, one can expect to attain
0.5% uncertainty in the determination of mt from the measurement of σ(tt̄) in Run 2 leading
to a more competitive result to be compared with the direct mt measurements. The direct mt
measurements have been discussed in detail during this conference by B. Stieger 8 .
2.3

tW single resonant production and its interplay with tt̄

Although it contains a single top quark in the ﬁnal state, the tW process may be generated by
similar initial states and yields similar ﬁnal states as a quark-gluon induced tt̄ event. As such,
the associated tW production can only be factorised with respect to tt̄ to a certain extent, up
to next-to-leading-order (NLO). At higher orders this process must be encompassed, together
with tt̄, as part of inclusive WbWb production. Its main feature is a W boson recoiling against
the top quark. The process has been measured by both collaborations in Run 1, in agreement
with the SM prediction 9,10,11 . Separation with respect to tt̄ is achieved, in both cases, by
resorting to multivariate analysis which explore the diﬀerence in kinematics of the signal. The
latest measurement, from ATLAS 10 , gives a step towards understanding the single and double
resonant production of top quarks as a whole and measures the combined tt̄ + tW production in
a ﬁducial phase space. Events with two leptons (pT > 25 GeV and |η| < 2.5) and with signiﬁcant
missing transverse energy (>40 GeV for ee/μμ ﬁnal states, >20 or 50 GeV depending on the
mass of the eμ ﬁnal state), are selected. The pseudo-rapidity of the system formed by all the jets
and leptons is required to be compatible with central production (|η sys | < 2.5) and the events are
categorized according to the number of jets (pT >20 GeV and |η| < 2.5 and number of b-tagged
jets. An uncertainty of 8.5% is achieved, and it is limited by experimental uncertainties such as
jet energy scale, resolution (5.2%) and b-tagging (2.3%). Theory uncertainties in the modeling
of tW and tt̄ contribute signiﬁcantly up to 4.5% in the ﬁducial cross section measurement.
2.4

Diﬀerential cross section measurements

Once the inclusive production is well established, the large statistics can be used to explore
diﬀerentially the kinematics and characteristics of tt̄ events. The main challenges in measuring
diﬀerential tt̄ cross sections are related to the multiplicity and plethora of ﬁnal states which yield
several physics objects to be associated to each top quark decay. The algorithms used to perform
this reconstruction also need to cope with a wide range of kinematics and the large amount of
extra radiation which may be produced in association with a top quark pair. Kinematics ﬁtting
techniques, imposing the W masses, the equality of the top quark and anti-quark masses and
that the missing transverse energy is equal to the sum of the pT of the neutrinos produced
after the W boson decays, are often used. In case several solutions are found for an event
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minimizing the χ2 of the ﬁt, or the reconstructed invariant mass of the system are often used
as a criteria to pick a solution, the latter being mostly driven by steeply falling PDFs. A
likelihood-based choice, testing the compatibility of the reconstructed kinematics with the ones
expected for correct assignments of the ﬁnal state objects to the top quark decays, can also
be used, to maximize the proability of correctly reconstructing the kinematics to be probed 12 .
Nevertheless, one should notice that the ambiguity in the solutions does not necessarily need to
be lifted by a speciﬁc criteria like the ones mentioned above. A concrete example comes from
top mass measurements employing ideogram-like techniques 13 , where diﬀerent solutions may
be accomodated by weighting according to its probability of being correct, wrong or missing
partially or completely the decay products of a top quark. This alternative is however still to
be explored for diﬀerential cross section measurements.
The reconstructed top quark kinematics has to be compared to some theory prediction. Comparisons to ﬁxed-order calculations are done by correcting the reconstructed level top quarks to
the so-called parton level deﬁnition of the top which assumes intrinsically on-shell top quarks.
On the other hand, comparisons to diﬀerent MC simulations, or ﬁxed-order-calculations carried up to the ﬁnal state particles, can be made by correcting the reconstructed kinematics
to the so-called particle level which encapsulates the possible diﬀerences in the modeling of
the decay, hadronization and fragmentation from a top quark to its ﬁnal state products. The
latter is therefore, expected to be less prone to hadronization or parton shower model-related
uncertainties.
An example at particle level, which does not need to reconstruct fully the top quark kinematics, is the measurement of global event variables such as the missing transverse energy, the
scalar sum of the pT of the jets or the number of jets 14 . This early analysis has used the ﬁrst
71 pb−1 of 13 TeV data and it’s therefore limited by statistics. The results are found to be
compatible with most of the MC setups used in Run 2. An example is given in Figure 2 (left)
for the missing transverse energy distribution measured in tt̄ events. Making use of the full
2015 dataset the experiments have started to observe 15,16 some shortcomings of the current MC
setups e.g. for the modeling of the extra jet multiplicities, in particular in regions where the
parton shower predictions are expected to dominate. Both experiments have compared to NLO
matrix element generators (including up to 1 or 2 extra partons) matched to the PYTHIA 8
or HERWIG++ parton-shower generators. From the results obtained, a >40% diﬀerence is
observed with respect to the nominal prediction for the number of events with ≥4 additional
jets with pT >25-30 GeV, one can conclude that further tuning of the parton-shower generators
is needed in the long run. Figure 2 (right), exempliﬁes one of these measurements. A better
description of tt̄+jets is particularly important towards a better modeling of tt̄ as a background
for tt̄H or tt̄tt̄ ﬁnal states.
The tt̄ kinematics have also been probed, and while it is found that the experiments will
still beneﬁt from higher statistics, the uncertainties related to the modeling of the parton shower
and hadronization start to be relevant. Variables such as the rapidity of the top or the tt̄ system
and the pT of the tt̄ system show good agreement with most predictions 16 . The top quark pT
shown in Fig. 3 (left) is however observed to be softer in data with respect to the prediction from
POWHEG+PYTHIA 8. The comparison to higher order computations in QCD shows a better
agreement up to 300 GeV. At higher pT , the analysis 16 , which is is performed assuming resolved
topologies, starts loosing eﬃciency due to the merging of the jets, still it results in a softer top
pT spectrum, with respect to the one predicted by all the latest calculations. The latest analyses
performed at higher pT values, in the boosted regime, have been performed still using 8 TeV
data, but show similar behaviour in the slope and normalisation of the top pT , spectrum up
to 1.2 TeV 17,18 . These analyses make use of larger jet cones containing the decay products of
each top quark decay. The measurements in the ﬁducial and full phase spaces show that the
MC over-predicts the rates by 10-50% the cross sections at increasingly high pT . However the
predictions suﬀer from large parton-shower modeling uncertainties. A large gain in cross section
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Figure 2 – Left: Normalised diﬀerential cross section with respect to the missing transverse energy for diﬀerent
event generators compared to 13 TeV data 14 in the +jets ﬁnal state. The inner (outer) bars denote the statistical
(total) uncertainty. Right: jet multiplicity distribution for additional jets with pT >25 GeV in the eμ channel 15 .
The statistical (total) uncertainties is represented by a dark (light) blue band and data are compared to the
predictions of diﬀerent parton shower interfaced to diﬀerent matrix-element generators.

(≈8) is expected at 13 TeV with respect to 8 TeV for Mtt̄ >1 TeV. This will further open the
door to study the properties of boosted top quarks. It will be interesting to keep probing more
precisely, the nature of these diﬀerences found in data, with respect to the theory predictions.
A particularly interesting variable, as already alluded before, is the invariant mass of the tt̄
system (Mtt̄ ). The latest measurements of show a fair agreement in both rate and shape. The
normalised Mtt̄ spectrum, showin in Fig. 3 (right), is measured up to 1.6 TeV in the dilepton
channel 16 , with an uncertainty which ranges between 5-20%. The main source of systematic
uncertainty is due to the ambiguity in the corrections applied to the data to bring it to partonlevel. These corrections are used in unfolding the data and besides taking into account the
experimental resolutions, they have to correct for the acceptance to the full phase space. As
such hadronization, parton shower scale and matrix-element to parton shower matching related
uncertainties become non negligible as they predict signiﬁcantly diﬀerent evolutions and eﬀects
from parton level to ﬁnal state particles. These uncertainties seem however to be intrinsic, when
comparing to ﬁxed order calculations which do not include the top quark decay. Further progress
towards more precise measurements of this and other diﬀerential distributions passes through
improving the MCs using alternative measurements such as the ones identiﬁed in Section 2.1, and
using particle level deﬁnitions. An example of the latter can be found in the latest measurements
of the tt̄ diﬀerential cross section in the +jets ﬁnal state at 13 TeV, released just after this
conference, by the CMS Collaboration 12 .

3

Electroweak production of single top quarks

√
In general, single top production cross sections increase slower with s than those of tt̄, as the
former are quark-initiated processes and involve electroweak vertices. An increase by a factor of
2.6 (1.9) at 13 TeV with respect to 8 TeV, is expected for the t- (s-) channel productions 19 . In
general good agreement between the current measurements and the diﬀerent channels is found
√
at diﬀerent s as could be seen already from Fig. 1 (right).
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Figure 3 – Normalised diﬀerential tt̄ production cross section as function of the pT of the top quark or antiquark
(left) or the invariant mass of the tt̄ system (right). The inner (outer) error bar indicate the statistical (total)
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3.1

t-channel production

Single top quark production via a t-channel exchange of a W boson is ﬁrmly established at 13
TeV 20,21 . The main characteristic of this channel is the large separation in pseudo-rapidity
between the top quark and the recoiling light quark jet which is expected to be scattered along
the forward region. The initial 42 pb−1 of 2015 data were suﬃcient to ﬁnd evidence for this
process at a 3.5σ signiﬁcance level. Events with one muon (pT >22 GeV and |η| <2.1), one btagged jet and one forward jet (both with pT >40 GeV and |η| <4.7) 20 . An extra requirement on
the transverse mass of the lepton and missing transverse energy (MT >50 GeV) is used to reduce
the contamination from QCD multijets. The distribution of the forward jet in pseudo-rapidity
was ﬁt to measure the t-channel cross section with a statistics dominated uncertainty of 42%.
With the full 2015 integrated luminosity the ATLAS collaboration has made use of a multivariate
discriminator to explore the main characteristics of the t-channel process: the forward quark jet,
top mass related variables and the W boson Jacobian peak 21 . The backgrounds are predicted
from simulation but validated in control regions dominated either by tt̄ (2 b-tags) or W+jets (1
loose b-tag). A ﬁt to the multivariate discriminator is used to extract the signal strength with
a 20% uncertainty, dominated by signal modeling-related uncertainties. Figure 4 (left) shows
the distribution of the variable used in the ﬁt in events with a positively charged muon. Soon
after this talk has been given the CMS Collaboration has also updated the analysis with the full
2015 dataset, and using a similar approach, ﬁtting a multivariate discriminator, and attaining
a 15% total uncertainty 22 . The production rate for the top or the antitop-quark, expected to
diﬀer due to the PDF composition of the proton, is measured separately in both analysis quoted
before. The result is veriﬁed to be in agreement with the predictions (σ(tq)/σ(t̄q) ≈ 1.68) but
still suﬀers from large uncertainty. With increased integrated luminosity and improved analysis
this is expected to provide a further handle on the proton PDF.
3.2

s-channel production

The resonant production of single top quarks (s-channel) is a process which it diﬃcult to discriminate at the LHC. The ﬁnal state comprises the decay products of a top quark and an extra
b jet. This can be easily be mimicked by tt̄, t-channel and W+heavy ﬂavour productions. In
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addition the cross section is expected to be very low, O(10) pb, when compared to that of the
processes referred before. However given the unique properties of a s-channel, there is interest
in measuring accurately this process since it tests directly the CKM matrix element Vtb and it
oﬀers the potential to seek for BSM physics such as the production of a charged Higgs boson.
After analysing the full 7+8 TeV datasets, CMS could set a 4.7σSM upper limit at 95% CL,
on the production cross section of tops through the s-channel, being the expectation 3.1σSM
at 95% CL 25 . The analysis, based on a multivariate discriminator, was found to suﬀer from
theory uncertainties related to the modeling of tt̄ but also the t- and s- channels. Using the 8
TeV dataset, the ATLAS collaboration has employed a matrix element technique to discriminate
against the main backgrounds and found evidence for this process at 3.2σ level in fair agreement
with the 3.9σ expectation. The extracted cross section is observed to be in agreement with the
SM prediction within the 37% uncertainty attained. The uncertainty on the modeling of tt̄,tand s-channels contribute to 13% of the uncertainty, while experimental uncertainties such as
jet energy scale and b-tagging contribute at the level of 15%. The statistics of the simulation is
also veriﬁed to be a limiting factor of the analysis, at the level of 12%.
Prospects for Run 2 of the LHC are not as bright as for the other top-related processes. The
s-channel cross section increases only by a factor of 1.9 between 8 TeV and 13 TeV, in contrast
with the increases expected for tt̄ and the t-channel. Nevertheless this remains an interesting
process to study in more detail in the future.
3.3

Vtb measurements from production rates

The cross section for the electroweak production of top quarks is sensitive to |Vtb |2 , and as
such can be explored to extract this parameter. The most precise measurement attains 4%
uncertainty in the measurement of |Vtb |, as shown in Fig. 4 (right). The uncertainty is equally
shared between experiment and theory as ΔVtb /Vtb ≈ 12 (Δσexp /σexp ⊕ Δσth /σth ), where σexp
(σth ) is the experimental measurement (theory prediction) for the production cross section.
Prospects for Run 2 may include more precise theory predictions, now know at NNLO QCD
for the t-channel production 23 , and reﬁned techniques in the extraction of the cross section,
including a more detailed evaluation of the eﬀects on the decay if |Vtb | < 1. One should also
bear in mind, that these results can be compared with a direct measurement of B(t → W b)
in tt̄ events. Under the assumption of CKM unitarity and no additional sequential generation
of quarks, the latter yields currently a measurement of |Vtb | with a 1.6% uncertainty 24 . A
combination of the single top quark cross section in the t-channel, with the measurement of
B(t → W b) allows to indirectly extract the top quark width with an uncertainty of 10.5%. In
Run 2 it will be important to improve on the current knowledge of the top quark width by
performing also direct measurements of this quantity. Further news on the latest top quark
properties measurements at the LHC have been reported in this conference by E. Monnier 26 .
4

Conclusions

The ATLAS and CMS collaborations are ﬁnalising the analysis of the ﬁrst 13 TeV data collected
in 2015. These data can be viewed as a drop in the ocean ahead of us. While the recent
measurements of the cross sections (inclusive and diﬀerential) is starting to compete with the
theory predictions in terms of uncertainty, they are approaching a systematics-limited regime. To
overcome this limitation in the long run, alternative measurements and tunes of our simulations
are needed. Some have been identiﬁed along this writeup. Any extraction of fundamental
parameters such as the pole mass, Vtb , or others, is expected to be aﬀected by extrapolation
uncertainties from the ﬁducial region to the full phase space. These include non-perturbative
eﬀects which are modeled by the MC simulations and can at most be tuned using control
regions or “peripheral” measurements of the radiation environment and underlying event in
top quark events. Carrying these measurements to improve the modeling of the top signals is
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crucial, towards probing optimally the properties of this quark with the full data expected to
be acquired in Run 2 of the LHC.
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NEW METHODS FOR TOP-QUARK MASS MEASUREMENTS AT THE LHC
B. STIEGER (University of Nebraska, Lincoln),
on behalf of the ATLAS and CMS collaborations

Several recent new measurements of the top-quark mass that use alternative observables and
reconstruction techniques are presented, performed by the ATLAS and CMS collaborations
at the CERN LHC. Alternative observables can help provide insight by presenting diﬀerent
systematic sensitivities and by constraining prevailing systematic uncertainties of standard
measurements, such as jet energy calibrations. Furthermore, the top-quark mass is extracted
from theoretically well-deﬁned observables, such as the inclusive production cross section for
top quark pairs. Finally, the mass is measured in event topologies dominated by electroweakmediated single top production by both experiments. The results of diﬀerent techniques and
production modes are found to be consistent with what is obtained in standard measurements.

1

Introduction

The mass of the top quark is a fundamental parameter of the standard model (SM) and—
together with the masses of the W and Higgs bosons and other SM parameters—provides a
strong self-consistency check of the theory. Furthermore, the value of the top-quark mass has a
signiﬁcant impact on the evolution of the Higgs quartic coupling, aﬀecting the overall stability of
the electroweak vacuum. A top quark heavier by a few GeV leads to a prediction of an unstable
vacuum already many orders of magnitude below the Planck scale, indicating the presence of
physics beyond the standard model at such a scale.
The top quark has been studied in great detail since experimentally establishing its existence more than 20 years ago at the Tevatron collider. Its mass has since been measured with
ever-increasing accuracy, using methods that attempt a full kinematic reconstruction of the tt
ﬁnal state. The most precise measurements exploit several observables in a multidimensional ﬁt
to constrain the leading sources of experimental uncertainties. Currently the world’s best measurement 1 , by the CMS collaboration, yields a value of 172.44±0.13(stat.)±0.47(syst.)GeV, i.e.
a precision of just below three per mill and in good agreement with the 2014 world average 2,3,4 .
The overall precision of such measurements is limited by our understanding of the modeling of
b-quark hadronization in the used simulations.
Complementary measurements can help further improve the overall precision in combination with standard methods by using observables that are less dependent on the modeling of
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hadronization, e.g. by avoiding the use of jet kinematics. Finally, the top-quark mass can be
obtained by precisely measuring production cross sections—either inclusively or diﬀerentially in
bins of a kinematic observable sensitive to the mass. This allows the extraction of the mass as a
well-deﬁned parameter in the context of a renormalization scheme of quantum chromodynamics
(QCD).
2

Measurements without jets

The heavy impact of hadronization modeling uncertainties in most top-quark mass measurements stems from the usage of jet kinematics in the mass-sensitive observables. Using kinematic
properties of tt events without using jets often relegates the issue to merely aﬀecting the acceptance of collision events and playing a minor role in the determination of the top-quark
mass.
2.1

Using secondary vertices and leptons

A recently published analysis by the CMS experiment5 exploits an observable using secondary
vertices reconstructed in b-quark initiated jets, i.e. relying on the high momentum resolution
for charged particles reconstructed in the tracking detector. The observable combines these
secondary vertices with a charged lepton from the W-boson decay to form an invariant mass
that is highly sensitive to the top-quark mass. The analysis is performed in exclusive bins of the
multiplicity of tracks used in the secondary vertex reconstruction (exactly 3, 4, or 5 tracks) and
makes use of events both with one or two charged leptons. All (up to four) possible lepton-vertex
combinations in each event are used.
The analysis yields a top-quark mass of 173.68 ± 0.2(stat)+1.58
−0.97 (syst) GeV, calibrated on
simulated events. The leading source of systematic uncertainty is the modeling of b-quark
fragmentation in the simulation, i.e. the fraction of b-parton momentum transfered to the b
hadron. Furthermore, the analysis is sensitive to the modeling of the top quark transverse
momentum which has previously been observed to be inadequately described by simulation.
Experimental sources of systematic uncertainty and the overall modeling of hadronization do
not have a strong impact on the analysis.
The paper includes a study comparing diﬀerent b fragmentation models with the observed
data, using the ratio of the overall transverse momentum of charged particles clustered in a jet
and the transverse momentum carried by the secondary vertex, see Fig. 1 (left). The impact
of a change in the average parton-to-hadron momentum transfer on the extracted central value
of the top-quark mass is shown in Fig. 1 (right), where a change of average momentum of one
percent leads to a shift in the top-quark mass of about 0.6 GeV.
2.2

Using charm mesons and leptons

An experimentally even cleaner observable can be obtained by exclusively reconstructing charm
mesons in the b-hadron decay and pairing them with a lepton from the W-boson decays. The
idea of such a measurement, using J/Ψ mesons, has been proposed already during LEP times 6 ,
and was now implemented for the ﬁrst time by the CMS collaboration using 8 TeV data from
the 2012 LHC run 7 . With the current amount of data, the study is statistically limited, but
an analysis of systematic uncertainties shows promising prospects. The relevant experimental
precision on the top-quark mass is found to be better than 100 MeV. The limiting factor of the
current analysis lies in the uncertainty in the modeling of the top quark transverse momentum
and in the eﬀect of QCD scale variations. It is worth to note that the lepton-J/Ψ invariant mass
shows less sensitivity—roughly half the eﬀect—to the modeling of the b quark fragmentation
than the lepton-secondary vertex mass of the previous analysis.
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Figure 1 – Left: Fraction of the overall transverse momentum of charged particles clustered in a jet carried by the
reconstructed secondary vertex in dileptonic tt events 5 . The simulation (ﬁlled histogram) using the Z2*LEPrb
tune is compared to the observed data distribution (open markers). The top panel compares the average of the
distribution in the data (grey band) to various b-quark fragmentation models. Right: Impact of a change in
average b parton-to-hadron momentum transfer on the extracted top-quark mass 5 . The extracted mass is shown
for the average momentum transfer values of the same b-quark fragmentation models. A linear ﬁt (grey line)
shows a change of 0.61 GeV for each percent change of momentum fraction.

2.3

Using lepton kinematics

Another possibility to avoid hadronization-related uncertainties is to only use leptonic observables. A recent proposal 8 to measure the top-quark mass from the kinematical properties of the
dilepton system in tt events was recently implemented by CMS 9 . While experimentally only
limited by the lepton momentum scale calibration, the analysis is hampered by uncertainties
from scale variations in the signal MC and the modeling of top quark kinematics. However,
the use of next-to-leading (NLO) simulation in future analyses should improve both of these
points. Furthermore, recent theoretical advances 10 allow the calculation of these observables at
next-to-next-to-leading order (NNLO) in perturbation theory, which could be directly compared
to particle-level measurements and used in a top-quark mass extraction.
3

Measurements using theoretically calculable observables

All analyses presented so far use Monte Carlo simulation to quantify the dependence of their
observables on the top-quark mass, as do the more precise standard measurements. A diﬀerent,
and theoretically more appealing approach is to use observables whose mass dependence can
be calculated beyond leading order in perturbative expansion. This allows the extraction from
data of a mass parameter that is precisely deﬁned in QCD theory.
3.1

Inclusive production cross section

The cross section to inclusively produce tt pairs can be calculated at NNLO in QCD as a
function of the top quark pole mass. Comparing the prediction at a given center-of-mass energy
of 7 or 8 TeV with the corresponding cross section measurements, and taking into account a
slight dependence of the detector acceptance on the assumed top-quark mass, yields a direct
measurement of the top quark pole mass. Both ATLAS and CMS have performed such analyses,
recently reaching a precision of below 2 GeV for the ﬁrst time 11,12 . Figure 2, left, shows the
measured production cross section as a function of the assumed top-quark mass, compared with
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Figure 2 – Left: Predicted dependence of the inclusive tt production cross section on the top quark pole mass at
NNLO, and measured cross section, for 7 and 8 TeV center of mass energy 11 . Right: Observed ρS distribution
in tt+1 jet events, compared to shapes at several top-quark mass values predicted at NLO 14 .

3.2

tt+1 jet invariant mass

Beyond inclusive cross sections, several kinematic shapes could possibly be exploited to extract
a well-deﬁned top-quark mass. One of the ﬁrst to be proposed by theorists 13 and recently
experimentally tested by both the ATLAS and CMS experiments, concerns the primary QCD
radiation of the tt system 14,15 . Selecting tt events with an additional hard radiation and
forming the invariant mass of the tt system and the hardest additional jet, an observable (ρS =
m0 /m(tt, j)) can be constructed whose distribution is calculable at NLO and depends on the
top-quark mass. Figure 2, right, shows the observed distribution of ρS unfolded to particle level,
compared to predictions at diﬀerent top-quark masses, calculated at NLO using POWHEG.
Unlike the inclusive cross section measurements, these analyses are not limited by beam-related
uncertainties and have the potential to surpass the former in precision. Currently, they are
limited by uncertainties stemming from scale variations in the MC used for the unfolding of
detector eﬀects and for the calculation of the NLO shape prediction.
4

Measurements in alternative topologies

Finally, both CMS and ATLAS perform analysis in event topologies where top quarks are predominantly produced singly in electroweak-mediated interactions 16,17 . With the current event
samples and systematic precision, the potential diﬀerences in sensitivity to the hard scattering
and the modeling of underlying events and color reconnection ﬂows are so far not observed and
the measurements are limited by jet-energy calibration uncertainties. Nevertheless, the analyses
can provide a statistically independent determination of the top-quark mass and have an impact
in future combinations.
5

Conclusion

A rich spectrum of alternative approaches to top-quark mass measurements—a summary of recent CMS results is shown Fig. 3—is being carried out by the ATLAS and CMS collaborations,
while standard measurements have reached an unprecedented precision of below 500 MeV. Alternative mass measurements can on the one hand provide insights in the modeling of top quark
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events and b-quark hadronization, and on the other hand produce important cross checks by
using diﬀerent mass deﬁnitions. With the expected increased size of datasets during run II of
the LHC, many of these will further gain importance and might prove to be crucial in improving
the overall precision on the top-quark mass.
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5.
The Scalar Sector

BEH Scalar to Bosons at the LHC

S. Zenz, on behalf of the ATLAS and CMS Collaborations
535 Blackett Laboratory, Imperial College London, London, SW7 2AZ, United Kingdom
The latest studies on the decays of the recently discovered BEH Scalar into bosons are presented: to pairs of W bosons, Z bosons, and photons. These results include the latest data from
the CMS and ATLAS experiments, collected from 13 TeV LHC Run 2 in 2015. Although data
collected is thus far limited, the continuation and extension of these studies through the rest
of Run 2 will allow detailed comparisons of the BEH Scalar’s properties with those predicted
by the Standard Model.

1

Introduction

One of the most important open questions in particle physics is whether the particle discovered
by the ATLAS 1 and CMS 2 detectors in 2012 is precisely the boson predicted by the Standard
Model (SM), or whether it has some deviation in its properties that might suggest physics beyond
the SM. After Run 1 of the LHC, measurements of deviations from SM predicted couplings have
shown that the particle is qualitatively consistent with the SM Higgs boson. However, more
statistical precision is required to truly answer this question, and the task will be signiﬁcantly
improved in Run 2.
Decays of the Higgs boson into bosons play a key role in investigating this question. The
boson’s couplings to W and Z bosons can be directly measured through H → W W and H → ZZ
decays; couplings to fermions are also visible in the loop required for the H → γγ decay.
Moreover, for each of these decay modes, production modes may also be investigated. The
coupling to top quarks is involved in associated production with top quark pairs, while couplings
to vector bosons are reﬂected in the rate of W/Z and Vector Boson Fusion (VBF) associated
production.
For the initial LHC Run 2 data taken in 2015, both ATLAS and CMS have analyzed the
H → ZZ ∗ → + − + − and H → γγ decay modes, which oﬀer the best mass resolution
and excellent signal-to-background discrimination. Relatively limited data have been collected
so far in Run 2, with up to 3.2 fb−1 (2.8 fb−1 ) of integrated luminosity with good data from
all subdetectors on ATLAS (CMS) available for Higgs analyses. The two experiments pursue
diﬀerent strategies for making use of this limited data. ATLAS uses inclusive event categorization
and focuses on comparing ﬁducial cross sections as a function of center-of-mass energy. CMS
uses multiple categories, optimized for sensitivity to deviations from the SM, and closely follows
the analyses from Run 1.
The WW decay mode oﬀers higher statistics but limited resolution due to missing transverse
energy in the ﬁnal state. Run 2 results are not yet available, but a recent Run 1 result in which
this channel is used to measure the transverse momentum spectrum is highlighted.
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2

H → ZZ ∗ → + − + −

In the ZZ to four lepton decay mode, the ATLAS 3 and CMS 4 analyses begin with similar
selections. Two opposite-sign same-ﬂavor leptons are required. For ATLAS the electron (muon)
ET (pT ) must be greater than 7 (6) GeV, and the absolute value of pseudorapidity η must be
less than 2.47 (2.7); further, the leading 3 leptons must have pT greater than 20, 15, and 10
GeV. For CMS the electron (muon) must have pT > 7 (5) GeV and η < 2.5 (2.4) is required; the
leading two leptons must have pT above 20 and 10 GeV. Both analyses use ﬁnal state radiation
recovery: ATLAS adds at most one photon to a dilepton pair if it brings m γ closer to the Z
mass, with priority given to a photon close to the leading dilepton, while CMS attaches photons
to the nearest individual lepton. The four-lepton mass (m4 ) distributions for the experiments
are shown in Figure 1.

Figure 1 – Distribution of m4 for H → ZZ ∗ → + − + − for ATLAS3 (left) and CMS4 (right).

The main background is non-resonant ZZ ∗ production, which is irreducible. The mass
distribution for these events is predicted from simulation, with the normalization checked in
m4 sidebands. Reducible backgrounds such as Z+jets and top-antitop pairs are measured from
control regions.
The ATLAS analysis computes m4 using a Z mass-constrained kinematic ﬁt, and extracts
ﬁducial cross sections using events with 118 GeV < m4 < 129 GeV, as discussed in section 4.
The CMS analysis uses kinematic discriminants to deﬁne categories from which the signal
kin uses a set of input observables
is extracted. A signal-background kinematic discriminant Dbkg
that fully describes the four-lepton system; the distribution of this observable in data is shown
in Figure 2. A second kinematic discriminant Djet is deﬁned by including the properties of
additional jets, if present, in order to separate VBF signal production from gluon-gluon fusion.
The distribution of this observable is shown in Figure 3. For signal extraction, six categories
are deﬁned, based ﬁrst on separating four electron (4e), four muon (4μ) and two electron, two
muon events (4e4μ); subsequently a cut on Djet at 0.5 is applied to separate VBF events. No
high Djet events are found in signal so the corresponding categories are empty.
kin
Final results for the CMS analysis are obtained from a two dimensional likelihood ﬁt in Dbkg
for each category. The p-values for this ﬁt are shown in Figure 4. μ = σ/σSM is determined
+0.62
+1.67
to be 0.82+0.57
−0.43 ; if separated into untagged and VBF, the μ values are 0.89−0.46 and 0.00−0.00
respectively. At the Run 1 mass of 125.09 GeV, the observed (expected) signiﬁcance is 2.5σ
(3.4σ). Within the present uncertainties the results are consistent with the Standard Model and
with the Run 1 results.
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kin
Figure 2 – Distribution of the Dbkg
variable in data.4 At left, data is compared to backgrounds. At right, the 2D
kin
and m4 is shown, with data events split by lepton type and the gray band depicting the sum
distribution of Dbkg
of the backgrounds and the SM Higgs prediction.

Figure 3 – Distribution of the Djet variable in data.4 At left, data is compared to backgrounds. At right, the 2D
kin
distribution of Dbkg
and m4 is shown, with data events split by lepton type and the gray band depicting the sum
of the backgrounds and the SM Higgs prediction.

3

H → γγ

Both the ATLAS 5 and CMS 6 H → γγ analyses of on obtaining the best possible mγγ resolution,
which in turn depends on the photon energy resolution and angular resolution.
To obtain excellent angular resolution, it is necessary to correctly select the origin vertex
of the photon pair. This primary vertex selection is diﬀerent than typical selections relying on
track momenta, because the photon momenta are not included. The selection thus incorporates
the balance of tracks with the diphoton pair, and in the case of ATLAS the longitudinal segmentation of the electromagnetic calorimeter can be used to determine the photon trajectory.
Both experiments combine the available information in a multivariate analysis; the eﬃciency for
identifying the correct primary vertex as a function of the number of primary vertices in the
event is illustrated for ATLAS in Figure 5 (left). CMS further uses the MVA result, and the
results for other vertices in the event, to estimate the probability of a correct vertex identiﬁca-
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Figure 4 – Distribution of p-values as a function of mass for the CMS ZZ analysis.4 Dotted lines are the values
predicted as a function of the SM Higgs mass, and colors indicate the separate or combined channels as indicated
in the legend.
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tion; this estimator is shown in Figure 5 (right). The CMS vertex identiﬁcation procedure is
described further elsewhere. 7
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Figure 5 – Left: eﬃciency for the ATLAS vertex selection MVA to correctly identify the diphoton primary vertex,
as a function of the number of primary vertices in the event.5 Right: CMS estimator of the probability that the
vertex has been correctly selected.6

Photons are identiﬁed using a combination of variables that reﬂect shower shape and containment. ATLAS uses a cut-based idea whose eﬃciency is shown in Figure 6 (left). CMS uses
an MVA ID whose distribution for signal and background is shown in Figure 6 (right); along
with the vertex information, the MVA value for each photon is fed into a diphoton discrminant
shown in Figure 7 that separates out events whose features signify a high signal-to-background
ratio.
In the CMS diphoton analysis, events are categorized based on additional objects in the event
or on their diphoton discriminant value. Events with a b-tagged jet and either (a) a lepton and at
least 2 jets, or (b) 4 jets, are classiﬁed as associated with the TTH production mechanism. Other
events with at least 2 jets may be categorized using an additional multivariate discriminator that
diﬀerentiates VBF production from ggH using jet properties. Events not otherwise classiﬁed are
split into four categories as indicated by the dotted lines in Figure 7. This classiﬁcation serves
both to identify production modes and to assign high signal-to-background events to a separate
ﬁt while still allowing the higher statistics of lower-quality events to be used.
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Figure 7 – The diphoton BDT distribution for the CMS analysis.6 Dotted lines indicate boundaries between
categories that trade oﬀ between high signal-to-background and high statistics.

The mγγ distributions for ATLAS and CMS are shown in Figure 8; in both cases the mass is
shown ﬁxed to the Run 1 value. For ATLAS, a ﬁt is performed for all selected events and used
to extract cross section measurements as described in Section 4; the signal model for this ﬁt is
determined from MC and has σm = 1.68 GeV. For CMS, separate ﬁts are performed in each of
the categories; the resolutions range from 1.25 to 2.63 GeV, with the inclusive resolution being
1.94 GeV.
The extracted signal for CMS is shown in Figure 9. The left part of the ﬁgure shows the
observed and expected p-values as a function of mass. The observed (expected) signiﬁcance at
the Run 1 mass is 1.7σ (2.7σ). The overall best-ﬁt μ value is 0.69+0.47
−0.42 , with the μ values for each
category shown on the right part of the ﬁgure. Within uncertainties the results are consistent
with the SM.
4

Cross section measurements

Fiducial cross sections are extracted for the H → ZZ ∗ → + − + − by both ATLAS and CMS.
ATLAS also extracts ﬁducial cross sections for H → γγ and further applies simulation-derived
acceptance corrections to measure the inclusive cross section, which is then combined for both
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Figure 8 – Distributions of mγγ for ATLAS5 (left) and CMS6 (right) as described in the text. The CMS distribution
combined all event categories, each weighted by S/(S+B) the ratio of the number of predicted signal events to
the sum of signal events and predicted background events.
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blue line shows the expected values at each mass point if the Run 1 mass is assumed. Right: observed signal
strength for each production mechanism.6

channels8 . Assuming the SM Higgs, ﬁducial cross section for a given ﬁnal state is given by
NS
C · Lint

(1)

NS
A · C · B · Lint

(2)

σ ﬁd =
and the total cross section by
σ tot =

where NS is the number of signal events, Lint is the total integrated luminosity, C is the
overall correction factor for detector eﬃciency for the measured ﬁnal state, A is the acceptance
correction from the ﬁducial region to the entire decay phase space, and B is the branching ratio
of the Higgs into that ﬁnal state. The values of A and C for the ATLAS ZZ case are shown in
Figure 10.

270

Figure 10 – Acceptance and detector corrections for the ATLAS ZZ cross section analysis3 , as described in the
text.

The cross sections extracted for ZZ and γγ by ATLAS, for 7, 8 and 13 TeV, by ATLAS
are shown in Figure 11 (left), including the combination of both channels. For comparison,
the ﬁducial cross sections extracted by CMS for the ZZ analysis are shown on the right side of
Figure 11. All results are consistent with SM predictions.

Figure 11 – Left: total pp → H cross sections extracted by ATLAS.8 Right: ﬁducial cross section for ZZ for CMS.4

5

Transverse momentum spectrum in H → W W

The beneﬁts of large number of events in the WW channel are illustrated by a recent result
using Run 1 data to measure the pT distribution in H → W W events 9 . The W’s are required
to decay leptonically, with one electron and one muon, to reduce backgrounds. The analysis is
inclusive in the number of jets because of correlations with Higgs pT ; top anti-top background
is reduced by vetoing B-jets and soft non-isolated letpons. The measurement is performed in
a ﬁducial phase space for which the objects can be well-measured and backgrounds reduced,
requiring: two leptons with |η| < 2.5 and pT greater than 20 GeV and 10 GeV, a dilepton
invariant mass above 12 GeV, a dilepton transverse pT greater than 30 GeV, and the invariant
mass of the leptonic system in the transverse plan above 50 GeV.
A series of pH
T bins are designated, and in each the reconstruction-level WW cross section is
extracted from a 2D ﬁt to the transverse mass and the angle Δφ between the dilepton system
and the missing energy. The results of this ﬁt in each bin are shown in Figure 12 (left). Unfolding
using Singular Value Decomposition is then applied, yielding ﬁnal corrected distributions on the
right side of the ﬁgure.

271

Figure 12 – Left: the distribution of Higgs pT at reconstruction level.9 Right: the same distribution in the ﬁducial
cross section region described in the text, unfolded using Singular Value Decomposition.9

6

Conclusions

Decays to bosons play a key role in understanding the true nature of the scalar measured by
the LHC. The ﬁrst 13 TeV results for H → ZZ ∗ → + − + − and H → γγ, from both ATLAS
and CMS, have been presented. These channels have a good mass resolution so that signal can
be extracted from background. However, the amount of data is so far limited, but the results
demonstrate readiness to further improve knowledge of the Higgs boson as LHC Run 2 continues.
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Eﬀective ﬁeld theories of electroweak symmetry breaking are discussed from a geometric point
of view. Deviations of longitudinal gauge boson and scalar scattering amplitudes from their
standard model values are given by the curvature of the scalar manifold, which is positive
in G/H sigma models. The distinction between linear and non-linear transformations of the
scalar ﬁelds is explained.

1

Introduction

The recent discovery of a neutral scalar particle with a mass of ∼ 125 GeV, with no new resonances in the several hundred GeV range has renewed interest in low energy eﬀective Lagrangians
for the scalar sector of the Standard Model (SM). There are two commonly used eﬀective ﬁeld
theories (EFT), which are closely related, the Standard Model Eﬀective Field Theory (SMEFT)
and Higgs Eﬀective Field Theory (HEFT). The SMEFT is based on the ﬁeld content of the SM,
with a complex scalar doublet H that transforms linearly as 21/2 under the electroweak gauge
symmetry SU (2)L × U (1)Y . The SMEFT Lagrangian is the SM Lagrangian, with the addition
of higher dimension operators suppressed by the scale Λ of new physics. The Higgs Eﬀective
Field Theory (HEFT) Lagrangian is based on the chiral Lagrangian for a spontaneously broken
gauge theory with three “eaten” Goldstone bosons, with the addition of an extra neutral scalar
degree of freedom to account for the 125 GeV scalar. The SM is clearly a special case of SMEFT
where all the higher dimensional operators vanish (i.e. Λ → ∞), and we will see the relation
between HEFT and SMEFT later in this article.
The path integral formulation of quantum ﬁeld theory gives a prescription for computing the
S-matrix of the theory from the Lagrangian. An important result in quantum ﬁeld theory is that
the S-matrix is independent of the ﬁelds chosen to parametrize the theory: ﬁeld redeﬁnitions
which change the form of the Lagrangian leave the S-matrix invariant. The scalar ﬁelds live
on some manifold M; e.g. in non-linear sigma models, they live on the coset space G/H. Field
transformations are coordinate transformations on the scalar manifold M, and so S-matrix
elements depend only on covariant objects such as the curvature. From this perspective, the key
question is not whether SU (2)L × U (1)Y gauge symmetry is realized linearly or non-linearly at
the level of the Lagrangian, since one can convert from the linear form to the non-linear form
by a ﬁeld redeﬁnition, but whether the scalar manifold M is curved or ﬂat. The renormalizable
SM has a ﬂat scalar manifold.
The Riemann curvature tensor of M can be measured experimentally in terms of the couplings of the physical Higgs boson to the massive electroweak gauge bosons W ± and Z. An
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important goal of precision Higgs boson physics will be to constrain the curvature of the scalar
manifold M, which is a measure of the scale of new physics.
The geometric formulation of non-linear sigma models is well-known, and has been used extensively for supersymmetric sigma models, and, to a lesser extent, for chiral perturbation theory,1–5 but has not been widely used in HEFT. A coordinate-invariant formulation of HEFT also
clears up a number of subtleties which arise in the one-loop corrections to the theory. Calculations of radiative corrections in sigma models by Appelquist and Bernard and by Longhitano,6–9
and more recently for HEFT by Gavela et al.,10 require intermediate steps in which chiral noninvariant terms proportional to the equations of motion are removed by ﬁeld redeﬁnitions. The
appearance of these terms for curved scalar manifolds does not have physical implications, and
they are avoided when employing a covariant formalism for perturbation theory.1, 2
2

Standard Model and Custodial Symmetry

The scalar sector of the standard model has a ﬁeld H which transforms as 21/2 under the
electroweak SU (2)L × U (1)Y symmetry,


 + 
1
iφ1 + φ2
φ
√
=
.
(1)
H=
φ0
2 φ4 − iφ3
The scalar Lagrangian is
L = ∂μ H † ∂ μ H − λ(H † H − v 2 /2)2 .

(2)

The potential is shown in Fig. 1, and has a minimum at a non-zero value of H. There are a
set of equivalent minima related to each other by symmetry transformations. Clearly rotations
in the angular dimension leave the potential energy unchanged, and correspond to massless
Goldstone degrees of freedom.
φ0

v

Figure 1 – Schematic graph of the scalar potential (left ﬁgure). The minimum of the potential in the SM is S 3
(right ﬁgure).

Expanding about the minimum,
$
H=

φ+
√1 (v + h + iη)
2

%
(3)

gives ﬁelds h, η and φ+ . h is the neutral scalar with mass
m2h = 2λv 2

(4)

of order the electroweak scale. φ+ and η are massless, and are the eaten Goldstone bosons that
give mass to the W and Z.
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Writing H in terms of real ﬁelds φ = (φ1 , φ2 , φ3 , φ4 ) in Eq. 1, the Lagrangian Eq. 2 becomes
1
λ
L = ∂μ φ · ∂ μ φ −
φ · φ − v2
2
4

2

(5)

which has a manifest O(4) symmetry under which the four components of φ transform as a
vector. The scalar minimum Eq. 3 is
φ = φ0 = (0, 0, 0, v)T

(6)

which breaks the O(4) symmetry to O(3), rotations which only involve φ1,2,3 and leave φ4
unchanged. The enlarged symmetry groups O(4) ∼ SU (2) × SU (2) ⊃ SU (2) × U (1) containing
the electroweak gauge group, and O(3) ⊃ U (1)em are referred to as custodial symmetry.
The symmetry group G = O(4) acts on the vacuum manifold S 3 , and moves φ0 to all points
on S 3 . The unbroken group H = O(3) leaves φ0 invariant, so the vacuum manifold S 3 is
isomorphic to the coset space G/H. The Goldstone bosons are ﬂuctuations of the scalar ﬁeld
along S 3 .
The SM ﬁeld manifold M is ﬂat, with ﬁelds (φ1 , φ2 , φ3 , φ4 ) ∈ R4 and Lagrangian Eq. 5. One
can also write the Lagrangian in polar coordinates
φ = (v + h) , n

n · n = 1,

(7)

in terms of a unit vector n and a radial direction h.a The Lagrangian Eq. 5 in polar coordinates
is
1
λ 2
1
h + 2hv
L = (∂μ h)2 + (v + h)2 (∂μ n)2 −
2
2
4

2

.

(8)

The SM vacuum manifold in Cartesian and polar coordinates is shown in Fig. 2.
Cartesian coordinates
h, η, φ

Polar coordinates
h, ϕa

+

"

#

h

v+h

v

v

Figure 2 – SM scalar ﬁeld manifold M in Cartesian and polar coordinates.

Eq. 8 is often called a non-linear Lagrangian because of the constraint n · n = 1. In terms
of independent coordinates (n1 , n2 , n3 ), the unit vector n is


#
(9)
n = n1 , n2 , n3 , 1 − n21 − n22 − n23
which makes the non-linear nature explicit. The scalar ﬁelds in Eq. 8 transform non-linear under
the O(4) symmetry because of the constraint Eq. 7. For example, a rotation in the 1 − 4 plane,
δn4 = −δθ n1

δn1 = δθ n4
a

Note that the radial coordinate h is not the same as the Cartesian coordinate h in Eq. 3.
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(10)

is the non-linear transformation

#
δn1 = δθ

1 − n21 − n22 − n23

(11)

on using Eq. 9. Rotations in the 12, 13 and 23 planes, which correspond to unbroken symmetries, lead to linear transformations on n1,2,3 , but rotations in the 14, 24 and 34 planes, which
correspond to broken symmetries, lead to non-linear transformations, since they involve n4 .
An often asked question is: Does the SM scalar transform linearly or non-linearly under
the electroweak symmetry? We can see that this is not a meaningful question. The ﬁeld φ for
the Lagrangian in Cartesian coordinates Eq. 5 transforms linearly, whereas the ﬁeld n for the
Lagrangian in polar coordinates, Eq. 8, transforms non-linearly. The two theories are the same,
just written in diﬀerent coordinates, and have the same S-matrix. There is no way to tell them
apart.
3

Extensions of the SM

There have been many ideas proposed for new physics beyond the SM. Rather than study
each theory in detail, it is useful to characterize the consequences of these theories for LHC
experiments in a model-independent way using eﬀective ﬁeld theory (EFT) methods. The main
assumption is that there are no new resonances at the relevant energies. For Higgs production,
that means no new resonances up to energies several times the Higgs mass.
There are two commonly used EFTs, the Standard Model Eﬀective Field Theory (SMEFT)
and Higgs Eﬀective Field Theory (HEFT).
3.1

SMEFT

The SMEFT is an eﬀective theory with the same ﬁeld content as the SM — a ﬁeld H that transforms as 21/2 . It consists of the SM Lagrangian plus higher dimension operators suppressed by
inverse powers of the scale Λ of new physics. Assuming baryon and lepton number conservation,
the leading operators are dimension-six. These have been classiﬁed,11, 12 and the complete oneloop anomalous dimensions are now known.13–20 There is an interesting non-renormalization
theorem based on holomorphy for these operators.19, 21
Including the only custodial-invariant Higgs operator of dimension six, the Lagrangian becomes
c
(12)
L = ∂μ H † ∂ μ H − 2 ∂μ H † H ∂ μ H † H + . . .
Λ
The most general custodial-invariant scalar Lagrangian to order p2 is (using φ deﬁned in Eq. 1)
1
1
L = A(φ · φ) ∂μ φ · ∂ μ φ + B(φ · φ) (φ · ∂μ φ)(φ · ∂ μ φ) + O(p4 )
2
2

(13)

where A and B have expansions
A(φ · φ) = 1 +

A2
A1
φ · φ + 4 (φ · φ)2 + . . .
Λ2
Λ

B(φ · φ) =

B1 B 2
+ 4φ · φ + ...
Λ2
Λ

(14)

and Eq. 12 gives
B1 = −2c

A1 = 0,

(15)

The A1 term vanishes, because it can be removed by a ﬁeld redeﬁnition which has been used to
simplify Eq. 12.
Switching to polar coordinates Eq. 7, the Lagrangian Eq. 13 becomes
1
1
L = (∂μ h)2 + v 2 F (h)2 (∂μ n)2
2
2
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(16)

where F (h) can be computed in terms of A(φ2 ) and B(φ2 ), and is normalized so that F (0) = 1,
and we have made a ﬁeld redeﬁnition on h to puts its kinetic term in standard form. The scalar
manifold with metric given by Eq. 16 is in general a curved manifold. This is analogous to a
space with metric
ds2 = dr2 + F (r)2 dΩ2

(17)

which is curved unless F (r) ∝
The SMEFT manifold is shown schematically in Fig. 3.
r2 .

h

h
v

v

!

!

S3

S3
0

0

(a)

(b)

Figure 3 – The (a) SMEFT scalar manifold and (b) HEFT scalar manifolds. There is an S 3 for each value of h,
shown schematically as the red circle, which is the Goldstone boson manifold. An O(4) ﬁxed point exists if there
is a value of h for which the radius of S 3 vanishes. There is an O(4) invariant ﬁxed point for SMEFT at φ = 0,
denoted by φ0 . The ﬁxed point φ0 at h = h∗ for HEFT is shown in a dotted region of M since it need not exist.
The HEFT manifold does not have a boundary at the start of the dotted part shown in the ﬁgure; the manifold
(solid blue) can extend to inﬁnity, or is smoothly connected without a point where F (h) = 0.

3.2

HEFT (Higgs Eﬀective Field Theory)

The HEFT Lagrangian is virtually identical to the SMEFT one in Eq. 16,
1
1
(18)
L = (∂μ h)2 + v 2 F (h)2 (∂μ n)2 .
2
2
Conceptually, HEFT has its origins in technicolor theories, where the SU (2) × U (1) symmetry
was spontaneously broken, leading to the Goldstone boson that live on S 3 . The low-energy
dynamics is described by chiral perturbation theory. However, after the discovery of a 125 GeV
scalar, it was necessary to also include a scalar degree of freedom,22, 23 leading to the HEFT
Lagrangian. The HEFT scalar manifold is shown in Fig. 3(b).
Under the O(4) custodial symmetry, n transforms by rotations. Thus an O(4) invariant
ﬁxed point exists if and only if the HEFT has a point h∗ where F (h∗ ) = 0. At this point, n
behaves like a vector of zero length, and so is invariant even if it is rotated (analgous to the
origin in spherical polar coordinates). If such a ﬁxed-point exists, then the HEFT and SMEFT
manifolds are equivalent, and one can combine h and n into φ, and write the Lagrangian in
SMEFT form.
We can now answer the interesting question: Is h part of an SU (2) doublet H and linearly
related to the eaten Goldstone bosons ϕ? The answer is yes if and only if there is an O(4) ﬁxed
point φ0 . Experimentally measurable cross sections are given by computing in perturbation
theory, and probe deviations from the SM vacuum shown as the black dots in Figs. 3, and these
have to be used to determine whether φ0 exists or not. This is not easy!
4

Invariance of the S-matrix and Geometry

In a QFT, the S matrix is unchanged under ﬁeld redeﬁnitions.24 If one makes a ﬁeld redeﬁnition,
φ = f (φ )

L (φ ) = L(f (φ ))
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(19)

then L and L give the same S-matrix. This is a highly non-trivial result which follows from the
LSZ reduction formula. Green’s functions, and the possible interaction terms in the Lagrangian
can change, but the S-matrix elements are unchanged.
The above invariance property ties in nicely with the geometrical picture, since the geometrical properties of a manifold are independent of the coordinate parameterization. Thus the
S-matrix can only depend on geometric objects such as the curvature. The SM written in linear
form or non-linear form
1
λ
Llinear = Dμ φ · Dμ φ −
φ · φ − v2
2
4
Lnonlinear =

2

(20)

1
1
λ
(∂μ h)2 + (v + h)2 Dμ n · Dμ n −
2vh + h2
2
2
4

2

(21)

are completely equivalent, and lead to the same S-matrix. In particular, the non-linear form
is a renormalizable Lagrangian, even though it has an expansion in operators of arbitrary high
dimension. This has been demonstrated explicitly by a one-loop computation.25
5

Scalar Metric

The scalar metric gij is determined by the scalar kinetic energy
1
L = gij (φ) ∂μ φi ∂ μ φj ,
2

(22)

which deﬁnes the metric tensor on M. The HEFT Lagrangian Eq. 18 gives the metric

 2
v F (h)2 gab 0
g=
0
1

(23)

where the coordinates have been chosen to be {n, h}, with n written in terms of three independent angles. gab is the metric on a three-sphere of unit radius. If n is written using the angles
χ, θ, φ,
n1 = sin χ cos θ cos φ,

n2 = sin χ cos θ sin φ,

n3 = sin χ cos θ,

n4 = cos χ,

(24)

then
ds2 = dn · dn = dχ2 + sin2 χ dθ2 + sin2 θ dφ2 ,

(25)

which gives the metric gab (χ, θ, φ). The metric on S 3 , Eq. 25, leads to a curvature tensor of the
form
&abcd = K [ gac gbd − gad gbc ] ,
R
since S 3 is a maximally symmetric space, with K = 1 if S 3 has unit radius. Now look at the
full manifold M, and let the coordinate indices be i ∈ {a, h} for the angular and h directions.
The non-zero elements of the curvature tensor of M are


1
Rabcd (h) = 2 − (F  (h))2 F (h)2 (gac gbd − gad gbc ) ,
v
(26)
Rahbh (h) = −F (h)F  (h)gab .
A useful quantity is the sectional curvature
K(X, Y ) ≡ Rabcd X a Y b X c Y d ,

X ⊥ Y,

X · X = 1,

Y ·Y =1
(27)
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deﬁned in a two-plane spanned by orthonormal vectors X, Y . The non-trivial sectional curvatures in HEFT are


Kππ = K(Xπ , Yπ ) = 1 − v 2 (F  (h))2 F (h)2 ,
1
Kπh = K(Xπ , Yh ) = − v 2 F (h) F  (h),
(28)
2
where X and Y are both in the Goldstone boson direction, or X is in the Goldstone boson
direction and Y is in the h direction. Because S 3 is maximally symmetric, Kππ and Kπh do not
care which angular directions are chosen for π.
For the SM, the radial function F (h) is
F (h) = 1 +

h
.
v

and the curvature tensor and sectional curvatures vanish. Note that the curvature of M and S 3
are not the same. Even though S 3 is curved, M is ﬂat. You can have a curved sphere imbedded
in ﬂat space.
In HEFT, one considers a general radial function
 
 2
1
h
h
+ c2
F (h) = 1 + c1
+ ...,
(29)
v
2
v
and in this case,
1
Kπh = − c2 .
2

Kππ = 1 − c21 ,

(30)

For composite Higgs theories where H is generated by symmetry breaking G → H at a scale
f  v, one can prove that all sectional curvatures are positive, so that Kππ ≥ 0, Kπh ≥ 0. We
are investigating sigmal models with negative sectional curvature.26
6

Experimental Consequences

The experimental observables in the scalar sector depend on Kππ and Kπh , which are the
analogs of the precision electroweak observables S, T, U for the Higgs sector. The curvatures K
parametrize deviations from the SM, and are of order 1/f 2 , where Λ = 4πf is the scale of new
physics.
The scalar contribution to deviations from the S parameter is27
 2
1
Λ
.
(31)
ΔS =
Kππ log
12π
MZ2
The scattering amplitude at high energies of longitudinal gauge bosons are related to that
of Goldstone bosons by the equivalence theorem. We can take the known results28 and write
them in terms of the curvature,
s+t
Kππ ,
v2
2s
A (WL WL → hh) = 2λ − 2 Kπh ,
v

A (WL WL → WL WL ) = −4λ +

(32)

where the ﬁrst term is the SM contribution in the high energy
limit. The new physics term
√
proportional to K violates unitarity at a scale Λ ∼ 4πv/ K. Note that this result is in accordance with the scenario of the Higgs boson as a Goldstone boson29, 30 where resonances are
expected at Λ ∼ 4πf . In composite Higgs models, the sign of deviations from the SM is ﬁxed,
Kππ , Kπh ≥ 0.
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FLAVOR VIOLATION IN THE SCALAR SECTOR
J. KOPP
PRISMA Cluster of Excellence & Mainz Institute for Theoretical Physics,
Johannes Gutenberg University, Staudingerweg 7, 55128 Mainz, Germany

In many extensions of the Standard Model, the alignment in ﬂavor space of the fermion mass
matrices and the Yukawa coupling matrices can be broken. The physical scalar boson h(125)
could then have ﬂavor changing couplings. In this talk, we summarize constraints on such
couplings from rare decay searches, and we investigate current and future detection prospects
at the LHC. We emphasize the importance of several yet unexplored ﬁnal states: (i) anomalous
single top + h production in pp → th, arising from tuh couplings (but not from the more widely
studied tch couplings); (ii) pp → t + (H 0 → hh) through tuh couplings in the context of a Two
Higgs Doublet Model (2HDM), perhaps the simplest model with ﬂavor violation in the scalar
sector; (iii) pp → H 0 → τ μ in the 2HDM context. For all of these processes, we perform a
detailed phenomenological studies. Finally, we comment on the possibility of ﬂavor violation
combined with CP violation, which may be interesting if the current CMS hint for h → τ μ
gets corroborated.

1

Introduction

The 125 GeV scalar boson discovered by ATLAS and CMS in 2012, while being the last missing
piece of the Standard Model (SM), will hopefully also contribute to its demise by deviating from
the expected behavior. One such deviation could be a ﬂavor oﬀ-diagonal coupling to fermions, 1–4
which are forbidden in the SM, but are quite naturally expected in many of its extensions. At the
eﬀective ﬁeld theory level, ﬂavor violating scalar couplings have the generic structure (illustrated
here for the charged leptons)
L⊃−

ηij i j
L̄ H̃eR (H † H)
Λ2

→

−yij ēiL ejR h + · · · .

(1)

Here, Λ is the cutoﬀ scale of the eﬀective theory, Li are the three left-handed SM lepton doublets,
ejR are the three right-handed charged lepton singlet, H is the SM scalar doublet, H̃ ≡ iσ 2 H † ,
and h is the physical 125 GeV scalar boson. Flavor violating couplings in the quark sector are
completely analogous. Possible ultraviolet completions of the Lagrangian in eq. (1) exist for
instance in Randall–Sundrum models 5–7 , supersymmetric models 8–11 , models aiming to explain
the ﬂavor structure of the Standard Model 12 , leptoquark models 13 , and in particular in Two
Higgs Doublet Models (2HDMs). 1;8;14–21
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Phenomenologically, the operators in eq. (1) can lead to a bonanza of ﬂavor physics observables (rare decays, anomalous electric and magnetic dipole moments, meson oscillations, . . . ),
ﬂavor changing scalar decays like h → τ μ, h → τ e, anomalous top quark decays t → hq, and
anomalous single top + h production via ug → th. In UV completions of eq. (1), many more
processes can be important. For instance in the context of 2HDMs, ﬂavor violating couplings
of the heavy scalar bosons are expected to be much larger than those of the lightest scalar, so
that the reactions ug → tH 0 and pp → H 0 → τ μ can have sizeable rates. In the following, we
discuss the aforementioned processes in more detail.
2

Low Energy Constraints and Current LHC limits on FCNC in the Scalar Sector

Flavor changing neutral current (FCNC) couplings of the h boson to leptons are most strongly
constrained by μ–e conversion in nuclei, by ﬂavor changing decays of a heavy lepton to three
lighter leptons (e.g. τ → 3μ), and by the radiative decays μ → eγ, τ → eγ, and τ → μγ.
Currently, radiative decay limits have a slight edge over other constraints, but with future
experiments like Mu2e at Fermilab or Mu3e at PSI this will change. We show the current
constraints on ﬂavor changing neutral current (FCNC) couplings of the form hμe in ﬁg. 1 (a)
and on couplings in the μ–τ sector in ﬁg. 1 (b). (Constraints on the e–τ sector are very similar
to those on the μ–τ sector 4 .) We see that constraints in the μ–e sector are so tight that the
associated LHC process h → μe is far beyond the experimental reach. On the other hand,
BR(h → τ μ) or BR(h → τ e) can be at the per cent level, well within the capabilities of ATLAS
and CMS. In fact, CMS has observed a small (2.3σ) excess in h → τ μ 22 . (Note that either
BR(h → τ μ) or BR(h → τ e) can be large, but not both. If both were sizeable, the tightly
constrained decay μ → eγ would be induced at 1-loop.)
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Figure 1 – Constraints on ﬂavor changing couplings of the h boson to leptons, expressed in terms of the Yukawa
couplings appearing in eq. (1). In the μ–e sector (left panel 4 ), low energy limits are many orders of magnitude
stronger than LHC constraints (not shown here), while in the μ–τ sector (right panel 22 ), the LHC dominates.
Note the small (2.3σ) excess in the CMS data on h → μτ .

In the quark sector, FCNC processes are tightly constrained by low energy measurements
as well. For instance, couplings of the form hqq  (where q, q  = u, d, s, c, b) contribute at tree
level to neutral meson mixing. The resulting constraints 4 imply that the only ﬂavor violating h
couplings that could be large enough to be observable at the LHC are those involving the top
quark, tuh and tch. (Once again, only one of these couplings can be large, but not both, to
avoid large contributions to D0 –D̄0 meson mixing through box diagrams.)
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The current experimental limits on FCNC top–h couplings are
BR(t → ch) < 0.0046,

BR(t → uh) < 0.0045

(2)

from ATLAS 23 and BR(t → uh) < 0.0047, BR(t → ch) < 0.0042 from CMS 24 . Both limits are
based on combinations of several ﬁnal states, including in particular multi-lepton and lepton +
di-photon signatures.
3

New Probes of FCNC Couplings to Quarks

In the following, we outline several possible routes towards a further improvement of the constraints on tuh and tch couplings.
3.1

t → hq and pp → th

First, we observe that tuh couplings induce not only the widely studied decay t → hu, but also
the process ug → th (anomalous single top + h production), which is not included in most
searches for FCNC top couplings 25 . Therefore, the limits on tuh couplings reported by these
searches are on the conservative side. For the multi-lepton and lepton + di-photon ﬁnal states,
it was shown 25 that inclusion of anomalous single top + h production could lead to an increase
in sensitivity by a factor ∼ 1.5. Note that this applies only to tuh couplings, but not to tch
couplings. The reason is that the process cg → th is suppressed by the small charm quark parton
distribution function (PDF) and therefore negligible.
This observation suggests a possible way of distinguishing tuh and tch couplings in case
of a discovery. Namely, even though the ﬁnal states for pp → (t → W b) + (t → hq) and
ug → t + h are almost identical, there are diﬀerences: in particular, the pseudorapidity (ηh )
distribution of the h boson and the sum of lepton charges in multi-lepton ﬁnal states can be
used as discriminants 25;26 . In ug → th, the h boson is preferentially emitted in the forward or
backward direction, compared to a more central distribution in pp → (t → W b) + (t → hq),
see ﬁg. 2. The reason is that the chiral structure of the tuh coupling implies a chirality ﬂip on
the quark line. This is easily possible only if the t quark is emitted opposite to the direction of
travel of the initial u quark. The h boson must then travel preferentially in the same direction
as the u quark. The forward boost of the h boson is further enhanced by the fact that the
center-of-mass frame of the process tends to be boosted in the direction of the (valence) u
quark. The discrimination power of the sum of lepton charges can be understood by noting that
ug → th events are much more frequent than ūg → t̄ + h events because of PDF suppression.
Quantitatively, one ﬁnds that, for a signal that is discovered at the 5σ level, a 2σ discrimination
between the tuh and tch hypotheses is possible 25 . This estimate is for a multi-lepton analysis
and takes into account backgrounds, combinatorial uncertainties and detector eﬀects.
1000

13TeV, 1fb1 ; ytq yqt 0.13

Events
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pptt, thc
ugth

800
600
400
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2
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Figure 2 – The parton level pseudorapidity (ηh ) distributions of the h boson in pp → (t → W b) + (t → hq) and
in ug → th. 25 Note the preference for forward emission of the h boson in the latter process (see text for details).
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Going beyond the traditional multi-lepton and lepton + di-photon searches, a further improvement of the sensitivity to tuh and tch couplings by an O(1) factor is possible by including
so-far unexplored ﬁnal states 25 , for instance the fully hadronic processes pp → (t → W b) + (t →
hq) → hadrons and pp → (t → W b) + h → hadrons. These decays can be successfully reconstructed and exploited using boosted object taggers 27–31 .
3.2

pp → thh

In speciﬁc models, additional search channels for ﬂavor changing h couplings lend themselves
to exploitation. Consider in this context a general (type III) 2HDM in which the components
of the second scalar doublet have large FCNC couplings to top quarks, but only a small mixing
with the SM-like doublet. Working in a basis in which only one of the two scalar doublets Φ1 ,
Φ2 has a non-zero vacuum expectation value (vev), we decompose Φ1 and Φ2 into




G+
H+
Φ2 = √1
.
(3)
Φ1 = √1
(v + h1 + iG0 )
(h + ih3 )
2
2 2
Here G± and G0 are the Goldstone bosons that are eaten by the W ± and the Z. In the absence
of CP violation, h1 and h2 mix into the CP even physical scalars h and H 0 , and h3 is identiﬁed
with the CP odd scalar A0 . The scalar potential V of the model depends on three
√ dimensionful
parameters and seven dimensionless couplings. The condition that Φ1 = (0, v/ 2), Φ2 = (0, 0)
should be a minimum of V eliminates two of these parameters, and one further coupling can
be dropped here because it is only relevant for scalar self-interactions. The seven remaining
parameters can be expressed in terms of the masses mh , mH 0 , mA0 , mH ± , the h–H 0 mixing
sin α, and two dimensionless parameters λ3 and λ7 . 32 The Yukawa couplings of the two scalar
doublets are given in the up quark sector by
Lup = −η1ij QiL Φ̃1 ujR − η2ij QiL Φ̃2 ujR + h.c. ,

(4)

with Φ̃k ≡ iσ 2 Φ†k . The couplings to down quarks and leptons are analogous.
In a 2HDM, ﬂavor changing eﬀects become much more accessible once not only the lightest
scalar h, but also its heavier companions can be directly produced. An example is the process
pp → tH 0 , mediated by a ﬂavor violating tuH 0 coupling and followed by the decay H 0 → hh. 32
If the (ﬂavor conserving and ﬂavor violating) couplings of H 0 to quarks are not too large, this
decay mode can be dominant in large regions of parameter space, as illustrated in ﬁg. 3 (a)
for a particular parameter point of the quark ﬂavor violating 2HDM. The most favorable ﬁnal
state to look for pp → t + (H 0 → hh) consist of one lepton (from top decay), ﬁve b quarks, and
missing transverse energy. It can be extracted from the background by requiring one isolated,
positively charged lepton, at least ﬁve jets, and at least four b tags. 32 Moreover, pT and η cuts
need to be imposed on these objects, as well as on the reconstructed h bosons. Combinatorial
backgrounds can be suppressed by optimizing the invariant masses of two jet pairs and of the
ﬁfth jet, the lepton, and the missing energy.
The sensitivity of such a search is illustrated in ﬁg. 3 (b). The parameter point chosen for
this plot was selected such that the tuH 0 coupling is the dominant Yukawa coupling of H 0 , i.e.
that η2tu is the only relevant entry of the matrix η2 from eq. (4). (Note that the complementary
coupling η2ut cannot be too large because of constraints from B meson mixing. 32 ) We see that
the proposed search for pp → t + (H 0 → hh) is very promising and can easily supersede current
and future limits from other search channels.
4

New Probes of FCNC Couplings to Leptons

Let us now turn to ﬂavor violating couplings of the scalar sector to leptons. Also in this case,
the sensitivity in speciﬁc model frameworks can be much larger than for the simple EFT from
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Figure 3 – (a) Branching ratios of the H 0 boson for one parameter point in a quark ﬂavor violating 2HDM. 32
(b) Sensitivity to ﬂavor changing couplings of the top quark to the h and H 0 bosons at the same parameter
point, expressed here in terms of the branching ratio for t → hq. The orange and blue lines show the current and
conservative future sensitivities, respectively, to t → hu using multi-lepton and lepton + di-photon ﬁnal states 25 .
The red shaded region is the limit from a CMS search for same-sign di-leptons + b jets 33 . The Brazilian band
shows the predicted sensitivity for the search discussed in the text. 32
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Figure 4 – (a) Constraints on the FCNC decay H 0 → τ μ of the heavy CP even scalar H 0 in a 2HDM, derived
by recasting the CMS search for h → τ μ 22;32 . (b) Resulting constraints on the FCNC Yukawa coupling ητ μ and
ημτ of the second scalar doublet (green) compared to the limit from the direct search for h → τ μ (red) 22 and the
region favored by the small excess in that search (blue 1σ band).

eq. (1). We consider again a type III 2HDM and investigate to what extent current searches
for μ–τ resonances 22 constrain the FCNC decay H 0 → τ μ. As for FCNC in the quark sector,
this decay is expected to have a much large branching ratio than h → τ μ, which oﬀsets the
smaller production cross section of H 0 . Recasting the CMS search for h → τ μ 22;32 , we ﬁnd the
limits shown in ﬁg. 4. Note that above mH 0 = 2mW , the dominant H 0 decay mode becomes
H 0 → W + W − , reducing the branching ratio to the τ μ ﬁnal state and thus limiting the parameter
sensitivity in this mass range, see ﬁg. 4 (b).
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5

CP Violation in FCNC h Decays

If ﬂavor violation in the scalar sector is discovered—for instance if the CMS hint for h → τ μ 22
should be corroborated with 13 TeV data—it stands to reason to ask whether it could be
accompanied by CP violation. In fact, the resulting signature—an asymmetry between h →
τ + μ− and h → τ − μ+ would oﬀer a very direct probe of CP violation. Figure 5 illustrates how
such an asymmetry could arise in a type III 2HDM from the interference between tree level
and 1-loop processes. A detailed phenomenological analysis 34 shows that, like all searches for
CP violation in the scalar sector, also the search for CP violation in h → τ μ requires very
large integrated luminosity before one can hope to observe a signal. The reason is that a loopsuppressed eﬀect must be observed on top of an already small branching ratio. Assuming an
h → τ μ signal at the level hinted at by CMS 22 , a detection of a CP asymmetry may be possible
at the high-luminosity LHC if the mixing angle between the SM-like h boson and its heavy
partners is small and if the heavy scalars are close to each other in mass. 34
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Figure 5 – The tree level and 1-loop diagrams in a 2HDM whose interference can lead to a CP violating asymmetry
between h → τ + μ− and h → τ − μ+ ﬁnal states. In these diagrams, hk (k = 1, 2, 3) are the three neutral scalars
and ,  , m are charged leptons.

6

Summary

In summary, we have reviewed from a phenomenologist’s point of view the current status of
FCNC searches in the scalar sector. We have outlined a number of possible directions for
future experimental work, including in particular (i) searching explicitly for the so-far neglected
process pp → th, which could be exploited to distinguish tuh and tch couplings in the event of
a discovery; (ii) exploiting new ﬁnal states, for instance in the fully hadronic processes pp →
(t → W b) + (t → hq) → hadrons and pp → th → hadrons; (iii) searching for FCNC decays of
heavy scalar bosons, which can have very large branching ratios in 2HDMs; (iv) Searching for
CP violation in h → τ μ.
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Results and Prospects for ttH at CMS
Johannes Hauk for the CMS Collaboration
Deutsches Elektronen-Synchrotron DESY, Notkestrasse 85, 22607 Hamburg, Germany
First results of associated top-quark pair and Higgs-boson production (ttH) at CMS from the
√
LHC Run 2 era at centre-of-mass energy s = 13 TeV are presented. The ttH process is the
only one allowing a direct measurement of the top-Higgs coupling, which is an important test
of the Standard Model (SM), and for searching new physics. Three analyses are performed
and optimised individually according to diﬀerent Higgs boson decays, and results are obtained
in each for the signal strength μ = σ/σSM being the cross-section ratio of the measurement
to the SM prediction. The diphoton decay ttH(γγ) results in μ = 3.8+4.5
−3.6 , the decays with
leptons in the ﬁnal state ttH(multileptons) in μ = 0.6+1.4
−1.1 , and the decay to a bottom quark
pair ttH(bb) yields μ = −2.0 ± 1.8. A combined result of μttH = 0.15+0.95
−0.81 is obtained from a
ﬁt to all three channels. No signiﬁcant deviation from the SM is observed.

1

Introduction and Process Overview

One of the highlights of the Run 1 period at LHC was the discovery of a Higgs boson with mass
mH ≈ 125 GeV by the ATLAS and CMS experiments in 2012 1 2 , using proton-proton collisions at
√
centre-of-mass energies of s = 7 TeV and 8 TeV. After the discovery the focus lies on measuring
the properties of the new particle to answer the two central questions. Is it the Higgs boson as
predicted by the Standard Model of Particle Physics (SM), and irrespective of this, does it reveal
signs of new physics beyond the SM? One central aspect to answer these questions is to measure
the coupling constants of the boson to the other elementary particles, which depend according
to the SM on the mass. The top quark as the heaviest elementary particle has the strongest
coupling of all. A direct measurement of the top-Higgs Yukawa coupling is amongst the priorities
√
of the Run 2 era of LHC, which started in 2015 with an increased energy s = 13 TeV – ﬁrst
results towards this measurement are shown in this report.
Some Feynman diagrams for diﬀerent Higgs boson production mechanisms are shown in Figure 1. At the LHC, the main process is gluon-gluon fusion, where quark loops are involved, as
the Higgs boson does not couple directly to massless gluons; especially the top quark contributes
here, but also the lighter quarks, and potentially unknown particles. Processes with couplings to
the electroweak W± and Z0 gauge bosons (‘W’ and ‘Z’ in the following) contribute with significantly smaller cross sections, the vector boson fusion and the Higgs strahlung. The associated
top-quark pair (tt) and Higgs boson production, ttH, is a factor of about 200 (100) smaller than
the inclusive cross section at 8 TeV (13 TeV). In principle also the associated production with a
single top quark is possible, but is suppressed in the SM by interference from couplings of the
Higgs boson to the top quark and the W – in certain theories beyond the SM this contribution is enhanced and needs to be considered also in corresponding ttH interpretations, but the
present study focuses on SM compatibility. The top-Higgs coupling thus occurs in the measurable
processes gluon-gluon fusion and ttH. In the former however, as loop contributions from other
quarks are and from unknown particles could be present, a direct coupling measurement is not
possible; only indirect constraints using a certain model for interpretation can be deduced. The
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Figure 1 – Leading order Feynman diagrams of Higgs boson production at LHC: gluon-gluon fusion (top left),
vector boson fusion (top right), Higgs strahlung (bottom left) and top-pair associated production (bottom right).

only possibility to measure the top-Higgs coupling is ttH. Once the coupling is obtained, it can be
in turn used to search for hidden loop contributions in gluon-gluon fusion. This report presents
√
the ﬁrst ttH results from CMS at s = 13 TeV using the 2015 dataset. The ttH cross section
increases by a factor 3.8 when going from 8 TeV to 13 TeV. The integrated luminosity of the analyzed dataset corresponds to 2.3-2.7 fb−1 , which is equivalent to about 50% of the accumulated
8 TeV data sample. The dominant background processes for each ttH analysis channel are tt in
association with other particles, which have a similar cross section increase.
The ttH decays lead to very complex ﬁnal states. As the top quark decays almost always to
a bottom quark and a W, the decays of the tt system are categorized by the decays of the two W
bosons: ‘dileptons’ for two leptonic W decays which has the smallest branching ratio but leads to
cleanest signatures, ‘l+jets’ for a leptonic and a hadronic decay, and ‘hadronic’ for two hadronic
decays. The Higgs boson cannot decay into top quarks, they are too heavy; the decay does not
explicitly provide access to the top-Higgs coupling. The three relevant processes which can be
experimentally identiﬁed are categorized as follows. The dominant decay H(bb) is into bottom
quarks, being the heaviest particles which can be produced real, with about 57% probability.
Leptonic ﬁnal states H(multileptons) arise not from leptonic decays of the Higgs boson itself, but
from decays to WW* or ZZ* (one of them being virtual) or τ leptons, and subsequent leptonic
decay of at least one of them. The decay into photons H(γγ) has a small branching ratio of
about 0.2% but a very clean signature; also here loops are involved in the coupling to massless
photons, where besides the top quark the W contributes and potentially unknown particles. The
ttH analyses are separated by Higgs boson decay into ttH(bb), ttH(multileptons) and ttH(γγ),
both for the Run 1 analysis and the results presented here – each uses an own analysis strategy,
and is further subdivided according to the tt decay.
A summary of the Run 1 signal strength μ measurements is given in 3 , where μ = σ/σSM is
deﬁned as the ratio of the measured production rate to the SM prediction. The main analysis
strategy was to measure the rates of diﬀerent Higgs production and decay mechanisms and to
combine the results, identifying the channel via the diﬀerent ﬁnal state topologies. In general a
good agreement with the SM expectation is found. The signal strength for the diﬀerent Higgs
production mechanisms and the combined strength are matching the predictions, except of the ttH
process which is slightly above, mainly due to an excess of events in the CMS ttH(multileptons)
analysis. The result of μttH = 2.3+0.7
−0.6 corresponds to an observed (expected) signiﬁcance of 4.4σ
(2.0σ) over the null hypothesis. The results are obtained from a combined ﬁt of all analysis
channels, but the ttH results are dominated by the direct measurements in the three channels
ttH(bb), ttH(multileptons) and ttH(γγ).
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2

Analysis Strategy and Results

For each of the channels ttH(bb), ttH(multileptons) and ttH(γγ) an independent analysis is performed. In each, the corresponding dominant reducible and irreducible background processes
are tt associated with other particles. As their cross sections are above the signal one, a good
understanding of them and good signal-to-background separation is important. Each analysis
classiﬁes events into two decay channels based on the lepton multiplicity, and results are obtained
from a simultaneous ﬁt of these – in ttH(γγ) and ttH(bb) these represent the tt decays, while in
ttH(multileptons) leptons also occur from the Higgs boson decay chain. The analyses are optimised according to the rather low statistics, and several analysis methods are improved compared
to the Run 1 strategy. The results are interpreted in the SM using the signal strength.
2.1

ttH(γγ)

The ttH(γγ) process has a small branching ratio, but a resonant diphoton mass as signature
which can be well reconstructed due to the excellent photon identiﬁcation and energy resolution.
The main backgrounds stem from the irreducible tt+γγ and the reducible tt+jets producing fake
photons. As loops contribute in the decay unknown physics could inﬂuence the results.
The analysis is an integral part of the inclusive H(γγ) analysis 4 , where events are categorized
according to production mode. It is performed on 2.7 fb−1 of data preselected with diphoton
triggers. Photon and diphoton reconstruction are identical to the inclusive analysis. The ttH
contribution is enhanced by requiring signatures of the tt system, and is separated into the
‘leptonic’ (dileptons and l+jets) and ‘hadronic’ channels. At least 1 (exactly 0) leptons and at
least 2 (at least 5) jets are required in the leptonic (hadronic) channel with at least 1 b-tag.
The main challenges are the suppression of fake photons and corresponding backgrounds, and
to obtain an excellent diphoton mass resolution. This requires a good photon reconstruction
and energy calibration, but also the association to the correct primary vertex in the pileup
environment. Diﬀerent information is combined via a boosted desicion tree (BDT) which is used
for photon identiﬁcation. It is then subsequently used to classify diphoton events via another
BDT for signal-like kinematic characteristics, events with good diphoton mass resolution and
photon-like values from the photon identiﬁcation BDT, while avoiding any dependence on the
mass itself. This diphoton BDT classiﬁer is used to further select events, requiring values above
0.246 (0.088) in the leptonic (hadronic) channel; the distribution is shown in Figure 2, together
with the resulting eﬀective diphoton mass resolution.

Figure 2 – Left: diphoton BDT classiﬁer distribution. The vertical dashed lines indicate diﬀerent categories for
gluon-gluon fusion, the thresholds for ttH are stated in the text. Right: eﬀective diphoton mass resolution in the
hadronic channel, obtained from a parametric model ﬁt to the simulated signal.
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The event interpretation including signal and background models is identical the the inclusive
analysis, searching for a diphoton mass resonance assuming a non-resonant background as seen
in Figure 3.

Figure 3 – Diphoton mass distribution and simultaneous ﬁt of signal and background in the leptonic (left) and
hadronic (right) channel, for the Run 1 best ﬁt mass mH = 125.09 GeV and the signal strength of the combined ﬁt
of the inclusive analysis of 0.7.

The signal is given as a parametric model including systematic variations as the sum of up to
four Gaussians, obtained from simulation for diﬀerent masses. Shape and normalisation for any
mass point are obtained by continuous interpolation. For the background, smooth ﬁt functions
taking several functional forms are used, where a large set of function families is considered and
treated as discrete parameter in a likelihood ﬁt. The ﬁt model is validated in control regions
obtained by inverting the photon identiﬁcation and loosening the event selection.
In the hadronic channel with higher statistics a small excess of events appears around mH ,
while in the cleaner leptonic channel no events are observed in this region, but only three events
are selected there in total. The combined observed signal strength of μ = 3.8+4.5
−3.6 , estimated
at the Run 1 best ﬁt mass mH = 125.09 GeV, is within the large uncertainties compatible with
the SM. The ttH(γγ) process allows a high-purity ttH selection, resulting in a small impact of
systematic uncertainties; the measurement is statistically limited.
2.2

ttH(multileptons)

The ttH(multileptons) analysis 5 targets at selecting events where the Higgs boson decays to τ + τ − ,
WW* or ZZ* with subsequent leptonic decay of at least one of the products, in combination with
the dileptons or l+jets channels of tt, i.e. at least two leptons are present. It has the smallest
irreducible backgrounds from tt associated with vector bosons, ttW and ttZ. Thus the focus lies
on understanding the complex reducible background tt+jets with fake leptons.
The leptons are used for triggering, the analyzed dataset corresponds to 2.3 fb−1 . Events
are categorized into the ‘dilepton’ channel requiring exactly 2 leptons of same charge, and the
‘trilepton’ channel requiring at least 3 leptons. The tt signature is enhanced by requiring at least
4 (at least 2) jets in the dilepton (trilepton) channel with at least 1 b-tag. The analysis strategy
is optimised according to these channels, but to enhance the sensitivity events are further subcategorized for the ﬁnal combined ﬁt according to diﬀerent background compositions based on
lepton ﬂavour, lepton charge, presence of a hadronic τ decay, and presence of at least 2 b-tags.
The irreducible backgrounds are taken from simulation. Separation of prompt leptons from
fake leptons, i.e. leptons from hadron decays in jets or mis-identiﬁed other particles, is obtained via

292

a BDT. The modelling of the fake lepton backgrounds is acquired from control regions relaxing
the lepton selection, and a transfer factor is applied. The fake rate is estimated from QCD
multijet and Z+l events. For electrons also charge mis-reconstruction needs to be considered, and
is estimated from the dilepton mass spectrum in events selected with same and with opposite
charge electrons.
To separate signal from background, in each of the two channels two independent BDTs are
constructed, one to separate against the reducible and one against the irreducible background.
The ﬁnal discriminant is then formed by dividing the two-dimensional space of the two classiﬁers
into regions of diﬀerent signal-to-background ratio. This discriminant is then ﬁtted simultaneously
in all sub-categories. The distributions of the BDT classiﬁers and the ﬁnal discriminant are
displayed in Figure 4.

Figure 4 – Distribution of the BDT against the reducible (left) and irreducible (middle) background, and ﬁnal
discriminant from their two-dimensional space (right), in the trilepton channel.

In the trilepton channel an excess of events is observed with μ = 5.8+3.3
−2.7 , however the dominant
dilepton channel is below the expectation and yields μ = −0.5+1.0
−0.7 . The combined result of
μ = 0.6+1.4
−1.1 is in agreement with the SM. Splitting the dilepton channel via ﬂavour shows also
the mean value of the dimuon channel below the SM expectation.
2.3

ttH(bb)

The ttH(bb) analysis 6 has the advantage of the highest Higgs boson branching ratio, and also
the direct coupling to the ﬁnal state particles is unambiguous and in ﬁrst order independent
of model assumptions. However, the background from tt+jets is overwhelming, and especially
the association with two real b jets tt+bb is irreducible and also theoretically challenging, thus
not yet well understood. Another challenge comes from the presence of many jets with similar
kinematics, making their association to tt or the Higgs boson ambiguous. As also the dijet
mass resolution is by far worse than for the diphoton decays, no outstanding quantity for signal
separation exists. The main strategy is to constrain the backgrounds forming many orthogonal
categories of diﬀerent signal and background composition, and to obtain a good signal separation.
The additional jets in tt+jets, i.e. the jets not stemming from the tt decay but from additional radiations, need to be split according to their heavy ﬂavour content and treated as mainly
independent contributions, as their modelling in simulation is not optimal as known from Run 1
analyses. The simulated tt+jets sample is segmented based on the method used in 7 , using the
jet clustering to deﬁne the jet ﬂavour by injecting hadrons containing b or c quarks with momenta scaled to negligible values into the list of stable particles. The process tt+bb comprises
two or more additional b jets, i.e. jets containing b hadrons. The presence of one additional b jet
containing exactly one b hadron is labelled as tt+b. These two processes are in principle the
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same, in the latter case one of the jets is outside the detector acceptance; they could be treated
perturbatively, but the massive quarks complicate this. The tt+2b process has one additional
b jet which contains at least two b hadrons; this mainly occurs from collinear gluon splitting, and
is theoretically and experimentally diﬀerent from the previous. In simulation it comes mainly
from the parton shower, and needs an arbitrary cut-oﬀ to avoid divergence, which is matter of
tuning. In the presence of additional c jets similar issues appear, but since it is a less relevant
background it is treated as a single process tt+cc which is inclusive for all events with at least
one additional c jet. Other events are named tt+lf, as only light ﬂavour jets occur.
The analysis is separated according to the lepton multiplicity of tt into the ‘dilepton’ and the
‘l+jets’ channel. The leptons suppress the QCD multijet background and are used for triggering.
To enhance the tt topology, exactly 2 opposite-charge leptons are (exactly 1 lepton is) required
in the dilepton (l+jets) channel, and the presence of at least 3 (at least 4) jets is required with
at least 2 b-tags. The dilepton channel proﬁts from minimal non-tt backgrounds and minimal jet
combinatorics, while the l+jets channel has high statistics due to the larger branching ratio.
In each of the two analysis channels, events are categorized according to their reconstructed jet
and b-tag multiplicities. Background-like categories with low jet and especially b-tag multiplicity
constrain the diﬀerent backgrounds. Signal-like categories following the topology of ttH(bb)
have the highest signal-over-background ratios, and tt+bb is the dominant background. Five
categories based on (jet, b-tag)-multiplicity are considered in the dilepton channel: (=3, =2),
(≥4, =2), (=3, =3), (≥4, =3), (≥4, ≥4). Seven such categories are used in the l+jets channel:
(≥6, =2), (=4, =3), (=5, =3), (≥6, =3), (=4, =4), (=5, ≥4), (≥6, ≥4). In addition, a boosted
category is introduced in the l+jets channel for the ﬁrst time; a fat-jet algorithm is applied to ﬁnd
all decay products of a heavy particle in one jet, then the hadronically decaying top quark and
the Higgs boson are identiﬁed using substructure information. An l+jets event which matches a
multiplicity-based and the boosted category is assigned to the boosted one.

Figure 5 – Pre-ﬁt expectation of the invariant mass of the b-tagged jet pair with minimal spatial separation in ΔR,
which is one of the BDT input variables (left), and post-ﬁt distribution of the ﬁnal BDT discriminant (right), both
shown for the dilepton category with at least 4 jets and b-tags. In the left plot the signal is normalised to the total
background for shape comparisons, in the right a constant normalisation factor of 15 is used for visibility.

To achieve optimal signal separation a distinct classiﬁer is constructed in each of the 13
categories. In each a BDT with diﬀerent variables is employed, which is also the ﬁnal discriminant
in the dilepton categories and in the l+jets category with exactly 2 b-tags. An example from the
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most signal-like dilepton category shows in Figure 5 one of the input variables and the ﬁnal BDT
discriminant. Shown is the dijet mass of the b-tagged jet pair with minimal spatial separation in
ΔR, which has a certain probability to be the jet pair from the Higgs boson decay in ttH(bb), or
the additional b jet pair in tt+bb.
It conﬁrms that one can employ mH , the backround shows a non-resonant falling spectrum
with a kinematic lower edge from the jet selection while the signal has an enhancement around
mH , but that on the other hand the separation is not suﬃcient to use such a distribution as ﬁnal
discriminant. The other l+jets categories include in addition to the BDT a discriminant from a
matrix element method (MEM), which was already developed for Run 1 8 and further optimized.
It gives the probability of a ttH-like topology over the background hypothesis, where tt+bb is
considered. All jet-quark associations are permuted in the calculation, as the association is ambiguous. In categories with exactly 3 b-tags and in the boosted category, the MEM discriminant
is used as input variable in the BDT. In categories with at least 4 b-tags, where the MEM deploys
its full strength, a two-dimensional analysis of the two discriminators is performed: the events are
separated according to their BDT value into more background-like and signal-like events, and in
each independently the MEM is considered as ﬁnal discriminant. Examples are given in Figure 6
for the usage of MEM as input for the ﬁnal BDT discriminant in the boosted category, and for
the two-dimensional approach in the most signal-like l+jets category with at least 6 jets and at
least 4 b-tags.

Figure 6 – Final BDT discriminant including the MEM discriminant as input variable for the boosted l+jets
category (left), and ﬁnal MEM discriminant in the signal-like region selected by requiring the BDT discriminant
above 0.1 in the l+jets category with at least 6 jets and at least 4 b-tags (right), both are post-ﬁt. The signal is
scaled with a constant factor 15 for visibility.

Results are obtained from a simultaneous ﬁt of all categories. The signal strength is in the
dilepton channel μ = −4.7+3.7
−3.8 below, and in the l+jets channel μ = −0.4 ± 2.1 around, the SM
prediction. The combined result yields μ = −2.0 ± 1.8, and is 1.7σ below the SM expectation.
The result is dominated by systematic uncertainties, especially the imperfect knowledge of the
background, but more data will help to constrain several uncertainties stronger and to better
understand the backgrounds together with improvements from theory and modelling.
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2.4

ttH Combination

A combined ttH result 9 is obtained from a ﬁt of the three statistically independent analysis
channels described above for mH = 125 GeV, correlating common systematic uncertainties. The
+0.96
SM
value of μttH = 0.15+0.95
−0.81 agrees with the SM expectation of μttH = 1.00−0.85 , also in sensitivity.
3

Conclusions and Outlook

√
First results of ttH at s = 13 TeV are presented. Independent analyses are performed according to diﬀerent Higgs decays in the ttH(γγ), ttH(multileptons) and ttH(bb) channels, each of
them using an own analysis strategy. In ttH(γγ) the signal is extracted from a ﬁt to the invariant diphoton mass distribution and results in a signal strength of μ = 3.8+4.5
−3.6 . The other two
analyses use multi-variate discriminants to achieve good signal-to-background separation. The
ttH(multileptons) result is μ = 0.6+1.4
−1.1 , the one of ttH(bb) yields μ = −2.0 ± 1.8. The ttH(bb)
result is 1.7σ below the SM expectation. The other two channels agree within uncertainties with
the SM, as well as the combined ttH result of μttH = 0.15+0.95
−0.81 considering all three channels.
Sensitivity similar to the Run 1 analysis is achieved by improved analysis techniques, which
build the foundation for further analyses; many more results will come with incoming data, already
in 2016 the expected integrated luminosity should be roughly a factor 10 more. The observation
of ttH and the measurement of the top-Higgs Yukawa coupling are amongst the priorities for
Run 2. This will allow to confront the SM coupling prediction with data, and is the key to ﬁnd
hidden loop contributions in couplings of the Higgs to gluons or photons. The ttH process will
be of importance throughout the whole life span of LHC.
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LONG-LIVED COLOUR TRIPLET SCALARS FROM
A SPLIT COMPOSITE HIGGS MODEL
T. GHERGHETTA
School of Physics & Astronomy, University of Minnesota,
116 Church St SE, Minneapolis, Minnesota, 55455, USA

Long-lived, colour-triplet scalars are a prediction of unnatural, or split, composite Higgs models where the spontaneous global-symmetry breaking scale f ≥ 10 TeV and an unbroken SU(5)
symmetry is preserved. Since the triplet scalars are pseudo Nambu-Goldstone bosons, they are
split from the much heavier composite-sector resonances and are the lightest exotic, coloured
states. Due to discrete symmetries and the large suppression scale f , the triplet scalar is
often metastable. We show that existing searches for collider-stable R-hadrons from Run-I at
the LHC forbid triplet scalars below 845 GeV. In the future with 300 fb−1 at 13 TeV, triplet
scalar masses up to 1.4 TeV can be discovered, whereas for shorter lifetimes displaced-vertex
searches provide a discovery reach of up to 1.8 TeV. Just like the role of long-lived gluinos
in supersymmetry, long-lived color triplets will therefore provide a sign of unnaturalness in
composite Higgs models.

1

Introduction

The Higgs boson discovery and the conspicuous absence of new states beyond the Standard
Model at Run-I of the Large Hadron Collider (LHC) suggests that the scale of new physics may
well be beyond that suggested by naturalness arguments. Composite Higgs models 1,2 , which
are typically motivated as a possible solution to the hierarchy problem, have therefore come
under increased scrutiny as lower limits on resonance masses strain the boundaries imposed by
naturalness. This tension is further exacerbated by precision electroweak and ﬂavour constraints,
both of which prefer a much larger value of the spontaneous global-symmetry breaking scale, f ,
than can be directly probed at the LHC.
A simple solution that can satisfy even the most stringent constraints (typically due to
ﬂavour) is to require that f ≥ 10 TeV. This leads to an unnatural, or split, composite Higgs
model 3 in which the Higgs mass-squared is tuned to the order of 10−4 and the particle spectrum
splits into light pseudo Nambu-Goldstone bosons and heavy composite-sector resonances. Even
though this simplicity comes at the price of a meso-tuning in the Higgs potential, it is still a
many orders of magnitude improvement compared to that encountered in the Standard Model
with a Planck scale cutoﬀ.
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Despite their unnaturalness these models can still explain the fermion mass hierarchy via
partial compositeness.4,5 Furthermore assuming a composite right-handed top quark and an
unbroken SU (5) symmetry in the composite sector, gauge coupling uniﬁcation6 is preserved
provided f ≤ 500 − 1000 TeV. An immediate consequence is that the low-energy spectrum
always contains a colour-triplet, pseudo Nambu-Goldstone boson; the colour-triplet partner of
the composite Higgs doublet. In addition discrete symmetries, which arise from proton stability,
furnish these models with a singlet scalar dark matter candidate, S. In the minimal model 3 ,
the same discrete symmetries imply that the colour-triplet scalar decays to quarks and a pair
of singlet scalars via a dimension-six term in the low-energy, eﬀective Lagrangian. Since this
high-dimension term is suppressed by the large symmetry-breaking scale, f ≥ 10 TeV, the
triplet-scalar is often metastable. Long-lived, colour-triplet scalars therefore provide a unique
way to test unnaturalness in composite Higgs models.

2
2.1

The Unnatural (or Split) Composite Higgs Model
Model Review

We begin by brieﬂy reviewing the unnatural composite Higgs model. Further details can be
found in Ref. 3 . The underlying strong dynamics responsible for producing a composite Higgs
has an SU (7) global symmetry group which is spontaneously broken to SU (6) × U (1) at a scale
f ≥ 10 TeV. This scale of breaking is chosen to satisfy all precision electroweak and ﬂavour
constraints without requiring any further symmetry in the model. This contrasts with the usual
composite Higgs models where 750 GeV ≤ f ≤ 1 TeV in order to minimise the tuning in the
Higgs potential as much as possible, but where extra symmetries are needed to satisfy ﬂavour
and precision electroweak constraints.
The coset space SU (7)/SU (6) × U (1) contains twelve Nambu-Goldstone bosons which arrange themselves into a complex 5 of SU (5) (containing the Higgs doublet, H, and a colourtriplet scalar, T ) and a complex singlet, S. Note that this is the smallest coset space that preserves an SU (5) symmetry and thus gauge coupling uniﬁcation due to a composite top quark.
The coset space also contains enough symmetry to prevent proton decay and stabilise the dark
matter candidate, S. In particular, the strong sector is forbidden from mediating proton decay
as it respects baryon number, B. It follows that it preserves baryon triality, a Z3 symmetry
deﬁned as
ZB = 3B − nC

mod 3 ,

(1)

where nC is the number of fundamental colour (SU (3)c ) indices. All SM ﬁelds are neutral under
this symmetry, while T has B(T ) = B(H) = 0 and nC = 1. Since a stable T is trivially excluded,
we must use baryon triality to stabilise S, achieved by arranging B(S) = 13 .
The SU (7) global symmetry is explicitly broken by coupling elementary-sector ﬁelds to
composite-sector operators. This partial compositeness generates the Higgs potential whereupon
a tuning, at least of order 10−4 , is needed to obtain a 125 GeV Higgs boson. It also gives
rise to masses for the singlet and colour-triplet scalars. The pseudo Nambu-Goldstone bosons
(H, T, S) are light (≤ f ) and split from the composite-sector resonances which are much heavier
( f ). There are also extra elementary-sector states, some of which are coloured, known as
top companions. These are instrumental in decoupling the multiplet partners of the composite
right-handed top quark and obtain a mass of order f .a This spectrum is depicted in Figure 1.
Thus the triplet scalar is the lightest, coloured exotic state predicted by the unnatural composite
Higgs model and therefore is the most promising state to search for at colliders.
a
In fact the top companions cannot be made arbitrarily heavy because this will worsen the uniﬁcation and
therefore there is an approximate upper bound f ≤ 500 TeV 3 .
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Figure 1 – A schematic diagram of the unnatural or split composite Higgs model.3

2.2

Colour-Triplet Decay

Because T is charged under baryon triality (ZB = +2) it must decay to S, which has ZB = +1.
Since the composite sector additionally preserves baryon and lepton number (required to forbid
too-large neutrino masses) then the minimal possible decay is
T → uc dc SS ,
uc ,

(2)

dc

tc , bc

where
are the SU (2) singlet quarks with ZB = 0. Further, it is clear that
will
dominate other ﬁnal states, as the third generation couples most strongly to the composite
sector. We would expect this decay to correspond to a dimension-6 operator in the low-energy
eﬀective theory after integrating out the heavy composite resonances. However, no such operator
is generated in our model due to accidental symmetries associated with the necessary fermion
representations. Instead, this decay is generated by the dimension-10 operator
L⊃

Π3
λbc λν λ∗τ i3 j3 k3 (bc )i3 (tc )j3 (T † )k3 S 2 l† /
pl.
6Λ4 f 2

(3)

Here, Π3 ∼ 1 + O(p2 /Λ2 ) is a form factor, Λ ≈ gρ f is the approximate resonance mass, gρ a
strong sector coupling, and the λ’s are spurions for the partial compositeness couplings of the
SM fermions. This operator exploits the fact that the lepton doublet has two couplings to the
composite sector. It generates the decay of Eq. (2) after closing the leptons into a loop and this
turns out to be less suppressed than the six-body ﬁnal state.
Eq. (3) is only the leading contribution to the T decay. Integrating out the composite sector
will generate additional operators at higher orders. Further contributions to the decay (2)
necessarily involve loops of elementary particles and are suppressed by λ2 /(16π 2 gρ2 ), where λ is
the appropriate elementary-composite spurion couplings. Other decay modes must involve at
least two additional fermions, so are phase-space suppressed by m2T /(8πΛ2 ). It is therefore a
good approximation to neglect alternative operators.
In the model 3 , the color triplet partner T of the Higgs doublet will be the lightest colored
state. Its dominant decay mode is T → tc bc SS which arises from a dimension-six term, where
tc , bc are Standard Model quarks and S is the singlet scalar. The decay length is given by


cτ = 0.6 mm

1
cT3

2 

8
gρ

3 

3 TeV
mT

5 

f
10 TeV

4

1
,
J(mt , mS )

(4)

where cT3 is an order one constant, mT (mS ) is the color triplet (singlet scalar) mass and
J(mt , mS ) is a phase space factor (see Ref. 7 for details). Thus since the scale f ≥ 10 TeV,
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the color triplet is long-lived and can decay via displaced vertices or outside the detector! A
schematic diagram of the possible decay channels is shown in Figure 2.
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Figure 2 – A schematic diagram of the possible types of decays as a function of f anf mT .3 Displaced vertices
correspond to lifetimes in the range 100 μm ≤ cτ ≤ 10m. The dotted lines bound the range of f favoured by
precision electroweak and ﬂavour constraints (f ≥ 10 TeV), and gauge coupling uniﬁcation (f ≤ 100 − 1000 TeV).

Note that the top companions are the next heaviest states and have SU (3) × SU (2) × U (1)Y
quantum numbers:
χ ≡ q̃ c ⊕ ẽ ⊕ d˜c ⊕ ˜l = (3̄, 2)− 1 ⊕ (1, 1)−1 ⊕ (3̄, 1) 1 ⊕ (1, 2)− 1
6

3

(5)

2

Assuming a scale f ≥ 10 TeV the top companions will have masses in the 10-20 TeV range and
cannot be produced at the LHC. Instead these states are similar to excited Standard Model
quarks and leptons and will decay promptly at a 100 TeV collider. The colored top companions
q̃ c , d˜c will have unsuppressed decays to quarks and the color triplet T , whereas the SU(2) singlet,
ẽ has a three-body decay into a bottom quark and two scalar triplets and the SU(2) doublet, ˜l
decays to a quark, a color triplet and a scalar singlet 3 . A further study of top companion mass
limits from these decays at 100 TeV collider will be useful.
3

Experimental Searches

The colour-triplet will be pair-produced via QCD processes and has the same quantum numbers
as a right-handed scalar bottom quark. If long-lived, a colour-triplet will hadronize to form an
R-hadron and can be detected in various ways depending on its decay length.
3.1

R-hadron searches

If the colour-triplet scalar is collider stable (i.e. decaying outside the detector), charged Rhadrons will leave a track in the inner detector and possibly the muon chamber. R-hadron
searches at the LHC can then be used to place mass limits on the colour-triplet. Current limits
from LHC Run-I results forbid a collider-stable colour-triplet with a mass below about 845 GeV.
At Run-II similar searches will be performed and with 300 fb−1 of integrated luminosity, triplet
masses up to about 1.4 (1.5) TeV can be discovered (excluded) for lifetimes corresponding to
cτ ≥ 10 m. These results are depicted in Figure 3. The discovery reach is signiﬁcantly increased
at a 100 TeV proton collider where discovery of a colour-triplet scalar with a mass up to 2-6 TeV,
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depending on its lifetime, will be possible, otherwise exclusion limits ranging from 2-7 TeV can
be set.

Figure 3 – Projections for the R-hadron and displaced-vertex searches at the LHC with 300 fb−1 of integrated
√
luminosity at s = 13 TeV as functions of the scalar mass mS and triplet mass mT . The shaded regions can
potentially be excluded at 95% CLs and the dashed lines denote the 5σ discovery reach. The grey shaded region
√
is excluded by current R-hadron searches at s = 8 TeV. This ﬁgure is taken from Ref. 7

These limits, shown in Figure 4, depend only on the mass and width of the colour-triplet.
Therefore the results we obtain are quite general and can be applied to any other model predicting a similar, long-lived particle.
3.2

Displaced-vertex searches

It is possible that the colour-triplet scalar decays within the detector (at radial distances greater
than about 4 mm) and produces a displaced vertex (DV) in the inner detector. In the minimal
model the colour-triplet decays into a top quark, bottom quark and two singlet scalars, so the
collider signature is predominantly jets from the quarks and missing energy from the singlets.
This signal has previously been used to search for long-lived superparticles such as gluinos and
squarks. While current results from displaced searches do not constrain the colour-triplet mass,
these searches will become increasingly important at Run-II and beyond. As shown in Figure 3,
√
with 300 fb−1 at s = 13 TeV we ﬁnd that colour-triplet masses up to 1.8 (1.9) TeV can be
discovered (excluded) for singlet masses below 450 GeV. In the future a 100 TeV collider would
signiﬁcantly improve the discovery reach, up to colour-triplet masses in the range 3-10 TeV
depending on the singlet mass. This is shown in Figure 4.
3.3

Prompt-decay searches

A ﬁnal possibility is that the colour-triplet scalar decays promptly, dominantly producing jets
and missing energy. These decays become relevant when the colour-triplet is heavier than about
4 TeV. For such heavy colour-triplets the production cross section at LHC energies is quite
small and there will be too few events to detect them, even at the high-luminosity (HL) LHC.
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Figure 4 – Projections for a hypothetical s = 100 TeV collider with 3000 fb−1 of integrated luminosity as
functions of the scalar mass mS and triplet mass mT . The shaded regions show the 5σ discovery reach (95% CLs
exclusion limit) for the R-hadron/displaced (prompt) searches. The dashed lines include an additional factor of
two reduction in the signal eﬃciency for DV searches to account for the impact of more stringent experimental
cuts. The left and right panels correspond to f = 10 and 100 TeV respectively. This ﬁgure is taken from Ref. 7 .

Instead, prompt decays could be searched for at a hypothetical 100 TeV proton collider. Using
a similar search strategy to that used for gluinos we show in Figure 4 that a future collider is
potentially able to exclude colour-triplet masses in the range 4-7 TeV for singlet masses in the
range 100-900 GeV.
4

Summary

In the unnatural, or split, composite Higgs model electroweak precision and ﬂavour constraints
are simply eliminated by requiring that f ≥ 10 TeV. This causes a splitting of the particle
spectrum as the pseudo Nambu-Goldstone bosons are much lighter than the composite-sector
resonances. In order to preserve gauge-coupling uniﬁcation the model has a composite righthanded top quark and the strong sector must remain invariant under an SU (5) global symmetry.
This means that the low-energy spectrum generically contains the SU (5) colour-triplet partner
of the Higgs doublet, as well as a singlet scalar that plays the role of dark matter. In the minimal
model residual symmetries related to proton and dark matter stability cause the colour-triplet
scalar to decay via a dimension-six term in the Lagrangian and, since f ≥ 10 TeV, it can be
metastable. Thus a long-lived colour-triplet scalar provides a distinctive experimental signal to
test for unnaturalness.
R-hadron searches can be used to place limits on the colour-triplet mass and the current
lower limit on a collider-stable (cτ ≥ 10 m) colour-triplet from LHC Run-I results is around
√
845 GeV. We have shown that with 300 fb−1 of integrated luminosity at s = 13 TeV there is
potential for a discovery up to a colour-triplet mass of 1.4 TeV or else it can be excluded up
to 1.5 TeV. These limits signiﬁcantly increase at a 100 TeV collider where, depending on the
lifetime, triplets with masses ranging from 2 to 6 TeV can be discovered. Note that our limits
from R-hadron searches are actually quite general, depending only on the mass and lifetime of
the colour-triplet, and can be applied to any other model. If the triplet decays in the inner
detector (4 mm < rDV < 30 cm) then displaced-vertex searches can be used to obtain limits.
We ﬁnd that the LHC can discover (exclude) colour-triplet masses up to 1.8 (1.9) TeV for singlet
masses below 450 GeV. At a 100 TeV collider the discovery reach is extended up to colour-triplet
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masses in the range 3-10 TeV depending on the singlet mass. There is also the possibility that
the colour-triplet decays promptly when the mass ≥ 4 TeV. In this case the colour-triplet can
only be searched for at a future 100 TeV collider giving a potential exclusion for triplet masses
ranging from 4 to 7 TeV, provided the singlet mass is less than around 900 GeV.
Finally it should be noted that long-lived colour-triplet scalars are a sign of unnaturalness
in composite Higgs models in much the same way that long-lived gluinos signal unnaturalness in
split supersymmetric models. In both cases the experimental signals are quite similar because
the decays produce jets and missing energy. Nevertheless there are diﬀerences related to the
spin of the decaying particle and the particle(s) carrying the missing energy, as well as the
large diﬀerence in the production cross-section. Given that current LHC results suggest that
the Higgs potential may be tuned, it would therefore be worthwhile to study how these two
unnatural possibilities could be distinguished at future colliders.
Acknowledgments
T.G. gratefully acknowledges James Barnard, Peter Cox, Tirtha Sankar Ray and Andrew Spray
for collaboration on the work presented here, and is supported by the Department of Energy
grant DE-SC0011842 at the University of Minnesota.
References
1. B. Bellazzini, C. Csaki and J. Serra, “Composite Higgses,” Eur. Phys. J. C 74, 2766 (2014)
[arXiv:1401.2457 [hep-ph]].
2. G. Panico and A. Wulzer, “The Composite Nambu-Goldstone Higgs,” Lect. Notes Phys.
913, 1 (2016) [arXiv:1506.01961 [hep-ph]].
3. J. Barnard, T. Gherghetta, T. S. Ray and A. Spray, “The Unnatural Composite Higgs,”
JHEP 1501, 067 (2015) [arXiv:1409.7391 [hep-ph]].
4. D. B. Kaplan, “Flavor at SSC energies: A New mechanism for dynamically generated
fermion masses,” Nucl. Phys. B 365, 259 (1991).
5. T. Gherghetta and A. Pomarol, “Bulk ﬁelds and supersymmetry in a slice of AdS,” Nucl.
Phys. B 586, 141 (2000) [hep-ph/0003129].
6. K. Agashe, R. Contino and R. Sundrum, “Top compositeness and precision uniﬁcation,”
Phys. Rev. Lett. 95, 171804 (2005) [hep-ph/0502222].
7. J. Barnard, P. Cox, T. Gherghetta and A. Spray, “Long-Lived, Colour-Triplet Scalars from
Unnaturalness,” JHEP 1603, 003 (2016) [arXiv:1510.06405 [hep-ph]].

305



306

Extended Scalar Searches at 13 TeV in ATLAS and CMS
Allison McCarn
Department of Physics, University of Michigan at Ann Arbor
On behalf of the ATLAS and CMS Collaborations
This proceeding document the content of the presentation at the 2016 Moriond Electroweak
Conference covering searches for extended scalars in ATLAS and CMS experiments. The
presentation placed an emphasis on new results using proton–proton collisions provided at
√
s = 13 TeV by the Large Hadron Collider and recorded by the ATLAS and CMS detectors.
The recorded data includes an integrated luminosity of 3.2 fb−1 and up to 2.8 fb−1 for the
ATLAS and CMS detectors, respectively. The new results include searches for charged Higgs
bosons as well as for neutral heavy Higgs bosons decaying to a variety of ﬁnal states.

1

Introduction

Following the discovery of a scalar particle at the Large Hadron Collider (LHC) 1,2 , an important
question is whether this is the Standard Model (SM) Higgs boson or part of an extended Higgs
sector. One interesting approach to answer this question is to search for additional scalars,
whose observation could conﬁrm existence of an extended Higgs sector.
For the ﬁrst LHC collision data provided at a centre-of-mass energy of 13 TeV and recorded
by the ATLAS 3 and CMS 4 detectors, the collaborations have performed many searches that are
motivated by a variety of models beyond the SM. The simplest extensions of the SM involve the
addition of an additional singlet or doublet ﬁeld, known as Electroweak Singlet Models (EWS) 5
and Two-Higgs-Doublet Models (2HDM) 6,7 , respectively. Many searches are motivated by these
extensions and benchmarks within speciﬁc related models, such as the Minimal Supersymmetric
Standard Model (MSSM) 8,9,10,11,12 . The MSSM in a particular benchmark scenario is completely
determined by two parameters, the mass of one of the Higgs bosons and the ratio of the vacuum
expectation values, tan β.
This proceeding will detail the wide variety of new searches performed with the 13 TeV
data, which are performed with an integrated luminosity of 3.2 fb−1 and up to 2.8 fb−1 with the
ATLAS and CMS detectors, respectively. Several recent results with the 8 TeV dataset were
also presented, but will not be discussed here 13,14,15,16,17,18 .
2

ATLAS results at

√

s = 13 TeV for charged Higgs Bosons

Many models with extended Higgs sectors predict the existence of charged Higgs bosons. This
search for a charged Higgs boson is speciﬁcally motivated by the MSSM. Charged Higgs bosons
with a mass greater than that of a top quark are dominantly produced in association with a
top quark. While the dominant decay is to a top and bottom quark, the decay to τ ν can be
sizable at higher values of tan β. The decay of a charged Higgs boson to τ ν also provides a clean
ﬁnal state and allows for a mass reconstruction with clear separation between the signal and
background distributions.
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The ATLAS collaboration has performed a search for charged Higgs bosons using an integrated luminosity of 3.2 fb−1 19 . The ﬁnal state in this search is for a hadronically-decaying τ
lepton (τhad ), missing transverse momentum from neutrinos, at least one jet originating from a
b-quark, and additional hadronic jets. The ﬁnal discriminating variable is the transverse mass
of the τhad and the missing transverse momentum.
The backgrounds of the analysis can be split based on what object is identiﬁed as the τhad of
the event. If a jet is misidentiﬁed as a τhad , the background is estimated by a data-driven method
based on measuring “fake factors” in a multi-jet enriched control region. These fake factors are
deﬁned as the ratio of events with a jet passing the τhad analysis object selection to those with a
jet failing the object selection and passing a loosened selection. For backgrounds with electrons
or muons misidentiﬁed as τhad , the shape is taken from simulation and the normalization is
determined from data. For backgrounds with correctly identiﬁed τhad , events from top-quark
and W +jets processes are validated using dedicated control regions. A normalization factor
derived from data in the control region is applied for the W +jets events.
The ﬁnal result is provided both as a limit on the cross section times branching ratio as
well as a model-dependent limit on various MSSM benchmark models. The transverse mass
distribution after the ﬁnal ﬁt, as well as the cross section times branching ratio limit, are shown
in Figure 1. With the 13 TeV dataset recorded in 2015, the sensitivity has already surpassed
the result from the 8 TeV dataset, when interpreted in the MSSM 20 .

Figure 1 – For the ATLAS search for H + → τ ν, the transverse mass distribution after the ﬁt (left) and the limit
on the cross section times branching ratio, with a theory line for an MSSM benchmark scenario overlaid (right) 19 .

3

ATLAS results at
leptons

√

s = 13 TeV for heavy neutral Higgs bosons decaying to τ

For heavy neutral Higgs in models with extended Higgs sectors, such as the MSSM, the decay
to two τ leptons is dominant at high masses and values of tan β. The ATLAS collaboration has
performed a search for neutral Higgs bosons decaying to τ leptons using an integrated luminosity
of 3.2 fb−1 21 . The search is performed in two channels, where one τ decays leptonically and the
other hadronically (τlep τhad ) and where both τ leptons decay hadronically (τhad τhad ) .
In the τhad τhad channel, multi-jet events form the dominant background, and they are estimated using a data-driven fake-factor method. Events from other processes with a jet misidentiﬁed as a τhad , such as W +jets and top-quark backgrounds, are taken from simulation and
corrected using fake rates measured from data. Events with correctly identiﬁed τhad are taken
from simulation, with some data-driven corrections to the normalization.
In the τlep τhad , backgrounds from all processes that involve jets misidentiﬁed as τhad
are estimated simultaneously in a data-driven fake-factor method that takes into account the
fractional contribution of the dominant background processes of W +jets and multi-jets. Events
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with electrons misidentiﬁed as a τhad are suppressed in the electron channel with a veto on the
visible mass of the τhad and lepton of the Z boson mass window, 80 GeV < mvis < 110 GeV.
The remaining backgrounds are corrected with a data-driven scale factor derived within the Z
boson mass window. Backgrounds with a correctly identiﬁed τhad are taken from simulation.
In both channels, the ﬁnal discriminating variable is mtot
T , which is deﬁned as:
mTtot =



miss , τ1 ) + m2 (E miss , τ2 ) + m2 (τ1 , τ2 )
m2T (ET
T
T
T

(1)

The ﬁnal result is provided both as a limit on the cross section times branching ratio as well
as a model-dependent limit on various MSSM benchmark models. The sensitivity exceeds the
8 TeV result for mH > 750 GeV. The limits for all channels combined are shown in Figure 2
for the gluon fusion and b-associated production methods, with the separate expected limits for
the τlep τhad and τhad τhad channels overlaid.

Figure 2 – For the ATLAS search for H → τ τ , the limits for gluon fusion (left) and b-associated production times
branching ratio (right) 21 .

4

CMS results at
states

√

s = 13 TeV for heavy neutral Higgs bosons decaying to invisible

This search by the CMS collaboration is for a neutral Higgs boson (mH = 100 − 600 GeV)
produced in association with a Z boson and decaying to invisible particles 22 . The search is
primarily motivated by a search for supersymmetry, in the invisible decay of the Higgs boson.
The ﬁnal state of the analysis contains two electrons or muons with a reconstructed mass
miss > 100 GeV. There are also requirements
within 15 GeV of the Z boson mass, 0 or 1 jet, and ET
miss of Δφ(ll, E miss ) > 2.8, and for
for the separation detween the dilepton system and ET
T
ll
ll
ll
miss
|ET
− pT |/pT < 0.4, where pT is the transverse momentum of the dilepton system. The
ﬁnal discriminating variable is the transverse mass between the dilepton system and the missing
transverse momentum, which is required to be greater than 200 GeV. The signal region was split
into four categories based on the lepton ﬂavor and the number of jets (zero or one) in the event.
Limits are set on the cross section times branching ratio for the full mass range, and the limit
for the case of the SM Higgs boson is 1.1 pb. The transverse mass distribution for the zero-jet
category, as well as the combined limit, are shown in Figure 3.
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Figure 3 – For the CMS search for ZH →  + inv., the transverse mass for the zero-jet signal category (left), and
the limit on the cross section times branching ratio for the combination of the jet categories (right) 22 .

5

√
CMS and ATLAS results at s = 13 TeV for a heavy neutral Higgs boson
decaying to a Z boson and a Higgs boson

Both the ATLAS and CMS collaborations have searched for a heavy neutral Higgs boson decaying into a Z boson and an additional neutral Higgs boson, though there are some important
diﬀerences between the searches. Both searches are motivated by 2HDM models.
5.1

ATLAS search for A → Zh

The ATLAS collaboration has searched for a pseudoscalar Higgs boson, A, decaying to a Z
boson and a Higgs boson of mh = 125 GeV, h, which is consistent with the observed Higgs
boson 23 . This decay is predicted by 2HDM and the MSSM, and primarily has sensitivity at low
tan β and a mass of A lower than the tt̄ mass. This search is for ﬁnal states where h decays to
bb̄ and the Z boson decays either to two electrons, two muons, or two neutrinos.
The signal region for this search is separated into eight categories. First, there is the separation between the zero charged lepton and the two charged lepton categories, which target the
diﬀerent ﬁnal states. The regions are then split into merged and resolved categories, which refer
to categories where the two jets from the h decay are resolved separately or merged into a single
large-radius jet in the detector. The division between the two categories is deﬁned by a pZ
T that
is greater than (merged) or less than (resolved) 500 GeV. Within each of these categories, the
signal region is further divided into regions with one and two b-tagged jets, which are selected
from all selected jets for the resolved selection or from the two leading track jets associated with
the large-radius jet for the merged selection. For categories with two leptons, the invariant mass
of the four objects in the ﬁnal state is used as the ﬁnal discriminating variable, while categories
with no leptons use the transverse mass of the Zh system. Limits are set on the cross section
times h branching ratio, as well as for the mA = 600 GeV mass point in several varieties of
2HDM.
5.2

CMS search for H → ZA

The CMS collaboration searches instead for a heavy scalar Higgs boson, H decaying to a Z boson
and a pseudoscalar Higgs boson, A 24 . In this search, both Higgs bosons are particles predicted
by models beyond the SM, so the search is performed for a variety of diﬀerent hypothesis masses
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for the A and H bosons. This decay is possible in 2HDM with a twisted custodial symmetry.
This search is for ﬁnal states where the A decays to bb̄ and the Z boson decays into leptons.
In order to perform this search, a diﬀerent signal region (S) is deﬁned for each combined
choice of mA and mH . Each S is deﬁned as a single bin in the mbb −m bb plane. In addition, m
must lie within 75-105 GeV to be consistent with a Z boson decay. To estimate the backgrounds,
a ﬁt is performed using the events not falling in a given S, in the m distribution between 60
and 120 GeV. The ﬁnal limits for the search are provided on the cross section times branching
ratio as a function of mA , separately for mH = 300, 500, and 800 GeV. The distribution for
m bb and the limit for the mH = 300 GeV case are shown in Figure 4.

Figure 4 – For the CMS search for H → ZA, the m bb distribution (left), and the limit on the cross section times
branching ratio as a function of mA for mH = 300 GeV (right) 24 .

6

CMS and ATLAS results at
caying to di-Higgs

√

s = 13 TeV for heavy neutral Higgs bosons de-

Searches for a heavy resonance decaying to mh = 125 GeV Higgs bosons are also motivated in
part by the search for an extended Higgs sector. Both ATLAS and CMS collaborations presented
a search for this production mode in diﬀerent h decays. Both searches take advantage of the
high branching ratio of h to b quarks, with the second h decaying into a ﬁnal state that provides
a cleaner signature.
6.1

CMS search for H → hh → bbτ τ

The CMS collaboration has performed a search for a heavy resonance decaying to hh, where one
h decays into b quarks and the other decays into τ leptons 25 . This search takes into account ﬁnal
states where both τ leptons decay hadronically, as well as the case where one decays hadronically
and the other decays leptonically.
The multi-jet background is estimated using data-driven methods, the Z+jets background
component is corrected using factors derived by ﬁtting three control regions to data, the top pT
distribution is reweighted to match the data distribution for tt̄ events, and other backgrounds
are taken from simulation. The limit is performed using a reconstructed mass variable, mH that
is calculated by a kinematic ﬁt. This ﬁt takes into account the four-momenta of the b quarks, the
τ leptons, and the missing transverse energy. Limits are set on the cross section times branching
ratio, in the mass range of mH = 250-900 GeV. The limits are shown in Figure 5.
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Figure 5 – For the CMS search for H → hh → bbτ τ , the limit for the combined channelsl 25 .

6.2

ATLAS search for H → hh → bbγγ

The ATLAS collaboration has performed a search for a heavy resonance decaying to hh, where
one h decays into b quarks and the other decays into two γ 26 . The reconstructed masses of the
two γ as well as the two jets are required to be in a mass window around 125 GeV, 90-135 GeV
for the jets and 125 ± 3.1 GeV for the two γ.
The four-momenta of the bb̄ system is scaled by mh /mbb̄ , which improves the mbb̄γγ mass
resolution for the signal without having a signiﬁcant impact on the background. Finally, a
window in mbb̄γγ is deﬁned to contain 95% of the signal events for each mass hypothesis. The
signal region is required to have 2 b-tagged jets, and a control region with 0 b-tagged jets is used
in the data-driven estimate of the dominant backgrounds. Limits are set on the cross section
times branching ratio, in the mass range of 280-400 GeV.
7

CMS and ATLAS results at
caying to SM vector bosons

√

s = 13 TeV for heavy neutral Higgs bosons de-

Both ATLAS and CMS collaborations have also presented a variety of searches for heavy resonances decaying to bosons, which is also an important probe into potential extended Higgs
sectors. Most of these searches involve a heavy resonance decaying to two Z bosons, which
then decay to electrons and muons, neutrinos, or jets. An additional search from the ATLAS
collaboration is for a resonance decaying to a Z boson and a γ, a search that is motivated by
recent results for a heavy Higgs decaying to two γ 27,28 .
7.1

ATLAS and CMS searches for H → ZZ → 4l

The searches for a high mass H → ZZ → 4l for both ATLAS and CMS collaborations follow
the respective analyses for a decay of a 125 GeV Higgs boson 29,30 . The ATLAS collaboration
sets limits on the cross section times branching ratio of a narrow heavy resonance between the
masses mH = 200-1000 GeV. The CMS collaboration sets similar limits on a narrow resonance
in a mass range of mH = 150-1000 GeV, but also includes limits on signals with larger widths
as well as interpretations in 2HDM.
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7.2

ATLAS and CMS searches for H → ZZ → νν

Both ATLAS and CMS collaborations also perform searches for a narrow heavy resonance decaying to ZZ, with one Z boson decaying to electrons or muons and the other decaying into
neutrinos 31,32 . While both searches are for the same ﬁnal state and both use a transverse mass
of the ZZ system as a ﬁnal discriminating variable, there are signiﬁcant diﬀerences between
them. Final limits for both ATLAS and CMS searches are shown in Figure 6.

Figure 6 – For the CMS and ATLAS searches for H → ZZ → νν, the limits on the cross section times branching
ratio for ATLAS (left) and the interpretation for VBF production and an EWS model from CMS (right) 31,32 .

The ATLAS search for a high mass H → ZZ → νν is for a mass range of mH = 300-1000
GeV 31 . There are selections on angular distances between objects and balances of transverse
energies which are intended to reduce the backgrounds of the search. Diboson processes (W Z
and ZZ) are taken from simulation, though the W Z backgrounds are scaled using data-driven
methods. All other backgrounds are predicted using data driven methods. Final limits are set
on the gluon fusion production cross section times branching ratio.
The CMS search for a high mass H → ZZ → νν is for a mass range of mH = 250-1000
GeV 32 . This search breaks the signal region into three categories, based on the number of jets
in the event. The vector-boson-fusion (VBF) category is deﬁned by having two forward jets
separated by Δη > 4 and an invariant mass greater than 500 GeV. The two leptons forming the
Z boson candidate must be between these two jets, and no other jets are allowed to be between
them. Events that fail this category deﬁnition, but still have at least one jet, make up the second
signal region category. The ﬁnal category contains events with no jets. The ﬁrst category is
more sensitive to Higgs bosons produced by VBF, while the second two are more sensitive to
gluon fusion production. The ﬁnal limits are provided on the gluon fusion and VBF production
cross section times the branching ratio, for a resonance of various widths. The results are also
interpreted in terms of 2HDM and EWS models.
7.3

ATLAS search for H → ZZ → qq

The ATLAS collaboration has also performed a search in a third ﬁnal state for H → ZZ, that
where one Z boson decays into electrons or muons and the other decays into quarks 33 . This
search includes both a merged and a resolved di-jet analysis, which are completely exclusive.
Events are ﬁrst checked to see if they pass the merged analysis requirements, and are considered
for the resolved analysis requirements if they fail.
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The merged category requires two same-ﬂavor leptons and one large-radius jet with pT >
200 GeV. Further, the transverse momentum of the dilepton system must be greater than 30%
of the dilepton system’s reconstructed mass. The resolved analysis searches for 2 same-ﬂavor
leptons and two small-radius jets that are consistent with Z boson decays. The resolved analysis
is further broken down into events with two b-tagged jets, and events with less than two b-tagged
jets. To suppress the large SM backgrounds in the category with less than two b-tagged jets, the
quadratic sum of the pT of the dilepton system and the two-jet system must be greater than half
the value of m jj . Background contributions to the analysis are estimated using a combination
of simulation and data-driven techniques, though the shapes of kinematic variables are taken in
all cases from simulation. Limits are set on the gluon fusion production cross section times the
branching ratio for a narrow resonance decaying to ZZ, as well as for a resonance with a 5, 10,
or 15% width, as shown in Figure 7.

Figure 7 – For the ATLAS search for H → ZZ → qq, the limit on the cross section times branching ratio,
separately for narrow width and for 5, 10, and 15% width 33 .

7.4

ATLAS search for X → Zγ

Another search presented from the ATLAS collaboration is the search for a heavy resonance
to a Z boson and γ 34 . The search is for a Z boson decaying leptonically or hadronically.
The mass ranges where each ﬁnal state are sensitive are complementary, with the leptonic
search investigating mX = 250-1500 GeV and the hadronic search investigating mX = 720-2750
GeV. The leptonic search looks for two electrons or muons consistent with a Z boson decay,
while the hadronic search looks for a large-radius jet. In both channels, the background is a
smoothly falling spectrum, which is parameterized in the same way as the high mass H → γγ
search citehyy. No excess of events is observed, and limits are set on the production cross section
times branching ratio. The two channels are not combined, but are overlaid in the region where
they overlap. The ﬁnal limits are shown in Figure 8.
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Figure 8 – For the ATLAS search for X → Zγ, the limit on the cross section times branching ratio with the
leptonic and hadronic results overlaid 34 .

8

Conclusions

The ATLAS and CMS collaborations have already released a wide variety of searches for extended scalars using the proton–proton collision data provided last year by the LHC. The data
recorded by the ATLAS and CMS detectors consists of 3.2 fb−1 and up to 2.8 fb−1 , respectively.
These searches allow for investigation into many models beyond the SM, including 2HDM and
EWS models, extending the sensitivity achieved with the data collected during run-1. No deviation from the SM has yet been observed in these searches for extended scalars, and in all cases
limits have been set. With the higher integrated luminosity dataset planned for 2016, this will
continue to be an exciting time to keep an eye on the latest results from the LHC.
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Searches for new physics in ﬁnal states with third-generation quarks at 13 TeV
Pieter Everaerts
University of California, Los Angeles
On behalf of the CMS and ATLAS collaborations
A wide variety of new physics models gives rise to ﬁnal states with third-generation quarks.
This note presents new results for some of these models using 13 TeV proton-proton collisions
at the CERN LHC. Direct production of third-generation supersymmetric superpartners and
vector-like quarks are discussed. Also the searches looking for resonances with third-generation
quarks are covered. None of the searches discussed here shows an indication of new physics
and the new exclusion limits are presented.

1

Introduction

One of the problems in the Standard Model is the quadratic divergence of the top quark radiative
corrections to the Higgs boson mass calculation. These terms can be canceled by similar terms
from new beyond-the-standard model particles. In supersymmetry (SUSY) the top squark is
the superpartner of the top quark and it takes care of this cancellation. In Composite Higgs
and Little Higgs models vector-like quarks (VLQ) play the same role. Standard Model (SM)
top and bottom quarks are produced in the decay of both top squarks and vector-like quarks.
New gauge interactions can preferably couple to third-generation quarks, e.g. a leptophobic Z’.
Those can be discovered by looking at the invariant mass of the tb, tt̄ or bb̄ pair.
This note focuses on new results for these searches from the ATLAS 1 and CMS 2 collaborations using 13 TeV proton-proton collisions from the CERN LHC. Moving to a higher energy led
to further improvements to the diﬀerent analyses. The sensitivity at 13 TeV is higher for heavy
new particles. The decay of these particles leads to a larger boost for its decay products. To
keep a high signal eﬃciency and strong background rejection, new tools are deployed to identify
these boosted objects. For example, the leptons from a top decay are in such a boosted topology
not isolated in the standard cones of 0.3. Therefore the isolation deﬁnition is changed by using
smaller isolation cones for high-pT objects or by using the relative momentum of the lepton with
respect to the closest jet. The hadronic decays of boosted bosons and top quarks are targeted
by further exploring the use of large radius jets and using the new W-,top- and Higgs-tagging
algorithms.
By changing the selection at 13 TeV, also the background composition is altered. Some
of the background sources become more important in the new selection. Therefore it becomes
important to lower the systematic uncertainties on the background estimation technique and
new, more sophisticated techniques are used to target these rare SM backgrounds. For example,
the ATLAS single-lepton stop search 5 uses a tt̄γ control region to predict the tt̄Z (Z → νν)
background, exploiting the fact that the photon momentum can be used to estimate the Z
boson momentum. Also single-top production in association with a W boson becomes a more
important background at 13 TeV and dedicated control regions are added for that background.
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Finally more dedicated search regions are added to make sure we are sensitive to top squarks
and vector-like quarks over the full mass parameter space.
2

Supersymmetry

First we are discussing the searches for supersymmetric particles. This note focuses on the
direct production of top and bottom squarks. Top squarks can decay into a top quark and the
lightest supersymmetric particle (LSP), a neutralino, or to a bottom quark and a chargino. This
chargino can then decay further to a W boson and an LSP. If the mass splittings between the
SUSY particles are small, then the top quark and the W boson can be oﬀ-shell. Figure 1 shows
the diﬀerent options for top squark pair production. Depending on the branching fraction of the
possible decays the two top squarks can always decay to a top quark and a LSP (left), or always
to a bottom quark and a chargino (middle). The right diagram only happens if the branching
fraction is not 100% or 0%. Then both top squarks can decay in diﬀerent ways. The CMS
single-lepton stop paper 6 shows the sensitivity to top squark pair production as a function for
the branching fraction under the assumption that the chargino is nearly mass-degenerate with
the LSP. For bottom squark pair production only the option that the bottom squarks decays to
a bottom quark and an LSP is considered. At that moment the ﬁnal state has two energetic b
jets and a considerable amount of missing transverse momentum (Emiss
T ) coming from the LSPs.
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Figure 1 – Feynman diagrams for the pair production of top squarks with the diﬀerent decay modes considered
in this paper. The top squarks can always decay to a top quark and a LSP (left), always to a bottom quark and
a chargino (middle), or each top squark can decay in a diﬀerent way (right).

2.1

Bottom squark pair production

(> 250 GeV) and no leptons
The search for bottom squarks looks for exactly two jets, large Emiss
T
in the events 3 . It also vetoes events with four or more jets. The search has two dedicated search
regions. The ﬁrst one targets the bulk of the mass parameter space, where the mass diﬀerence
between the bottom squark and the LSP is large. The two leading jets have to be b-tagged in this
case and the mass of the bb̄ pair is required to be larger than 200 GeV. The ﬁnal discrimination
is done by the mCT variable, a kinematic variable that has an endpoint for Standard Model
Processes with two decay chains that each yield a neutrino, as can be seen from Fig. 2 (left).
The second search region targets the compressed spectra, when the mass diﬀerence between the
bottom squark mass and the LSP mass is small. In this case an initial-state-radiation jet is
needed to give the system a signiﬁcant boost. This increases the transverse momentum of the
b-jets and allows them to be detected. Since the initial-state-radiation jet is unlikely to originate
from a b quark, the leading jet is required to be a high-pT (> 300 GeV), non-b-tagged jet. In
cut is also tightened and the Emiss
has to be back-to-back with the leading
this case the Emiss
T
T
jet.
The main backgrounds are estimated by renormalizing them to dedicated control regions.
For the Z+jets background a dilepton control region with a mass requirement on the dilepton
mass (76 < M (l+ , l− ) < 106 GeV ) is used, while tt̄ pair production is estimated from a singlelepton control region. For the region with large mass splittings, also dedicated search regions
for single-top and W+jets production are added. The search did not ﬁnd any signiﬁcant excess
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and the 95% exclusion limits on the bottom squark pair production are shown in Fig. 2 (right).
At 13 TeV we are already probing 200 GeV higher masses than at 8 TeV.
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Figure 2 – (left) mCT distribution in the non-compressed search regions with all the selection criteria applied
except the mCT threshold 3 . (right) Expected and observed exclusion limits at 95 % CL, as well as ±1 σ variation
on the expected limit, in the b̃-LSP mass plane. The yellow band around the expected limits show the impact
of the experimental and SM background theoretical uncertainties 3 . The exclusion limits from the Run-1 ATLAS
searches are also superimposed.

2.2

Top squark pair production

All-hadronic search
The all-hadronic search 4 for top squark pair production focuses on the all-hadronic decays of tt̄
coming from the LSPs. To disentangle this from tt̄ pair production and
system with extra Emiss
T
Z boson production in association with jets, a range of variables are exploited: jet multiplicity,
and the leading jets, the Emiss
spectrum,
number of b-tagged jets, the angle between the Emiss
T
T
the number of top-tagged jets in the event. There are two searches with slightly diﬀerent ﬁnal
discriminating variables but similar performance. One of them uses the transverse mass variable
calculated with the b-jet and the Emiss
T , while the other analysis uses the stransverse mass (MT2 ).
The lost lepton background, which consists primarily of W boson tt̄ pair production is
estimated from a single-lepton control region, taking into account the acceptance and eﬃciency of
the leptons. The normalization of the background coming from Z boson production in association
with jets, where the Z decays to two neutrinos is estimated from a dilepton control region. The
distribution in the diﬀerent discriminating variables are estimated in two diﬀerent ways: from
a photon control sample or from a dilepton control sample, where every requirement is checked
individually and the correlations are assumed to be well-modeled in simulation. A control region
to normalize the multijet background is obtained by inverting the cut on the angle between the
leading jets and the Emiss
T . Other backgrounds are estimated from simulation.
Single-lepton search
The second search for top squark pair production requires at least one high-pT , well-identiﬁed
and isolated electron or muon to be present in the event and at least one b-tagged jet, in order
to suppress electroweak backgrounds 5,6 . Single-lepton backgrounds, like W boson and tt̄ pair
production, are suppressed by requiring a large transverse mass (MT ), calculated with the lepton
and the Emiss
T , in the event. After these requirements mainly the the dilepton background,
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predominantly tt̄ → 2l, survive. An explicit veto on additional electrons, muons, tracks or
hadronic tau leptons is applied to further reduce these. Then both collaborations use some
speciﬁc kinematic variables (MW
T2 topness, asymmetric MT2 ,...) to further reduce the tt̄ → 2l
background. Finally, the baseline selections require at least four jets in the events, this also lowers
the dilepton backgrounds since tt̄ → 2l only has two jets without any additional initial-stateradiation jets or hadronic tau leptons that are misidentiﬁed as leptons. The CMS and ATLAS
collaborations target boosted scenarios in a slightly diﬀerent way. The ATLAS collaboration
uses large-radius jets and more stringent Emiss
requirements 5 . The CMS collaboration applies
T
miss
uses exclusive ET bins everywhere and lowers the jet multiplicity requirement for boosted
scenarios, to allow for merged jets 6 .
The background methods are slightly diﬀerent between both collaborations. The ATLAS
collaboration predicts the main backgrounds from low-MT regions with diﬀerent b-tagged jet
multiplicity: 0 b-tagged jets for W boson production, 1 b-tagged jet for tt̄ pair production
and 2 b-tagged jets and additional angular and kinematic cuts for single-top production in
association with a W boson. The estimates are veriﬁed in control regions with larger MT , that
are still disjoint from the signal regions. Speciﬁc eﬀects such as the jet multiplicity are veriﬁed
in dedicated control regions. An extra control region looking at tt̄ pair production in association
with a photon is added to estimate the background due to tt̄ pair production in association with
a Z boson.
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order simulations. The predicted yields in the single lepton searches agree quite well with the
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Figure 3 – (left) Data- and simulation-driven background estimates together with the observed data yields in the
signal regions for the single lepton top squark search of the CMS experiment 6 . The uncertainties, which are the
quadratic sums of statistical and systematic uncertainties, are shown as shaded band. (right) Comparison of the
observed data with the predicted background in the validation and signal regions for the ATLAS single lepton
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Dilepton search
Looking for top squar pair production in the dilepton ﬁnal state gives a very clean sample with
a modest signal acceptance. Therefore it is well-suited to target speciﬁc regions of the mass
parameter space that are hard to probe with the all-hadronic and single-lepton search. The
dilepton search 7 presented here focuses on a model where the top squark always decays to a
bottom quark and a chargino. The chargino then decays to a W boson and an LSP. If the mass
of the chargino is very close to the mass of the top squark but far away from the LSP mass, then
the b-quarks are very soft but the W bosons and their decay products are highly energetic. To
target this speciﬁc area of mass parameter space, a search is designed in the dilepton ﬁnal state
without any requirement on the number of b-tagged jets. A MT2 cut is applied to reduce most
standard model backgrounds and an extra kinematic cut, looking at how much of the activity
is added to further reduce the background due to Z boson
in the event is due to the Emiss
T
production. The sample is split in two depending on whether the two leptons have the same or
diﬀerent ﬂavor. In case the two leptons have the same ﬂavor, the mass of the dilepton pair is
required not to be consistent with the Z boson hypothesis to further reduce Z boson events.
The background is estimated by using a simultaneous ﬁt of the signal region, a tt̄ control
region at lower MT2 , and a diboson control region. The non-prompt and misidentiﬁed leptons
are estimated from a tight-loose method. The background predictions are checked in dedicated
validation regions.
Interpretation
The interpretation of the top squark searches from the CMS collaboration are summarized in
Fig. 4 (left) in the model where both top squarks decay to a top quark and a LSP for the
all-hadronic and single-lepton ﬁnal state. Most sensitivity comes from the all-hadronic searches
and the sensitivity for these searches is comparable to the best 8 TeV result, which used a
highly optimized selection with multivariate techniques. The region where the mass splitting
between the top squark and the LSP is close to top quark mass is subject to further study
and has therefore been removed from this plot. The results of the ATLAS collaboration in the
single-lepton search for the same signal model are shown in Fig. 4 (middle). The expected reach
is slightly further than the CMS reach due to the larger dataset. Due to a small 2.3σ excess in
the signal region optimized for high neutralino masses, the observed exclusion reaches less far.
The best signal region for each mass point based on the expected upper limits is used and since
in one of the regions the observed exclusion is worse than the expected one due to the excess
observed in data, the transition between two signal regions is not smooth anymore, but there is
a region that is not excluded. The expected reach at 13 TeV already surpasses the one at 8 TeV.
Finally we show the results of the dilepton search for a model where both top squarks decay to a
bottom quark and a chargino and the chargino decays to a W boson and the LSP. The chargino
mass is ﬁxed to be twice the mass of the LSP. Figure 4 (right) shows the analysis is mainly
sensitive for high LSP masses, which leads to high chargino masses using mass relation in this
model. At that model the chargino mass is very close to the top squark mass and the bottom
quarks are very soft and hard to detect. This is exactly the scenario the search is designed for.
3

Vector-like quarks

Several beyond-the-standard models, e.g. little Higgs models and extra dimensions, predict
the existence of vector-like quarks (VLQ) that can stabilize the Higgs boson mass calculation.
Vector-like T quarks can be strongly pair-produced or weakly produced in association with a
vector boson. Here we focus on the strong production mechanism. The T quark that has a
charge of 2/3e can decay in three distinct ways: bW, tH and tZ. Some of the models predicting
vector-like quarks also predict more exotic top partners like X5/3 , that can decay to a top quark
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Figure 4 – (left) Observed and expected result for direct top squark production, with the top squark decaying
100% to a top quark and a LSP, for the all-hadronic 4 and single lepton 6 searches in CMS. (middle) Expected
(black dashed) and observed (red solid) 95% excluded regions for the ATLAS single-lepton search 5 in the plane
of and in the plane of stop mass versus LSP mass for direct stop pair production, again for the scenario where
all top squarks decay to a top quark and a LSP. The gray ﬁlled area and gray dashed line shows the observed
and expected exclusion limits, respectively, from ATLAS Run 1 search. (right) Exclusion limits from the ATLAS
dilepton search 7 at 95% CL on direct top squark pair production, assuming that all top squarks decay to a
bottom quark and a chargino and that the chargino mass is twice the LSP mass. The shaded azure and blue
areas show respectively the observed exclusion from the ATLAS 8 TeV analyses performed in the one-lepton (1L)
and two-lepton (2L) channels.

and a W+ boson, which leads to two same-sign W bosons and a bottom quark in the ﬁnal state.
3.1

Pair-production T quark

A search is performed in the single-lepton ﬁnal state for the pair production of vector-like T
quarks with at least one of the T quarks decaying to a top quark and a Higgs boson 8 . The
Higgs boson decays predominantly to a bb̄ pair. The search focuses on this ﬁnal state with two
top quarks and at least two bottom quarks. The same analysis can also be used to put an upper
limit on four-top production.
The analysis uses mass-tagged jets, large radius jets with a mass above 100 GeV, as a proxy
for hadronically decaying top quarks and Higgs bosons. At least six jets are required, of which
two have to be b-tagged. The ﬁnal state is binned exclusively in the number of mass-tagged
jets, the number of b-tagged jets and the invariant mass of the bb̄ pair with the smallest angular
separation. The number of mass-tagged jets is a very strong discriminator between signal and
background as can be seen from Fig. 5 (left).
The main backgrounds are estimated from simulation except for the multijet background.
The multijet background is estimated using a matrix element method that exploits the diﬀerences
between prompt leptons and leptons that are non-isolated or result from the misidentiﬁcation
of photons or jets. The background estimates are validated in lower jet multiplicity bins and
good agreement between data and prediction is seen. The scalar sum of the Emiss
T , lepton pT
and the pT of the jets in the event, referred to as the eﬀective mass mef f , is used as the ﬁnal
discriminator to further reduce the background.
Figure 5 (right) shows the expected and observed upper limit on T quark pair production.
We exclude T quarks with masses up to 750 GeV, which is around 50 GeV further than at 8
TeV. The top squark search in the single lepton ﬁnal state (Sec. 2.2) is also reinterpreted as a
T quark search focusing on the tZ ﬁnal state with the Z decaying to neutrinos.
3.2

Top partners with charge 5/3e

Pair production of exotic top partners with charge 5/3e (X5/3 ) is also been searched for at the
LHC 9 . Top partners with charge 5/3 decay to a W boson and a top quark. Such a decay can
lead to two same-sign leptons. The search in the same-sign dilepton ﬁnal state is discussed in
these proceedings in detail in 10 . In the single-lepton ﬁnal state at least one lepton and four
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jets are required. Requiring at least 100 GeV Emiss
and large distance between the second
T
highest-pT jet and the lepton (ΔR(,2nd jet)>2) reduces the SM backgrounds further, as shown
in Fig. 6 (left). The search is binned in the number of b-tagged jets (1, ≥2) and the number
of boosted W-tagged jets. The identiﬁcation of boosted W candidates is done using the pruned
mass and n-subjettiness of the large radius jet. Finally the minimum mass of the lepton with
one of the b-tagged jets is used as a ﬁnal discriminating variable. Figure 6 (middle) shows that
no signiﬁcant excess can be seen in this mass distribution.
The background modeling is checked in a sideband with small distance between the second
highest-pT jet and the lepton (ΔR(,2nd jet)<1). The background originating from vector-boson
production and from top pair production are veriﬁed separately by splitting the control region
in b-jet multiplicity. Figure 6 (right) shows the exclusion plot for right-handed X5/3 quarks.
X5/3 with a mass less than 950 GeV are excluded by combining the single-lepton and same-sign
dilepton ﬁnal state. The exclusion is driven by the same-sign analysis, but the single-lepton
search provides an important cross-check.
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4

Resonances

Resonances with third generation quarks can occur in case of the production of W and Z
bosons, axigluons, pseudoscalar Higgs bosons, etc. The W  → tb search from CMS 11 and the
search for bb̄ resonances from ATLAS 12 are not covered in these proceedings, but we focus on
the results for tt̄ resonances at 13 TeV from CMS 13 and ATLAS 14 .
4.1

Top quark resonances

To search for top quark resonances in the single-lepton ﬁnal state, dedicated lepton isolation
variables are used that are developed for such boosted topologies, as discussed in Sec. 1. The
CMS search 13 treats the electron and muon channel separately and applies tighter cuts on the
and the reconstructed jets in the electron channel to reduce the larger SM background.
Emiss
T
Three diﬀerent search regions are used: one with a hadronic top-tagged jet present in the event,
one with a b-tagged jet present and one without any top-tagged or b-tagged jets in the event. To
reduce the background due to vector-boson production, a kinematic variable is used to describe
how top-like the event is:


χ2 =

Mlep − M lep
σMlep

2



+

Mhad − M had
σMhad

2

,

(1)

The background is estimated by simultaneously ﬁtting the M(t,t̄) spectrum in the control
region enriched in single vector-boson production, created by inverting the cut on the top system
χ2 , the M(,) spectrum in Drell-Yan enriched dilepton control region, and the M(t,t̄) spectrum
at low M(t,t̄) masses, where it is enriched in tt̄ background.
The ATLAS experiment also focuses on the single-lepton ﬁnal state 14 . Again, dedicated
isolation variables are used to maintain high selection eﬃciency. The presence of at least one
b-tagged jet and one hadronic top candidate is required. A hadronic top candidate is a large
radius jet that passes further requirements on the jet mass and the n-subjettiness. The top
candidate also has to be back-to-back with the lepton. A leptonic top candidate is formed
from the lepton and the b-tagged jet. The W+jets background is estimated by comparing the
W charge asymmetry distribution in data and simulation. For the multijet background, an
extrapolation is done from a sample with loosely-identiﬁed leptons to a sample with leptons
passing tighter identiﬁcation criteria. The other backgrounds are estimated from simulation.
The invariant mass of the tt̄ is then investigated for excesses using a specialized algorithm
looking for deviations and no indication for new physics is found.
4.2

Results

None of the resonance searches show a signiﬁcant excess over the SM background. The tt̄
resonance searches are interpreted in the context of a narrow-width top-color Z. The results of
ATLAS (Fig. 7 (left)) and CMS (Fig. 7 (right)) cannot be compared directly since a slightly
diﬀerent width (1.2% in ATLAS vs. 1% in CMS) is used for the signal models. The results
outperform the single-lepton results at 8 TeV but do not yet improve upon the full combination
of the 0, 1 and 2 ﬁnal states at 8 TeV.
5

Conclusions

A variety of searches with top and bottom quarks in the ﬁnal state have been explored in CMS
and ATLAS at 13 TeV: supersymmetry, heavy top partners, resonances,... These analyses are
already starting to surpass the 8 TeV sensitivity despite the much smaller dataset. The analyses
were also adapted to the new running conditions. The new lepton and jet selections have been
modiﬁed to maintain a high eﬃciency for boosted objects. Also the background composition
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Figure 7 – (left) The observed and expected cross section 95% CL upper limits on the Z’ signal for two width
hypotheses from the ATLAS experiment 14 . The theoretical predictions for the production cross section times
branching ratio at the corresponding masses are also shown. (right) 95% CL upper limits from the CMS experiment 13 on the production cross section times branching ratio for a resonance decaying to tt̄, shown as function
of the resonance’s mass for a Z’ boson with relative width of 1%.

changes uses the new selection and new techniques have been developed to predict some of the
rare SM backgrounds that become more important at this new energy. Using these new tools we
are eagerly awaiting the larger 2016 dataset to hopefully discover the ﬁrst hints of new physics.
References
1. ATLAS Collaboration, ”The ATLAS Experiment at the CERN Large Hadron Collider”,
JINST 3 S08003 (2008).
2. CMS Collaboration, ”The CMS Experiment at the CERN Large Hadron Collider”, JINST
3 S08004 (2008).
3. ATLAS Collaboration, ”Search for Bottom Squark Pair Production with the ATLAS De√
tector in proton-proton Collisions at s = 13 TeV”,ATLAS-CONF-2015-066.
4. CMS Collaboration, ”Search for direct production of top squark pairs decaying to all√
hadronic ﬁnal states in pp collisions at s = 13 TeV”, CMS-PAS-SUS-16-007.
5. ATLAS Collaboration, ”Search for top squarks in ﬁnal states with one isolated lepton, jets,
√
and missing transverse momentum in s = 13 TeV pp collisions of ATLAS data”,ATLASCONF-2016-007.
6. CMS Collaboration, ” Search for direct top squark pair production in the single lepton
√
ﬁnal state at s = 13 TeV”, CMS-PAS-SUS-16-002.
7. ATLAS Collaboration, ”Search for direct top squark pair production in ﬁnal states with
√
two leptons in s = 13 TeV pp collisions using 3.2 fb1 of ATLAS data”,ATLAS-CONF2016-009.
8. ATLAS Collaboration, ”Search for production of vector-like top quark pairs and of four
√
top quarks in the lepton-plus-jets ﬁnal state in pp collisions at s = 13 TeV with the
ATLAS detector”’, ATLAS-CONF-2016-013.
√
9. CMS Collaboration, ”Search for top quark partners with charge 5/3 at s = 13 TeV”,
CMS-PAS-B2G-15-006.
10. Clint Richardson, Search for heavy fermionic top partners decaying to same-sign dileptons
at 13 TeV, Proceedings of Moriond/EW 2016.
11. CMS Collaboration, ”Search for W’ boson resonances decaying into a top quark and a
√
bottom quark in the leptonic ﬁnal state at s = 13 TeV”, CMS-PAS-B2G-15-004.

325

12. ATLAS Collaboration, ”Search for resonances in the mass distribution of jet pairs with
√
one or two jets identiﬁed as b-jets in proton–proton collisions at s = 13 TeV with the
ATLAS detector”, submitted to Phys. Lett. B, arXiv:1603.08791.
13. CMS Collaboration, ”Search for tt̄ resonances in boosted semileptonic ﬁnal states in pp
√
collisions at s = 13 TeV”, CMS-PAS-B2G-15-002.
14. ATLAS Collaboration, ”Search for heavy particles decaying to pairs of highly-boosted top
√
quarks using lepton-plus-jets events in proton–proton collisions at s = 13 TeV with the
ATLAS detector”, ATLAS-CONF-2016-014.

326

NONCONVENTIONAL FINAL-STATES AT 13 TEV
R. KOPELIANSKY, on behalf of the ATLAS 1 and CMS 2 Collaborations
Department of Physics, Indiana University,
253 Swain Hall West, 727 E. Third St., Bloomington, IN 47405, USA
A review of the nonconventional ﬁnal-state searches performed by both the ATLAS and
CMS experiments is presented. The subject of nonconventional ﬁnal-state searches is introduced in terms of deﬁnitions and the requirements needed to conduct such studies. Detailed
discussion of the results of relevant searches for metastable and stable scenarios are presented.
√
New results based on data collected during pp collisions at s = 13 TeV are presented, as
√
well as a brief summary of older results from s = 8 TeV data runs.

1

Introduction

A ﬁnal-state deﬁned as ‘nonconventional’ usually refers to a unique or unusual detector
signature that in most of the cases reﬂects physics beyond the standard model (BSM). Many
new physics scenarios will include new particles with relatively long lifetime, a feature that
can enable a direct measurement. The new particles might diﬀer from Standard-Model (SM)
particles in the way they interact with the detector. For instance if a particle is very massive,
it is expected to travel at lower velocities than the speed of light, or if it is highly charged, to
be highly ionizing.
In most of the cases the main strategy is to search for a certain speciﬁc detector signature.
Yet the currently available trigger chains are generally not designed to detect unusual objects
and therefore the existing triggers are creatively exploited to eliminate non-relevant events from
the studied sample. Also, the common analysis tools are not entirely suitable for these kind
of searches and hence a lot of eﬀort is required from our search teams to develop the object
reconstruction and analysis tools, as well as custom made Monte-Carlo (MC) simulations for
signal samples. The background estimation is data driven, i.e. using control data samples, where
the main sources for background originate from badly reconstructed or mis-measured objects as
well as beam halo and instrumental noise.
Two main categories of nonconventional ﬁnal-states of long-lived particles (LLPs) will be
discussed: metastable and stable searches, both exhibiting an unusual detector signature. None
of the searches found evidence for new physics, and limits on the mass and lifetimes (in the
metastable scenarios) were set.
2

Metastable particle searches

In these searches a non-SM particle is considered as metastable if it has long enough
lifetime to decay within the detector. Since the decay location cannot be predicted in advance,
a wide range of possible lifetimes are studied. Theoretical scenarios considered are: Light
colored supersymmetric-particles (g̃, t̃ and b̃) forming R-hadron bound states within splitSUSY
prediction, production of the lightest chargino χ̃±
1 within Anomaly Mediated SUSY Breaking
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(AMSB), a model independent search for displaced vertices and a search for the existence of
dark-photons γD decaying to leptonic-jets (LJs).

2.1

Metastable heavy charged particles with large dE/dx

A search for metastable heavy charged g̃ R-hadrons with large ionization energy loss was
√
performed in pp collisions at s = 13 TeV using the ATLAS experiment 3 . As predicted by
the SplitSUSY model, the mass scale of the squarks is set to the high TeV scale, outside of
the LHC reach. As a result, the g̃ becomes the lightest colored SUSY-particle. Considering
color-charge constraints and R-parity conservation, the g̃ can be relatively long-lived. Within
these models, the g̃ is the Next-to-Lightest-SUSY-Particle (NLSP) and the lightest neutralino
χ̃01 is the Lightest-SUSY-Particle (LSP). Once produced at the Interaction-Point (IP), the g̃ will
form a hadronic bound-state with light, colored SM particles referred to as an R-hadron. The
g̃ LLP can be metastable, with its lifetime depending on the mass splitting between the g̃ and
χ̃01 , and its decay will result in large Missing ET and q q̄ jets.
The g̃ R-hadron is predicted to be massive and therefore will travel slower than SM
particles, i.e. β <1. If the hadronic composition is electrically charged, large ionization energyloss with respect to a Minimum Ionizing Particle (MIP) in the tracker is expected. The mass of
the LLP is estimated from momentum and dE/dx measurements from the Pixel detector.
The main background source comes from badly reconstructed objects. Using control data
samples of events passing diﬀerent ﬁnal selection cuts, a new sample composed of randomly
chosen variables of momentum and dE/dx from each sample, is used to estimate the background.
Gluinos with lifetimes of 10 ns or longer and masses below 1580 GeV are excluded at 95%
CL as can be seen in Fig. 1. This search is also sensitive for cases of stable g̃ R-hadrons, where
masses below 1570 GeV were excluded at 95% CL.

Figure 1 – Left: Cross-section as a function of mass for g̃ R-hadron with lifetime τ =10 ns, decaying to g / q q̄
plus a light neutralino of mass mχ̃0 = 100 GeV. Theoretical values for the cross-section are shown with their error.
1
The expected upper-limit (UL) in case of background only is shown as a solid black line, with its ±1,2σ bands,
green and yellow respectively. The observed 95% UL is shown as a solid red line. The cross-section for the same
√
process and the corresponding 95% UL measured at s= 8 TeV are also shown in the dashed lines 3 . Right: The
excluded range of lifetimes as a function of gluino mass. The expected exclusion, with its experimental ± 1 σ
band, is given with respect to the nominal theoretical cross-section. The observed 95% exclusion limit obtained
√
at s = 8 TeV is also shown for comparison 3 .
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2.2

Stopped R-hadrons

√
Searches for stopped R-hadrons with long-lived g̃, t̃ and b̃, in pp collisions at s= 8 TeV
have been performed by both the ATLAS 4 and CMS 5 experiments. These searches complement
the previous one, as they consider that a fraction of all R-hadrons produced at the IP can
have relatively small kinetic energy (typically β ≤ 0.45c). These low momentum R-hadrons
would stop in the hadronic calorimeter and (depending on their lifetime) decay during a later
bunch-crossing into χ̃01 and q q̄ jets. A minimum leading jet energy of 100 GeV is required in the
analysis.
The main strategy for these searches is to look for calorimeter activity (i.e. energy depositd
in the calorimeter cells) during empty bunch-crossings of the LHC proton beams, where the
detector is relatively quiet from collision backgrounds. The main background sources come from
cosmic rays, beam halo and instrumental noise in the calorimeter, where the estimation of these
sources is done using control data samples.
Lower limits on the LLP mass as a function of lifetime can be seen in Fig. 2 for g̃, t̃ (left)
and b̃ (right). Masses of g̃ and t̃ with lifetime between 1μs and 1000s, and b̃ with lifetime between
10 μs and 1000 s, are excluded at 95% CL below 880 GeV, 470 GeV and 344 GeV, respectively.
For higher leading jet energy, limits were set on g̃ and t̃ masses below 1000 GeV and 525 GeV,
respectively.
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Figure 2 – Lower limits at 95% CL on gluino 5 , top 5 (left) and bottom 4 (right) squark masses as a function of
particle lifetime.

2.3

Disappearing tracks

Searches for disappearing track signatures were conducted by the ATLAS 6 and CMS 7
√
experiments in s = 8 TeV pp collisions. The AMSB model predicts the χ̃01 to be LSP and the
±
χ̃1 as the NLSP, where the mass splitting between the two allows for a considerable χ̃±
1 lifetime.
0
±
The χ̃±
1 is expected to decay into a χ̃1 and a softly emitted π , which is not reconstructed due
to its low momentum.
The detector signature includes an isolated track in the Inner-Detector (ID) with no hits
in the Muon Spectrometer (MS), little or no calorimeter energy deposits and possibly missing
hits in the outermost layer of the tracker. SM processes that can produce similar signatures are
charged hadrons interacting with the ID material, prompt e or μ failing identiﬁcation criteria
or fake tracks formed from a combination of hits produced by more than one particle. The
estimation of the contribution of these background sources to the selected data is done using
control data samples.
Masses below 270 GeV for a lifetime of 0.2 ns are excluded at 95% CL for χ̃±
1 with
mχ̃± −χ̃0 ∼ 160 MeV within the AMSB prediction as shown in Fig. 3 (left). Drell-Yan (DY)
1

1
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±
production of χ̃±
1 within a simpliﬁed-model based on AMSB, is excluded for χ̃1 masses below
505 GeV at a lifetime of 7 ns as shown in Fig. 3 (right).
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2.4

Displaced vertices

√
Searches for displaced (secondary) vertices in s = 8 TeV pp collisions have been per8,9
7
formed by the ATLAS and CMS experiments. These studies carry-out a model-independent
search with sensitivity to a variety of theoretical predictions, among them are Hidden-Valley
scenarios predicting the existence of a new scalar boson, as well as SUSY predictions of squark
production. Both are expected to decay into two new neutral particles, where each of the neutral
particles decays into a dijet. These scenarios can result in LLPs decaying into jets either in the
ID or MS, resulting in two displaced vertices located relatively far from the IP. The majority
of the background comes from QCD production of high-multiplicity jet events or cosmic-ray
muons, where the estimation methods used are data driven.
Results are interpreted for a range of theoretical predictions and limits are set on the
production cross-section of the new boson vs. the proper decay length of its decay product, the
new neutral particle as can be found in the references 8,9,7 .
2.5

Lepton-Jets

A model-independent search for the existence of Dark-photons γD has been performed
√
at s = 8 TeV pp collisions by both the ATLAS 11,12 and CMS 13 collaborations. The γD is
expected to mix kinetically with the SM photon, have small mass and therefore be extremely
boosted as well as relatively long-lived, decaying into SM particles in the form of two charged
leptons referred to as ’Lepton-Jets’ (LJs). The lifetime of the γD depends on its mass and kinetic
mixing parameter ε. Detector signatures of either prompt or non-prompt (secondary vertices)
decays to LJs are considered. Either multi-jet production or cosmic rays can act as background
sources and are estimated using control data samples and MC simulations.
Since no evidence for the existence of new physics is observed, exclusion limits at 95% CL
for cross-section times branching-ratio (BR) are derived for diﬀerent decay modes of the γD ,
originating from a squark of mass 700 GeV, to LJs, as shown in Fig. 4 (left). Fig. 4 (right)
shows the exclusion region of the kinetic mixing parameter as a function of the γD mass for
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diﬀerent experiments, including ATLAS and CMS. Interpretation of these results using diﬀerent
theoretical models, including non-SM higgs bosons and SUSY portal scenarios, can be found in
references 11,12,13 .
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Figure 4 – Left: The 95% CL observed and expected upper limits on the cross-section times BR into ﬁnal-states
with two LJs in the case of 2γD + X production via the SUSY-portal topology based on combined results of all
possible charged lepton combinations of e and μ LJs 12 . Right: for the case of non-SM Higgs production decaying
to two γD , 95% CL upper limits from the CMS experiment (black solid curves) plotted in terms of the kinetic
mixing parameter ε and mγD , along with constraints from other experiments. The colored contours represent
diﬀerent values of BR(h→ 2γD + X) in the range 0.1-40% 13 .

3

Stable long-lived particles

Stable LLPs have long enough lifetimes to transverse the entire detector, i.e. pass through
all detector layers without decaying to other particles. Such particles, if they are electrically
charged, are expected to leave a signal in all detector stations. However, if they also have the
ability to strongly interact with the detector material, due to nuclear interactions, they can ﬂip
their electric charge and as a result several possible detector signatures need to be considered.
Two main features can be used to distinguish between these LLPs and SM particles: they are
expected to be massive and hence slower than SM particles, and will be highly-ionizing with
respect to Minimum Ionizing Particles (MIPs).
The searches here consider several possible LLPs. A search for a light stau τ̃1 within the
Gauge Mediated SUSY Breaking (GMSB) model, where the τ̃1 originates from either q̃ or g̃
production, decaying through a long chain to a ﬁnal state of two stable τ̃1 , is presented. Results
are also interpreted for the case of directly produced τ̃1 s. Gluino R-hadrons within SplitSUSY
and a simpliﬁed interpretation of the t̃ as the LLP are considered as well. Finally, a search
for the existence of new lepton-like multi-charge LLPs produced in a DY process will also be
discussed.
3.1

Heavy Stable Charged LLPs

√
A search for heavy stable charged LLPs (HSCPs) in pp collisions with s = 13 TeV has
14
been conducted by the CMS collaboration . Two main strategies are considered: a ’Trackeronly’ search that uses the tracker measurements of momentum and dE/dx in order to estimate
the mass of the HSCP candidate, and a ’Tracker+ToF’ approach where the mass of the candidate

331

103
2

10

10
1

2.4 fb-1 (13 TeV)

CMS

95% CL limit on σ (pb)

95% CL limit on σ (pb)

is estimated using tracker-based dE/dx and as an additional selection criteria the MS measurements of the particle’s Time-of-Flight (ToF) are used. The main background source comes from
mis-measured objects and is estimated based on data using the ABCD method relying on the
uncorrelated discriminating variables (within an η region): dE/dx, momentum and β.
Limits on the cross-section as a function of the HSCP mass are set for each of the search
strategies. Figure 5 shows the limits for the ’Tracker-only’ (left) and ’Tracker+ToF’ (right) results. The ’Tracker-only’ search sets the highest limits on the mass of g̃ and t̃ R-hadrons, where
masses below 1590 GeV and 1020 GeV are excluded at 95% CL, respectively. In the search for
stable τ˜1 and DY lepton-like multi-charged HSCPs, the ’Tracker+ToF’ method sets the highest
limits, where masses of τ˜1 within GMSB are excluded at 95% CL below 480 GeV, and directly
produced τ˜1 masses below 230 GeV. In the search for DY single and doubly charged lepton-like
HSCP, the 95% CL mass exclusion, regions are below 540 GeV and 650 GeV, respectively.
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Figure 5 – Upper limits at 95% CL on various signal models for the ’Tracker-only’ (left) and ’Tracker+ToF’ (right)
analysis 14 .

3.2

Multi-charged particles

Searches for DY produced, multi-charged, lepton-like particles with q bigger than 1e have
√
been performed using s = 8 TeV pp collisions by both the ATLAS 15 and CMS 16 experiments.
These studies consider a range of multi-charged particles (MCPs) with elementary charge unit
q: 2e→8e.
MCPs, predicted by several dark-matter motivated theories, are expected to be massive
and therefore relatively slow, as well as very highly ionizing. Large ionization energy loss dE/dx
is expected in all detector layers, and is the main feature discriminating these particles from SM
ones.
The background is estimated using the ABCD method based on the collected data. Figure
6 shows 95% CL upper-limits set by ATLAS (left) and CMS (right) on the cross-section as a
function of the MCP mass.
4

Summary

Many BSM scenarios predict nonconventional ﬁnal-state detector signatures. Customized
analysis tools achieve the sensitivity needed to either detect or set limits on their production.
Studies for both metastable and stable LLPs were presented based on either 8 or 13 TeV data
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Figure 6 – Cross-section upper limits at 95% CL on the cross-section as a function of the MCP mass, for a range
√
of q, set by ATLAS 15 (left) and CMS 16 (right) at s = 8 TeV.

runs, with no evidence for the existence of new physics found. Limits were set at a 95% CL on
the mass and lifetime (in the metastable scenarios) of the LLP.
The increase in center-of-mass energy to 13 TeV is allowing for higher sensitivity for
searches for strongly produced objects due to their higher predicted cross-sections.
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NON-UNIVERSAL Z MODELS WITH PROTECTED FLAVOUR-CHANGING
INTERACTIONS
MARTIN JUNG
Excellence Cluster Universe, Technische Universität München,
Boltzmannstr. 2, D-85748 Garching, Germany
We deﬁne a new class of Z  models with neutral ﬂavour-changing interactions at tree level
in the down-quark sector. They are related in an exact way to elements of the quark mixing matrix due to an underlying ﬂavoured U (1) gauge symmetry, rendering these models
particularly predictive. The same symmetry implies lepton-ﬂavour non-universal couplings,
fully determined by the gauge structure of the model. Our models allow to address several
presently observed deviations from the SM and speciﬁc correlations among the new physics
()
contributions to the Wilson coeﬃcients C9,10 can be tested in b → s+ − transitions. We
furthermore predict lepton-universality violations in Z  decays, testable at the LHC.

1

Introduction

The continuing success of the Standard Model (SM) has strong implications for new physics
(NP) scenarios, which are consequently required to involve a very high mass scale, a highly
non-trivial ﬂavour structure, or both. Two recent measruements by the LHCb collaboration
involving semileptonic b → s+ − transitions show deviations with respect to the SM expectations: The ratio RK = Br(B → Kμ+ μ− )/Br(B → Ke+ e− ) has been measured with a central
value indicating a violation of lepton universality at the 25% level 1 , implying a 2.6σ deviation,
and the angular analysis of B → K ∗ μ+ μ− decays, where speciﬁcally the observable P5 diﬀers
from the SM expectation with 2.9σ signiﬁcance 2 . Taking these measurements at face value,
they require the NP to have (i) sizable contributions to b → s+ − transitions, and (ii) lepton
non-universal couplings.
Extensions of the SM gauge group by an additional U(1) factor are among the possible NP
scenarios that could explain these deviations. Such U(1) models have been popular extensions
of the SM for many years 3 , but are in their majority family universal, and therefore do not meet
condition (ii). Models with departures from family universality can give rise to large ﬂavourchanging Z  interactions, which are strongly constrained by current ﬂavour data, as will be
discussed below. The conditions (i) and (ii) therefore limit considerably the viable U(1) gauge
symmetries.
In order to avoid exotic vector-like quarks, the U(1) symmetry has to involve both quarks
and leptons, and should be family-dependent in order to satisfy conditions (i) and (ii). However,
such a non-trivial ﬂavour symmetry in the quark sector requires the extension of the scalar sector
in order to accommodate the quark masses and mixing angles 4,5 . It has been shown in Ref. 6
that this option can be realized by including an additional complex scalar doublet, yielding
however up-quark FCNC which are not controlled by CKM elements or quark masses.
We would like our model to have all of its fermion couplings related exactly to elements
of the CKM matrix. To that aim, we note that there is a class of two-Higgs-doublet models
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(2HDM) that achieves this, known as Branco–Grimus–Lavoura (BGL) models 7 . These models
have ﬂavour-diagonal interactions in the up-quark and charged-lepton sectors, together with
ﬂavour-changing neutral currents (FCNCs) in the down-quark sector. The latter are suppressed
by quark masses and/or oﬀ-diagonal CKM elements in an exact way, thereby providing an
alternative solution to the ﬂavour problem in 2HDMs which diﬀers radically from the hypothesis
of natural ﬂavour conservation 8,9 .
While in the original BGL model the ﬂavour symmetry is global, in this work we promote
it to a local one 10 . This is achieved by charging also the leptons under the symmetry, thereby
enabling anomaly cancellation. In this gauged BGL framework (U(1)BGL ), the properties of the
BGL models are transferred to the gauge boson sector: we obtain FCNCs mediated at tree-level
by the neutral scalar and massive gauge vector bosons of the theory, all of which are suppressed
by oﬀ-diagonal CKM elements and/or fermion masses, and therefore naturally suppressed. This
class of models necessarily exhibits deviations from lepton universality due to its gauge structure.
2

Gauged BGL symmetry

The characteristic features of BGL models 7 are a consequence of speciﬁc patterns of Yukawa couplings, generated by corresponding charge assignments under a horizontal, family-non-universal
0
0
(BGL-)symmetry. The quark Yukawa sector of the model reads (i = 1, 2) −Lquark
Yuk = qL Γi Φi dR +
0
0
'
qL Δi Φi uR + h.c. , where Γi and Δi denote the Yukawa coupling matrices for the down- and
' i ≡ iσ2 Φ∗ . The neutral components of the Higgs douup-quark sectors, respectively, and Φ
i
√
blets acquire vacuum expectation values (vevs) |Φ0i | = vi / 2, with tan β = v2 /v1 and v ≡
(v12 + v22 )1/2  246 GeV.
ψ
Choosing an abelian symmetry under which a ﬁeld ψ transforms as ψ → eiX ψ , the most
general quark-sector symmetry transformations yielding the required textures are of the form
XLq =

1
[diag (XuR , XuR , XtR ) + XdR 1] ,
2

XRu = diag (XuR , XuR , XtR ) ,

XRd = XdR 1 , (1)

with XuR = XtR . The Higgs doublets transform as X Φ = 12 diag (XuR − XdR , XtR − XdR ).
There are several possible implementations of this symmetry, related by permutations in ﬂavour
space and exchanging up- and down-quark sectors; here, for deﬁniteness, the top quark has been
singled out, yielding the required patterns. These textures give rise to FCNCs in the down-quark
sector, which are however suppressed by quark masses and oﬀ-diagonal elements of the third
CKM row 7 . This choice implies a particularly strong suppression of ﬂavour-changing phenomena
in light-quark systems. Present constraints from ΔF = 1 and ΔF = 2 quark ﬂavour transitions
are accommodated even when the scalars of the theory are light, with masses of O(102 ) GeV 11 .
When gauging a symmetry, special attention must be paid to whether it remains anomalyfree. BGL models are automatically free of QCD anomalies, i.e. U(1) [SU(3)C ]2 12 . However, the
anomaly conditions for the following combinations need to be fulﬁlled as well: U(1) [SU(2)L ]2 ,
U(1) [U(1)Y ]2 , [U(1) ]2 U(1)Y , [U(1) ]3 , U(1) [Gravity]2 . We ﬁnd that there is no solution for this
system within the quark sector alone with the charge assignments in Eq. (1). Satisfying these
anomaly conditions is highly non-trivial and requires, in general, additional fermions. However,
the implementation of the BGL symmetry as a local symmetry is possible by adding only the
SM leptonic sector when allowing for lepton-ﬂavour non-universal couplings. Gauging the BGL
symmetry exhibits the following features, beyond removing the unwanted Goldstone boson,
which is “eaten” by the Z  : (i) A massive Z  with the SM fermion content, i.e. no vector-like
quarks are necessary. (ii) Flavour-diagonal Z  couplings in the up-quark and charged-lepton
sector, FCNC’s in the down-quark sector, strongly suppressed by CKM matrix elements. (iii)
The gauge structure yields lepton-universality violation without the introduction of leptonﬂavour violation, thereby providing an explicit counter-example to the general arguments given
in Refs. 13,14,15 . (iv) All ﬂavour couplings but one are ﬁxed due to the gauge symmetry when
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including the anomaly conditions. The remaining one is ﬁxed here via the condition XΦ2 = 0
for deﬁniteness. The only remaining freedom lies in discrete lepton-ﬂavour permutations of the
U(1) charges, yielding six model implementations with identical quark and scalar charges. In
order to present the predictions for each of these models, we introduce generic lepton charges
Xi L,R , such that each implementation is labeled by (e, μ, τ ) = (i, j, k). For numerical values
and additional possibilities to implement the quark and neutrino sectors, see Ref. 10 .
3

Phenomenology

The phenomenology of a scalar sector with a ﬂavour structure identical to the one of our model
has been analyzed in Ref. 11 . Since we are assuming a decoupling scalar sector, we can naturally
accommodate a SM-like Higgs at 125 GeV; the heavy scalars are not expected to yield sizable
contributions to ﬂavour observables in general. A potential exception are Bd,s → μ+ μ− decays,
as discussed in Ref. 10 . We focus here on the phenomenological implications of the Z  boson for
this class of models.
Despite the large mass of several TeV, the Z  boson yields potentially signiﬁcant contributions to ﬂavour observables, due to its ﬂavour-violating couplings in the down-type quark sector.
2 /M 2 ≤ 0.1% and the CKM suppression of the ﬂavour-changing Z  couHowever, because of MW
Z
plings, these contributions can only be relevant when the corresponding SM amplitude has a
strong suppression in addition to GF . This is speciﬁcally the case for meson mixing amplitudes
and electroweak penguin processes which we will discuss below. Further examples are diﬀerences of observables that are small in the SM, for example due to lepton universality or isospin
symmetry. On the other hand, we observe that the global CKM ﬁt remains essentially valid in
our models 10 . The particular ﬂavour structure of the model implies a strong hierarchy for the
size of diﬀerent ﬂavour transitions, similar to the situation in the SM.
Given the high experimental precision of Δms 16 , the strength of the corresponding constraint depends completely on our capability to predict the SM value.a Using the recently
obtained values from Ref. 17 for the hadronic matrix elements, the obtained limit strengthens to MZ  /g   25 TeV (95% CL) compared to Ref. 10 , see also Fig. 3. In our models this
bound is stronger than the ones from neutrino trident production and atomic parity violation 10 ;
the fact that these constraints are directly comparable stems from the high predictivity of our
model. Further potentially strong bounds stem from electric dipole moments (EDMs) and the
anomalous magnetic moment of the muon. Both can be shown to receive small eﬀects in our
models 18,19,11,10 .
The obvious way to search directly for a Z  is via a resonance peak in the invariant-mass
distribution of its decay products. At the LHC this experimental analysis is usually performed
by the ATLAS 20 and CMS 21 collaborations for Z  production in the s-channel in a rather modelindependent way, but assuming validity of the narrow-width approximation (NWA), negligible
contributions of interference with the SM 22 , and ﬂavour-universal Z  couplings to quarks. While
the assumptions for these expressions are not exactly fulﬁlled in our model, they are applicable
when neglecting the small contributions proportional to the oﬀ-diagonal CKM matrix elements
and taking into account that large couplings are typically excluded by ﬂavour constraints 10 .
Using these bounds together with the constraint from RK , we ﬁnd that a Z  boson is excluded
in our models for MZ   3-4 TeV, depending on the lepton charge assignments, while g  should
be O(10−1 ).
,NP
An important feature of our models are sizable contributions to C9,10
∼ (g  /MZ  )2 . The
relative size of all these contributions is again ﬁxed by the gauge symmetry. The neutralcurrent semileptonic b → s+ − transitions allow for testing these coeﬃcients in global ﬁts.
Furthermore, they provide precise tests of lepton universality when considering ratios of the type
B̄→M̄ μ+ μ− ) SM
= 1 + O(m2μ /m2b ) , with M ∈ {K, K ∗ , Xs , K0 (1430), . . .} 23 , where many
RM ≡ Br(
Br(B̄→M̄ e+ e− )
a

The same holds for Δmd , K , which yield similar bounds.
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Model
(1,2,3)

C9NPμ (1σ)
–

C9NPμ (2σ)
[−1.20, −0.61]

(3,1,2)

[−0.63, −0.43]

[−0.63, −0.17]

(3,2,1)

[−1.20, −0.53]

[−1.20, −0.20]

Table 1: Model-dependent bound on C9NPμ
from the RK measurement. The constraint
from Bs mixing is taken into account.

Figure 1 – Model-dependent predictions for RK as
a function of g  /MZ  . The recent measurement of
RK by the LHCb collaboration is shown at 1σ and
2 σ. Constraints from Bs mixing are also shown
at 95% CL.

sources of uncertainties cancel when integrating over identical phase-space regions. Additional
&M ≡ RM . Since
sensitivity to the dynamics of NP can be obtained via double-ratios 24 , R
RK

&
&
&
C9,10 = 0 in our models we have RK ∗ = RXs = RK0 (1430) = 1, providing an important test
of the ﬂavour structure of our models. Our models also give clean predictions for the rare
ν =
decay modes B → {K, K ∗ , Xs }ν ν̄ 25 : we obtain again a universal value for all ratios RM


Br(B → M ν̄ν)/Br(B → M ν̄ν)|SM , O(10%) from unity for g ∼ 0.1 and MZ ∼ O(TeV), due to
cancellations in the sum over neutrinos.
If a Z  boson is discovered during the next runs of the LHC, ratios of its decays to diﬀerent
leptons can be used to discriminate the models presented here 10 .
Attributing the measurement of RK solely to NP already excludes some of our models, since
it requires sizable non-universal contributions with a speciﬁc sign. The ﬂavour structure in each
of our models is ﬁxed, so half of them cannot accommodate RK < 1. This is illustrated in Fig. 3,
where it is additionally seen that a large deviation from RK = 1, as indicated by the present
central value and 1σ interval, can actually only be explained in two of the remaining models.
This strong impact shows the importance of further measurements of RM ratios.
In Fig. 2 we show the constraints from the RK measurement for the remaining models.
The allowed regions are consistent with the constraint from Bs0 -meson mixing. LHC searches
for a Z  boson exclude values of MZ  below 3-4 TeV, as discussed above; the corresponding
areas are shown in gray. We also show the theoretical perturbativity bounds obtained from the
requirement that the Landau pole for the U(1) gauge coupling appears beyond the see-saw or
the Grand Uniﬁcation scales, i.e. ΛLP > 1014 GeV and ΛLP > 1016 GeV, respectively.
Regarding the angular analysis in B → K ∗ μ+ μ− , we ﬁnd that when translating the RK
measurement into a bound on C9NPμ in our models, see Table 1, the ranges are perfectly compatible with the values obtained from P5 , as also observed for other Z  models 26,27,28 . This is
highly non-trivial given the strong correlations in our models and will allow for decisive tests
with additional data.
4

Conclusions

The class of family-non-universal Z  models presented in this article exhibits FCNCs at tree level
that are in accordance with available ﬂavour constraints while still inducing potentially sizable
eﬀects in various processes, testable at existing and future colliders. This is achieved by gauging
the speciﬁc (BGL-)symmetry structure, introduced in Ref. 7 for the ﬁrst time, which renders the
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Figure 2 – Regions allowed at 1σ and 2σ by the RK measurement in the {MZ  , g  } plane for the models
(1, 2, 3), (3, 1, 2) and (3, 2, 1). Exclusion limits from Z  searches at the LHC are shown in gray. The black
lines indicate bounds from perturbativity of g  .

resulting models highly predictive. Additional phenomenological features are (i) non-universal
lepton couplings determined by the charges under the additional U(1) symmetry, (ii) absence of
FCNCs in the charged-lepton or up-quark sectors, and (iii) complete determination of the U(1)
sector up to two real parameters, MZ  and g  , where all observables at the electroweak scale and
below depend only on the combination g  /MZ  .
Present data already strongly restrict the possible parameter ranges in our models: direct
searches exclude Z  masses below 3 − 4 TeV and the constraint from B mixing implies MZ  /g  ≥
25 TeV (95% CL). Three of our models can explain the deviations from SM expectations in
b → s+ − transitions seen in LHCb measurements 2,1 , while the other three are excluded (at
95% CL) by RK < 1. These ﬁndings are illustrated in Figs. 3 and 2.
&M = 1, as well as universal ratios Rν in B → M ν̄ν decays, as
We predict in our models R
M
well as speciﬁc ratios for potential measurements of σ(pp → Z  → i ¯i )/σ(pp → Z  → j ¯j ) at
the LHC. In the near future we will therefore be able to diﬀerentiate our new class of models from
other Z  models as well as its diﬀerent realizations from each other. This will be possible due to
a combination of direct searches/measurements at the LHC and high-precision measurements
at low energies, e.g. from Belle II and LHCb. Further progress can come directly from theory,
e.g. by more precise predictions for Δmd,s or K .
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HIGH-pT MULTI-JET FINAL STATES AT ATLAS AND CMS
CLEMENS LANGE on behalf of the ATLAS and CMS collaborations
Physics Institute, University of Zurich, Winterthurerstrasse 190, 8057 Zurich, Switzerland

The increase of the centre-of-mass energy of the Large Hadron Collider (LHC) to 13 TeV has
opened up a new energy regime. Final states including high-momentum multi-jet signatures
often dominate beyond standard model phenomena, in particular decay products of new heavy
particles. While the potential di-photon resonance currently receives a lot of attention, multijet ﬁnal states pose strong constraints on what physics model an observation could actually
be described with. In this presentation, the latest results of the ATLAS and CMS collaborations in high transverse momentum multi-jet ﬁnal states are summarised. This includes
searches for heavy resonances and new phenomena in the di-jet mass spectrum, di-jet angular
distributions, and the sum of transverse momenta in diﬀerent event topologies. Furthermore,
results on leptoquark pair production will be shown. A particular focus is laid on the diﬀerent
background estimation methods.

1

Introduction

The increased centre-of-mass energy of the Large Hadron Collider (LHC) has opened up a new
energy regime. In order to compare the potential to create new heavy particles in the LHC’s
proton-proton collisions at the new centre-of-mass energy of 13 TeV (Run 2) and the previously
reached 8 TeV (Run 1), one needs to relate the parton luminosities. An integrated luminosity
√
of 3 fb−1 was collected in 2015 at s = 13 TeV by the ATLAS 1 and CMS 2 experiments, while
the one Run 1 dataset at 8 TeV amounts to about 20 fb−1 . For masses of about 1 TeV, the
luminosity ratio of 13 over 8 TeV is about 3 for the sum of quark-antiquark annihilation and
about 6 for gluon-gluon fusion. This means that the experiments’ sensitivities with the Run 2
dataset to new heavy particles approximately matches the one of Run 1 for particles with masses
of about 1 TeV. For heavier particles, the experiments’ reach with the available data already
surpasses the sensitivity of the 8 TeV dataset.
Heavy new particles are predicted by a large number of models that try to explain phenomena
that are not described by the standard model (SM). Final states including partons hereby often
dominate these phenomena beyond the standard model (BSM). In the particle detectors, these
are observed as multi-jet ﬁnal states, which are the focus of this discussion.
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1.1

Relation of multi-jet ﬁnal states to a potential di-photon resonance

The small bump found in the di-photon spectrum around an invariant mass of 750 GeV in both
the ATLAS and CMS experiments in 2015 data 3,4 has caused a lot of excitement in the particle
physics community. Should it turn out that this is a real new particle, one needs to consider how
it relates to other ﬁnal states. A neutral resonance cannot directly couple to photons—it needs
a loop of charged particles such as a top quark or a W boson in decay and production. This
implies that there should be more than just a di-photon resonance. The searches presented in
the following constrain what physics model this potential resonance could actually be described
with.
1.2

Diﬀerentiating multi-jet ﬁnal states with and without leptons

When reviewing searches for new physics signals in multi-jet ﬁnal states, one can observe a
major diﬀerence between pure multi-jet ﬁnal states and ﬁnal states with leptons with respect
to the background estimation methods employed. Final states without leptons are dominated
by QCD multi-jet events. For these, Monte Carlo simulated event samples often do not have
suﬃcient statistics. Furthermore, the diﬀerent contributions to the background sample, which
are partly instrumental, are diﬃcult to model. Therefore, mostly functional forms are used for
the background estimation.
For leptons plus jets ﬁnal states, the multi-jet background is signiﬁcantly reduced by requiring the presence of one or more lepton(s). This signiﬁcantly changes the composition of the
background processes, where now not necessarily only one is dominant anymore. This allows—
and to some extent also requires—to estimate the background components individually.
2

0-lepton and multi-jet background dominated ﬁnal states

Final states, for which no attempt is made to reconstruct leptons are dominated by multi-jet
events. The searches performed in these ﬁnal states that are presented here take into account
two to more than ten objects in the ﬁnal state. An example event display of a multi-jet event is
shown in Fig. 1.

Figure 1 – Event display of a multi-jet event in the ATLAS detector 16 .
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2.1

Background estimation

As described above, in pure multi-jet ﬁnal states, the background estimation is usually performed
using functional shapes. The challenge hereby lies in the choice of a function that is able to
describe the background while maintaining sensitivity of the analysis to new physics signals.
The initial choice of the background functional form is mostly arbitrary with the assumption of
a falling spectrum in the variable of interest such as the di-jet invariant mass spectrum. It is
therefore mandatory to deﬁne a procedure to choose the functional form and also the number
of parameters based on statistical tests. An example of a background function as used in Ref. 5
is given in Eq. 1:
dσ
P0 (1 − x)P1
= P +P ln(x) ,
(1)
dmjj
x 2 3
√
where P0 to P3 are the potential free parameters and x = mjj / s. To decide on the number
of parameters to be used eventually, in this example ﬁts to the data spectrum are performed
starting with only two free parameters. Then a ﬁt with three parameters is performed and an
F-test is used to decide whether the higher number of parameters improves the modelling of the
data at a certain conﬁdence level. Should this be the case, a ﬁt with four free parameters is
performed and again the F-test is used, otherwise one sticks with the ﬁt function with the lower
number of free parameters.
In other analyses presented here, diﬀerent approaches are taken, but they are all based
on extensive statistical tests. MC-simulated events are used for validation. In case a bias is
observed, this needs to be taken into account in the analysis, e.g. by changing the background
estimation method or correcting for the bias.
2.2

Di-jet resonance and angular analyses

The topologically most simple analyses are the di-jet resonance searches 5,6 and the ones looking
for new phenomena in angular distributions 6,7 . To select the data, both ATLAS and CMS use
single jet triggers with thresholds of 360 and 500 GeV, respectively. CMS additionally makes
use of a trigger based on the scalar transverse momentum sum of all objects in the event (HT )
with a threshold of 800 GeV. Events triggered like that are then required to contain at least two
jets with transverse momenta (pT ) greater than 440 and 50 GeV, respectively. In the ATLAS
analyses, they both need to be in the centre of the detector within absolute rapidity |y  | < 1.7.
The CMS analyses have a symmetric pT -cut of 30 GeV for both jets, but additionally apply
a cut on the invariant di-jet mass mjj > 1.2 TeV and the pseudorapidity diﬀerence between
the two jets |Δηjj | < 1.3. With these cuts applied, the triggers are found to be almost 100%
eﬃcient. The discriminants used in the analyses are the di-jet invariant mass, mjj , for the di-jet
resonance searches and the rapidity diﬀerence as deﬁned in Eq. 2:
χ = e2|y | ∼

1 + cos θ
,
1 − cos θ

(2)

where θ is deﬁned as the polar angle in the di-jet centre-of-mass frame, for the di-jet angular
analyses.
These distributions are sensitive to a large number of new physics model signatures such
as quantum black holes, excited quarks, W’/Z’ particles, and contact interactions; for review
see Refs. 8,9 . However, the analyses aim to set model-independent limits to make them easily
accessible to the theory community.
The di-jet resonance spectra for both the ATLAS and CMS analyses are shown in Fig. 2.
No signal is found, thus limits are set, which both analyses signiﬁcantly extend with respect to
the 8 TeV results.
The di-jet angular distributions are shown in Fig. 3. The distribution is expected to be
uniform for Rutherford scattering. Higher order corrections (here next-to-leading order theory
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Figure 2 – The reconstructed di-jet mass distribution for (left) ATLAS 6 and (right) CMS 5 . In both ﬁgures
potential new physics signals are also shown.

predictions including electroweak corrections) change the distributions signiﬁcantly underlining
their importance, since new physics signals also predict deviations, which are even larger. No
signiﬁcant deviations from the theory prediction are observed.
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Expected distributions for new physics signals are also shown.
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2.3

Search for di-jet resonances with one or two jets identiﬁed as b-jets

ATLAS Preliminary

105

Events

Events

The di-jet resonance search has recently been extended to events, in which one or both of the two
jets are identiﬁed to contain B hadrons 10 . This analysis, performed by the ATLAS collaboration,
uses the same background estimation method as the di-jet analysis discussed above. However,
the single and double b-tag categories are sensitive to diﬀerent signal hypotheses such as 4th
generation b-quark models 11,12 and Z’ models 13,14 . A 4th generation b quark is excluded in the
range of 1.1–2.1 TeV while the analysis is not yet sensitive to sequential SM Z’ particles. The
di-jet invariant mass spectra are shown in Fig. 4.
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Figure 4 – The reconstructed di-jet invariant mass distribution for (left) at least one identiﬁed b jet and (right)
two identiﬁed b jets 10 . Expected distributions for new physics signals are also shown.

2.4

Search for new physics in multi-jet spectra

Taking more than two jets into account, the analyses become particularly sensitive to signs
of strong gravity and black holes in general (see e.g. Ref. 15 ). The ATLAS collaboration has
performed a search in 3–8 jet ﬁnal states, looking for signs of thermal black holes in the HT
spectrum 16 . The background estimation strategy is hereby such that ﬁts of ten diﬀerent functions are performed to low values of HT , which are then validated at medium HT and one of
the functions chosen for the ﬁnal analysis. This decision is based on a bootstrap method: incremental datasets of integrated luminosities of 6.5 pb−1 , 74 pb−1 , 440 pb−1 and 3.0 fb−1 are
used to deﬁne the control regions and to conﬁrm the background estimation method. No signal
is found and limits are set.
This kind of analysis is extended further by the CMS collaboration taking into account
electrons, photons, and muons in addition to jets 18 . The search is performed in the spectrum of
the scalar sum of the objects’ transverse momenta, the so-called ST distribution. The background
is normalised by a ﬁt in the low ST region in each of the diﬀerent object multiplicity bins. Two
to more than ten objects are considered in the analysis, but again no signal is found. The limits
√
are signiﬁcantly expanded with respect to the results at s = 8 TeV.
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3

Jets + leptons ﬁnal states

As described above, the jets + leptons ﬁnal states follow a diﬀerent analysis strategy. While
the analyses discussed in the previous section rely on jet triggers, the analyses presented in
the following are based on lepton triggers. The requirement of an isolated lepton (here only
muons and electrons are considered) drastically suppresses the multi-jet background and allows
for diﬀerent background estimation methods.
3.1

Search for strong gravity
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Black holes 15 and string balls 17 are expected to decay democratically according to the degrees
of freedom of the SM due to the energy-momentum tensor coupling. This means that the signal
strength of these hypothetical processes can be increased signiﬁcantly by selecting a lepton. In
the analysis performed by the ATLAS collaboration at least three high-pT objects (jets, muons
or electrons) are selected and the search is conducted in the scalar pT -sum of those objects 19 .
The background modelling, which is taken from MC simulation, is conﬁrmed in dedicated control
regions and at low sum-pT . Eventually, a combined ﬁt in all control regions and the signal region
is performed, the result of which is shown in Fig. 5. No signal is found and exclusion limits are
improved by 2–3 TeV depending on the black hole model parameters used.
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Figure 5 – The reconstructed scalar pT -sum distribution for (left) the electron and (right) the muon channel of
the ATLAS search for strong gravity in lepton + jets events 19 . Expected distributions for diﬀerent black hole
models are also shown.

3.2

Search for pair production of second generation leptoquarks

Leptoquarks are hypothetical particles that carry both baryon and lepton numbers. At the LHC,
they are expected to be produced in pairs. The CMS collaboration has performed a search for
these particles in the 2 muon + 2 jets ﬁnal state 20 . The dominant background in this analysis
is Drell-Yan production, which is suppressed by vetoing events for which the di-muon invariant
mass is close to the Z boson mass. Furthermore, cuts are applied on the scalar pT sum of the
muon and jet pairs (ST ), and the minimum of the muon-jet invariant mass. These cuts are
optimised for each signal mass hypothesis ranging from 200–1500 GeV. The distributions for
the 650 and 900 GeV signal mass hypotheses are shown in Fig. 6. The dominant background
processes (Drell-Yan and top quark pair production) are estimated in sidebands, and the ﬁnal
number of events is counted in each mass window. No sign of leptoquark production is found
and production of leptoquarks with masses below 1150 GeV assuming a 100% branching ratio
to lepton + quark are excluded at 95% conﬁdence level.
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4

Conclusions and outlook



No matter if the di-photon bump is real or not, there are loads of reasons to search for new
physics in multi-jet ﬁnal states. The searches in these ﬁnal states with the ﬁrst collision data
recorded at a centre-of-mass energy of 13 TeV have shown no signs of deviations from the SM
expectation. However, largely thanks to parton luminosity scaling, the previously obtained
limits have been signiﬁcantly improved using only a fraction of the data statistics compared to
the 8 TeV run. Two examples of how much the limits improved using 13 TeV data are shown
in Fig. 7. 2016, commencing the luminosity ramp-up at 13 TeV, will be another exciting year
at the LHC.
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Figure 7 – Left: Observed 95% C.L. lower limits on di-jet resonance mass for the listed models obtained by the
CMS experiment in Run 1 (green) and Run 2 (red) analyses 5 . Right: Exclusion contours in the threshold mass
(mTh ), gravity scale (mD ) plane for rotating black hole models 19 . Compare the solid green line (13 TeV result)
to the thin blue line (8 TeV result) for six extra dimensions.
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VACUUM STABILITY AND SUPERSYMMETRY AT HIGH SCALES WITH
TWO H DOUBLETS
F. BRÜMMER
Laboratoire Univers et Particules de Montpellier, UMR5299, CNRS & Université de Montpellier,
Place Eugène Bataillon, 34095 Montpellier, France
We consider two-H doublet models (THDMs) with a supersymmetric UV completion.1 Contrary to the Standard Model, THDMs can be embedded in high-scale supersymmetry with
a SUSY breaking scale as high as the scale of grand uniﬁcation. The stability of the electroweak vacuum and experimental constraints point towards low values of tan β  2 and
a pseudoscalar mass of at least about a TeV. If the higgsino superpartners of the H ﬁelds
are also kept light, the conclusions are similar and essentially independent of the higgsino
mass. However, if all gauginos are also given electroweak-scale masses (split supersymmetry
with two H doublets), the predicted Standard Model-like H boson mass is always too large.
Light neutral and charged higgsinos emerge as a promising signature of minimal theories with
supersymmetric UV completions at high scales, and can be searched for at colliders.

1

Introduction

In the history of particle physics, we have found that the world tends to exhibit more and more
symmetry when probing shorter and shorter distance scales. Therefore it seems not unreasonable
to speculate that, at extremely high energies, the fundamental constituents of nature and their
interactions will be governed by supersymmetry and possibly additional space-time dimensions.
However, with our present knowledge we cannot predict at what scale these structures will
appear.
Before the LHC era, a plausible and well-motivated possibility for the scale of supersymmetry
was just above the electroweak scale. This has led to the expectation of a wealth of new particles
in the mass range of a few hundred GeV waiting to be discovered at the LHC. But by now it
seems that the SUSY scale is rather higher, and the main promise of sub-TeV supersymmetry
— a simple and natural solution of the electroweak hierarchy problem — is no longer realistic;
models compatible with the LHC’s null ﬁndings so far tend to be either quite contrived or to be
plagued by at least a “little hierarchy” problem.
In these proceedings we will adopt the point of view that, given that supersymmetry does
not appear to completely resolve the ﬁne-tuning problem of the electroweak scale, it may as
well be completely unrelated to its eventual resolution (of which we are agnostic) and that
the SUSY breaking scale may therefore be anywhere. In fact, the only scale of new physics
we know about with certainty is the Planck scale of quantum gravity, MPlanck = 2.4 · 1018
GeV, and from a top-down perspective of, for example, superstring theory, there is no a priori
reason why the supersymmetry breaking scale should be parametrically lower than MPlanck .
Thus, our working hypothesis will be that short-distance physics is described by the minimal
supersymmetric Standard Model (for concreteness) which takes eﬀect at a scale MS ∼ 1014−17
GeV, corresponding to the largest superpartner masses in the theory. For an even higher MS it
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would be hard to justify the use of the MSSM as an eﬀective ﬁeld theory to be UV-completed
at MPlanck , since there is no large separation between MS and MPlanck . Lower MS are of course
possible, but are not the subject of this study.
Our second hypothesis is that all particles in the spectrum are either extremely heavy, with
masses of the order of MS or at most one or two orders of magnitudes below, or have electroweakscale masses at most of O(TeV): There are no intermediate mass scales between the electroweak
scale and MS . This is motivated mostly by simplicity, and by the hope that some of the extra
states may eventually be observable at colliders.
What can the low-energy ﬁeld content be? It should include at least the Standard Model,
but are just the Standard Model particles enough to match to high-scale SUSY, or do we need
other states with electroweak-scale masses for consistency?
2
2.1

Supersymmetry at high scales
Just the Standard Model at low scales

The simplest scenario of this kind that one might imagine is usually called “high-scale supersymmetry”: all superpartners and all additional Higgs bosons of the supersymmetric Standard
Model have masses of the order of MS . One should regard the Standard Model as an eﬀective
ﬁeld theory which is matched, at the scale MS ∼ 1014−17 GeV, to its supersymmetric extension.2
As is well known3 , this scenario is in some tension with experimental data due to the behaviour of the Higgs quartic coupling λ. For an electroweak-scale value of λ corresponding to
the know value of the lightest Higgs boson mass Mh = 125 GeV, λ becomes negative in the
ultraviolet during its evolution with the renormalization group. A −|λ|φ4 scalar potential is
unbounded from below and therefore cannot be matched to global supersymmetry; in fact the
tree-level matching condition for λ at the scale MS reads
λ = cos2 2β

g2 + g2
4

(1)

and so λ(MS ) is manifestly positive. The scale MS, max where λ turns negative depends sensitively on the value of the top Yukawa coupling, and thus on mt . For the current central value
mt = 173 GeV it is around MS, max ≈ 1010 GeV, which precludes in particular matching to the
MSSM at scales close to MPlanck .a
2.2

Split SUSY

An alternative scenario which is theoretically appealing and has therefore been extensively studied is split supersymmetry4,5 . Here the gaugino and higgsino superpartners of the Standard
Model gauge and Higgs ﬁelds have masses close to the electroweak scale (with a somewhat
heavier gluino to avoid LHC search bounds), whereas the scalar states of the MSSM are heavy
with masses around MS , except for the Standard Model Higgs ﬁeld. Similarly as in the Standard Model, this model cannot be extrapolated and matched to the MSSM at very high scales
because the Higgs quartic coupling becomes negative.6,7 In fact, this behaviour is even more pronounced here than in the Standard Model, with MS,max ≈ 108 GeV. The reason is that adding
new fermions with Yukawa couplings to the Higgs ﬁeld accelerates the running of the quartic
coupling towards negative values in the UV.
2.3

Two-H doublet models

For the remainder of this proceedings contribution we will investigate models in which both of
the MSSM Higgs doublets obtain electroweak-scale masses, whereas the other MSSM scalars
a
It should be noted that MS,max = MPlanck would still be possible if the top mass were about 2–3σ below its
current central value.3
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(and possibly the fermionic superpartners) are heavy with masses around MS . This scenario
has recently been studied in some detail by Lee and Wagner8 who found that a two Higgs
doublet model can indeed be matched to the MSSM at high scales while reproducing the known
electroweak-scale observables, in particular the lightest Higgs mass of 125 GeV.
However, the renormalization group evolution of the scalar quartic potential b
λ1 †
λ2
(2)
(H1 H1 )2 + (H2† H2 )2 + λ3 (H1† H1 )(H2† H2 ) + λ4 |H1† H2 |2
2
2
is still problematic in general. When imposing the matching conditions, the potential is positive
by construction at the scale MS , but the RG improved quartic potential at lower scales may
still become formally unbounded from below, signalling the presence of unphysical vacua whose
energy is in general much lower than the one of the electroweak vacuum. This implies that
the electroweak vacuum would be unstable, and that the universe would eventually tunnel to a
lower-energy conﬁguration. The very minimum requirement one should impose in that case is
that the lifetime of our universe should be larger than what we have observed, τ > 1010 yr. We
follow the usual convention in calling such a conﬁguration metastable. In a metastable model,
cosmic history should still explain why our universe happened to end up in the false electroweak
vacuum rather than the true one. One may avoid this by imposing the stricter requirement of
absolute stability, i.e. the absence of any unphysical vacuum whatsoever.
We will show in the following that requiring absolute stability, or even just metastability,
signiﬁcantly reduces the viable parameter space of two Higgs doublet models with a SUSY UV
completion at high scales.
V4 =

3

Vacuum decay

The theory of vacuum tunnelling in quantum ﬁeld theory was largely established in the seminal
papers of Coleman9 and Callan and Coleman10 , which showed that the decay rate times cosmic
time τ (the “decay probability”) is given by
τ 4 −SB
e
.
(3)
R4
Here SB is the euclidean action of a particular classical ﬁeld conﬁguration called the “bounce”,
and R is a scale which at one-loop order is essentially given by a certain functional determinant
of ﬂuctuations around this conﬁguration. It can be identiﬁed with the characteristic scale of
the bubble of true vacuum through which the tunnelling proceeeds. To be consistent with our
survival until current cosmic times we should demand p  1 for τ = 1010 yrs. For the case of
a single real scalar ﬁeld with a potential V , the bounce is an O(4) invariant ﬁeld conﬁguration
whose radial part φ(r) solves the diﬀerential equation
p=

φ +

3 φ
dV
=
r
dφ

(4)

lim φ(r) = φfalse vacuum .

(5)

subject to the boundary conditions
φ (0) = 0 ,

r→∞

Such tunnelling solutions may exist even for potentials which also admit classical rolling solutions11 .
The case relevant for us is −|λ|φ4 theory, whose potential of course possesses neither a false nor
a true vacuum, strictly speaking; nevertheless a ﬁeld conﬁguration at the origin of the potential
at φ = 0 is metastable, and can decay through a bounce of the form
(
2 2R
(6)
φ(r) =
|λ| r2 + R2
b

Here we neglect all terms which are not generated by tree-level matching to SUSY.
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whose euclidean action is
SB =

8π 2
.
3|λ|

(7)

Owing to the classical scale invariance of the potential, R is undetermined in Eq. (6), and does
not enter into Eq. (7). In quantum theory the potential is no longer scale invariant since λ
evolves according to its RGE. The decay probability can then be calculated as12
p = max
R

τ 4 −SB (R)
e
,
R4

SB (R) =

8π 2
+ ΔS ,
3|λ( R1 |

(8)

where ΔS are numerically subdominant one-loop corrections. In this way one obtains a metastability criterion for the case of a single real scalar ﬁeld, e.g. the Standard Model Higgs boson
(whose potential is approximately λ(μ)φ(μ)4 at large RG scales μ  Mh ).
In the THDM case there are ﬁve real scalars and the four nonzero quartic couplings of
Eq. (2). At the tree level, the conditions for absolute stability are well known13 :
λ1 > 0 ,

λ3 + (λ1 λ2 )1/2 > 0 ,

λ2 > 0 ,

λ3 + λ4 + (λ1 λ2 )

1/2

> 0.

(9)
(10)

Numerically, one ﬁnds that Eqns. (9) are always satisﬁed at all scales when matching to SUSY,
but that Eq. (10) may be violated at intermediate scales below MS . If this is the case, then the
vacuum is not absolutely stable. The fact that at most one of the four conditions is violated
allows us to derive a criterion for metastability analytically (except that we rely on a numerical
solution for the RGEs): One identiﬁes a particular direction in ﬁeld space along which the
quartic potential decreases most steeply. Along this direction φ the scalar potential turns out
to be
4 (λ1 λ2 )1/2 λ3 + λ4 + (λ1 λ2 )1/2
λ
λ=
.
(11)
Veﬀ (φ) = φ4 ,
4
λ1 + λ2 + 2 (λ1 λ2 )1/2
We can now apply the formalism for a single scalar ﬁeld to calculate the decay probability
of the electroweak vacuum along this direction (with respect to which all possible others are
exponentially suppressed). This yields the metastability condition
λ(μ)  −

2.82
41.1 + log10

μ
GeV

(12)

which must be satisﬁed at all RG scales μ for the decay probability to be < 1.
4

Numerical results and implications

We use two-loop RGEs generated by SARAH14 and one-loop (partial two-loop) matching to the
Standard Model observables with FlexibleSUSY15 . We set all high-scale SUSY threshold corrections to zero, since the details of SUSY breaking are unknown, and assign a correspondingly
large uncertainty of ±3 GeV on the resulting low-scale prediction of the Higgs mass spectrum.
(The eﬀect of high-scale threshold corrections on the vacuum stability conditions is rather small.)
There exist examples of GUT-scale models16 where these thresholds are indeed suppressed with
respect to the generic expectation, because of degeneracies in the leading-order soft term spectrum.
The results of our analysis for a particular choice of matching scale MS = 2 · 1017 GeV are
illustrated in Fig. 1. The remaining free parameters at low energies are the pseudoscalar Higgs
mass mA and the ratio of vacuum expectation values tan β, before calculating the Higgs mass
spectrum. Demanding Mh = 125 ± 3 GeV eﬀectively removes one more parameter. It is clear
that most of the parameter space is ruled out by vacuum instability. In the right panel of Fig. 1
one sees that a small stable strip is remaining for very low tan β and large mA  1 TeV.
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Figure 1 – Contours of the lightest Higgs mass Mh in the mA (Mt ) – tan β plane in the pure THDM for MS = 2·1017
GeV. The Higgs mass prediction is computed for Mt = 173.34 ± 0.76 GeV (solid black, dashed green and dotted
blue). Left: full range of tan β, low mA (Mt ); right: region of low tan β, large mA (Mt ). Unshaded regions are
allowed by vacuum stability. In the orange region, the electroweak vacuum is unstable but its lifetime is larger
than the age of the universe. Red regions are excluded by vacuum stability.

Independently of vacuum stability, the metastable high tan β, low mA region in the left
panel is ruled out by measurements such as BR(B → sγ) and H, A → τ τ . This leaves the
low tan β, large mA region as the only viable one. The constraints from vacuum stability
become milder when lowering MS ; for example, one ﬁnds that for MS = 2 · 1014 GeV, mA is
essentially unconstrained from absolute vacuum stability, and can be sub-TeV when allowing for
a metastable electroweak vacuum.
Fig. 2 shows the RG evolution of the quartic couplings in a situation where the vacuum is
not absolutely stable but still satisﬁes the metastability constraint.
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Figure 2 – RG evolution of selected couplings in the THDM. The coupling λ relevant for vacuum stability is
deﬁned in Eq. (11). The metastability bound of Eq. (12) is the dashed red line.
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5

Variations of the model

Besides the two H doublets, it turns out that one may also keep the superpartners of the MSSM
Higgs ﬁelds among the EW-scale degrees of freedom. The resulting “Higgsino-THDM” is even
more constrained from vacuum stability, but may be experimentally more accessible. In particular, almost pure higgsino-like neutralino and chargino states may be probed by disappearing
track searches at the LHC (as is already the case for the somewhat easier wino-like case17,18 ).
We have also studied a third option, namely, keeping all the MSSM gauginos and higgsinos
light down to the electroweak scale. However, we ﬁnd that in this case of a “split-THDM”, the
theory can no longer be matched to the MSSM at large scales when imposing Mh = 125 GeV.
In fact, adding too many fermions with Yukawa couplings to the Higgs sector accelerates the
running of the quartic couplings towards negative values at high energies, and thus tends to
destabilize the electroweak vacuum.
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pMSSM SUSY and the ATLAS Z+jets+MET Excess
Thomas G. Rizzo
SLAC National Accelerator Laboratory,
Menlo Park, CA, USA
A possible explanation of the excesses observed by ATLAS in the Z+jets+MET channel within
the p(henomenological)MSSM is discussed. We have found that the cascade of ﬁrst/second
generation squarks to binos to Higgsino LSPs, with judiciously chosen sparticle masses, can
provide a viable scenario that is consistent with all other experimental constraints.

The Standard Model (SM) is obviously incomplete and new physics is expected to show up
at some point to address the many questions that it leaves unanswered. Supersymmetry (SUSY)
provides one of the leading candidate frameworks for physics beyond the SM and new SUSY
searches are continuing at the 13 TeV, Run 2 LHC and elsewhere. At the 8 TeV LHC , ATLAS
1 observed a 3σ excess in the Z+(2 or more)jets+MET SUSY search channel corresponding to
roughly ∼ 15 − 20 additional events above the SM background estimate. On the otherhand,
CMS, with a somewhat diﬀerent analysis which had no HT cut, observed an event rate consistent
with SM expectations 1 . Given the diﬀering kinematic requirements of the two experiments we
can ask (at least) three questions: Are there MSSM SUSY models that are consistent with both
results? What are the properties of these models? What do such models predict for LHC Run 2
at 13 TeV? In order to make progress addressing these questions we 2 began by employing some of
the pMSSM model points from our own earlier detailed study of the associated 19-dimensional
parameter space 3 as well as a comparable set of pMSSM model points provided by ATLAS
4 . Using these, we identiﬁed speciﬁc model points which gave a signiﬁcant signal rate in the
ATLAS analysis while simultaneously satisfying the bounds that were imposed by the null CMS
search These successful points were then further employed as templates/seeds to examine the
surrounding parameter space. The advantage of using these initial seed points in such a study is
that they already satisfy the other existing LHC SUSY searches as well as the constraints from
ﬂavor physics, precision measurements and dark matter(DM) search experiments.
Before beginning this search for successful seed models, the expectation was that a SUSY
cascade is taking place: some initial light colored sparticle (hence a QCD cross section on order
to obtain the necessary event rate) is produced which subsequently decays to the LSP via a
2-step process during which the jets+Z (and possible other particles) are produced. The initial
colored state must also be inhibited from decaying directly to the LSP so as to avoid the powerful
jets+MET search constraints. We would also anticipate that much of the remainder of the SUSY
spectrum is essentially decoupled from this cascade. These considerations tell us that the LSP is
most likely not a bino as squarks of any ﬂavor will decay to them directly. They also tell us that
that any initial squarks are not likely from the third generation as they will decay to both binos
and Higgsinos (as well as winos if the squarks are L-R mixed states). The LSP and intermediate
color singlet state cannot be combinations of binos and winos as they do not couple to the Z.
Further considerations along these lines rapidly narrow down the set of possible choices to only
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Figure 1 – (Left) Sample seed model spectrum and (Right) the corresponding squark to bino to Higgsino decay
pattern.

a few candidates.
Indeed what we ﬁnd from scanning over the set of pMSSM models as potential seed points
lives up to these expectations. Fig. 1 show a typical ‘successful’ sparticle spectrum for a seed
model. Here, a light 1st /2nd generation squark decays into an intermediate bino state by emitting
a jet and then the bino itself decays to the lighter Higgsinos via Higgs or gauge boson emission.
The bino and Higgsino are both slightly mixed thus allowing for these decay modes. The small
bino content of the LSP suppresses the direct squark to LSP transition process as needed. Much
of the rest of the spectrum, especially the gluino, is seen to be decoupled. However, even though
the wino is fairly heavy here, the Higgsinos obtain a small wino content allowing for the squark
decay to them via W emission. In addition to the squark doublet being the initiator of the
cascade, seed points where only one of ũR , d˜R are light and ﬁlled this role were also found but
they generally yield smaller signal event rates overall since only a single squark state is present.
Note that since the bino can decay to the Higgs plus the LSP with a reasonable branching
fraction, the observation of this ﬁnal state is a prediction for all models in this class.
Given these seed points we can then move the squark, bino and Higgsino masses around in
an independent manner and explore the impact on the Z+jets+MET rate while still requiring
all the other constraints to be satisﬁed. This is essentially a simpliﬁed model analysis as it only
relies on a few mass parameters and, in principle, the value of tan β. The results of this scan
are shown in Fig. 2. Here we see that: (i) Q̃L initial states produce larger signal rates than do
either ũR or d˜R , which is not unexpected. (ii) The preferred bino-Higgsino mass splitting lies
above ∼ 150 GeV; this is a bit surprising as this large mass gap allows for other bino decays into
the Higgs ﬁnal state as noted above. (iii) The preferred LSP mass lies below ∼ 150 GeV. Such
light Higgsinos can only account for a small fraction of the thermal DM relic density and may
eventually have a chance of being observed ‘directly’ through the monojet/soft track analyses.
Moving forward we can next ask how the various ATLAS and CMS 8 TeV search requirements
are shaping the predicted values for the number of expected Z+jets+MET events satisfying the
ATLAS cuts and how ‘far’ the successful models are from the constraint limits. Fig. 3 show
these results for the case of the Q̃L initiating the cascade. The corresponding constraints for ũR
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Figure 2 – Signal event rate contours for the ATLAS Z+jets+MET analysis in the bino-Higgsino(χ03 − χ01 ) mass
diﬀerence and LSP(χ01 ) mass plane. The top three panels correspond to the case of Q̃L = 500 , 600 , 700 GeV from
left to right, while the bottom panels are forũR = 450 , 500 GeV and d˜R = 450 GeV, left to right.

and d˜R are found to be qualitatively similar to these but are quantitatively weaker since, overall,
these cases generally lead to fewer predicted signal events. From the clustering of model points
near the upper boundary, we can observe that the 0l+jets ATLAS search is indeed constraining
the maximum size of the Z+jets+MET excess from above. Due to the presence of leptonically
decaying W’s resulting from the decays of both the initial squarks (at least in the case of Q̃L )
as well as from the intermediate bino, we see that the ATLAS 1l+jets search also plays some
role in constraining the parameter space. However, this constraint is seen to be most inﬂuential
for the Z+jets+MET rates of intermediate values. The last panel shows that the inﬂuence of
the bound arising from the CMS null result on the dilepton rate is rather weak and that this
constraint is relatively easy to satisfy once these other requirements are accounted for. Thus we
see that we have demonstrated that the ATLAS 8 TeV excess and the corresponding null result
from CMS at 8 TeV can be simultaneously accommodated within the pMSSM with all other
search constraints also satisﬁed. These requirements point to a very particular SUSY scenario.
It is interesting to examine the mass distributions of the squarks, binos and Higgsinos in the
subset of models that yield a signiﬁcant Z+jets+MET signal rate; this is shown in Fig. 4 for
each choice of the parent squark. Overall, we see that the initial squark continues to get lighter
as we go from Q̃L → ũR → d˜R reﬂecting a compenstion for the decrease in the production cross
section at a ﬁxed mass. In all three cases the Bino mass is broadly centered around ∼ 350 GeV
while the LSP tends to be slightly less massive in the case of the RH-squarks. This results in
softer jets in the RH-squark case as well as slightly harder leptons arising from the Z.
The ﬁnal step in this analysis is to examine the corresponding predictions for 13 TeV. Here
the experimental situation is a bit more confusing as ATLAS again observes a (2σ) excess of
∼ 10 signal events while CMS, essentially employing the same cuts as ATLAS, still observes
agreement with the SM expectation 1 . Clearly, we will need to wait until more data is available
to clarify this situation. Fig. 5 shows the predicted number of events passing the ATLAS 13
TeV analysis in the same plane as that employed above for the case of the 8 TeV analysis. Due
√
to the larger s but much smaller luminosity, fewer numbers of signal events are generally to be
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Figure 3 – Ratio of the predicted number of events for the Q̃L models in our simpliﬁed grid scan to the ATLAS 95%
CL. search limit for the 0l+jets and 1l+jets channels as well as that for the CMS dileption search, respectively,
as functions of the number of predicted signal events for the ATLAS Z+jets+MET search. The color code
corresponds to the value of the χ03 − χ01 mass splitting.
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Figure 4 – Mass distributions of the parent squark, χ03 and χ01 states for the models from our grid scan that agree
with all null search results and yield at least 5 events in the ATLAS Z+MET channel. The top-left, top-right,
and bottom panels correspond to the parent squark cases of Q̃L , ũR , and d˜R , respectively.
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expected to be produced here. However, we do see from this Figure that it is possible to obtain
∼ 10 signal events arising from Q̃L production and decay with masses of order ∼ 500 − 600 GeV
or more. Unfortunately the predicted rates arising from either ũR or d˜R production cannot make
it up to this signal rate threshold. As a ﬁnal step we must investigate how the other ATLAS
SUSY searches at 13 TeV are impacting on the parameter space that allows for a signiﬁcant
Z+jets+MET excess as this energy. This is work that is now in progress 5 .
Number of Z  MET events, mQL   500 GeV

300

Number of Z  MET events, mQL   600 GeV

Number of Z  MET events, mQL   700 GeV

300

5

300

10

150

250

m Χ3   m Χ1 , GeV

200

m Χ3   m Χ1 , GeV

m Χ3   m Χ1 , GeV

10
250

10
200

150

250

200

150

5

5
5

100
100

120

140
160
m Χ1 , GeV

180

100
100

200

120

140
160
m Χ1 , GeV

180

100
100

200

Number of Z  MET events, muR   500 GeV

Number of Z  MET events, muR   450 GeV

120

140
160
m Χ1 , GeV

180

200

Number of Z  MET events, mdR   450 GeV

300

5
5

250

250

200

5
150
5

100
100

110

120

130 140 150
m Χ1 , GeV

160

170

m Χ3   m Χ1 , GeV

m Χ3   m Χ1 , GeV

m Χ3   m Χ1 , GeV

250

200

5
150

100
100

120

140
160
m Χ1 , GeV

180

200

200

150

100
100

5

110

120

130 140 150
m Χ1 , GeV

160

170

Figure 5 – Same as Fig.2 but now for the ATLAS 13 TeV analysis. For than 10(5) signal events are to be expected
in the lightest(darker) region while points in the darkest regions lead to fewer than 5 events.
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Searches for new objects decaying to high-pT lepton ﬁnal states
√
in pp collisions at s = 13 TeV with the ATLAS and CMS detectors

J.R. CATMORE
on behalf of the ATLAS and CMS collaborations
Department of Physics, University of Oslo,
Fysikkbygningen, Sem Sælands vei 24, 0371 Oslo, Norway
Searches for high mass objects involving ﬁnal states consisting of pairs of reconstructed leptons,
or one reconstructed lepton and a neutrino, are experimentally attractive and theoretically
well-motivated. These so-called W  and Z  searches have been a feature of the ATLAS and
CMS physics programmes since the LHC began operating, and have become increasingly
relevant as the centre-of-mass energy has risen. This contribution summarises the W  and Z 
searches conducted by the two experiments during the ﬁrst 13 TeV run of the LHC, during
2015.

1

Introduction

Many theoretical models of physics beyond the Standard Model (SM) predict the existence of
heavy spin-1 gauge bosons with a mass range within the reach of the Large Hadron Collider
(LHC). Whilst the speciﬁcities of the models vary, these new states can be thought of as heavier
counterparts to the W and Z bosons and so are typically referred to as W  and Z  . They are
expected to decay similarly to the W and Z and it is reasonable to suppose that modes of the form
W  → lνl and Z  → ll, with l representing electrons or muons, will comprise a signiﬁcant part of
the decay width. These decay channels are highly attractive from an experimental perspective
since their SM backgrounds are either low or well-understood, and they are straightforward to
capture in the trigger and reconstruct.
Since the start of the LHC operations in 2008, the ATLAS 1 and CMS 2 collaborations have
performed exhaustive searches for heavy objects decaying as W  → lνl 3 4 and Z  → ll 5 6 7 . These
√
searches have become particularly relevant as the LHC centre-of-mass energy s reached 13 TeV
√
in 2015, since the eﬀect of the increase of s is mass-dependent, with the cross section for higher
√
mass objects receiving a greater gain with increasing s. For example, an object with a mass of
2.5 TeV produced chieﬂy by q q̄ interactions will be produced approximately 10-20 times more
√
abundantly at s = 13 TeV than at 8 TeV 8 . In consequence, despite the much lower integrated
luminosity obtained at 13 TeV in 2015, the results obtained during that year already supersede
those from earlier runs for resonances with masses greater than ∼ 2 TeV.
After a brief review of the main theoretical W  and Z  models and their relevance to the
experimental searches, this contribution summarises the results produced by ATLAS and CMS
during 2015, namely lνl 9 10 , resonant and non-resonant ee and μμ 11 12 and resonant eμ ﬁnal
states 13 .
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2

Theoretical models

2.1

Sequential Standard Model

The benchmark model used for all of the results presented here, applicable to both the W  and
Z  , is referred to as the Sequential Standard Model (SSM) 14 . This assumes that the couplings
to fermions from W  and Z  are identical to those of the SM W and Z, so observationally these
objects would appear to be exactly the same as their SM counterparts, apart from the higher
mass. Couplings to W and Z are forbidden in this framework, so decays such as Z  → ZZ and
W  → W Z are not allowed.
2.2

Models inspired by Grand Uniﬁcation

Applying only to the Z  → ll case, models with extended gauge groups often display additional
U (1) symmetries with corresponding heavy spin-1 states. In particular Grand Uniﬁed Theories
have motivated models based on the E6 gauge group, which can include two neutral gauge
bosons that mix with an angle θE6 15 16 . The physically observable states are deﬁned by
Z  (θE6 ) = Zψ cos θE6 + Zχ sin θE6

(1)

where Zψ and Zχ are gauge ﬁelds associated with two separate U (1) gauge groups resulting from
the breaking of the E6 symmetry, and θE6 can range from 0 to π. Speciﬁc scenarios are selected
by picking a certain value of θE6 , with the predicted objects diﬀering primarily in their widths.
2.3

Models leading to lepton ﬂavour violation

Thus far it is assumed that the di-leptons are of the same ﬂavour, but some extensions of the
SM allow lepton-ﬂavour violation to occur, such that eμ ﬁnal states would be permitted. For
instance, the benchmark SSM can be extended to include additional couplings that do not respect
lepton ﬂavour conservation and therefore permit decays of the form Z  → eμ. Of perhaps more
interest, however, are those theories 17 related to quantum gravity and microscopic black holes.
In these models, additional dimensions are proposed, such that the eﬀective Planck scale is
reduced to a few TeV. The strength of gravity would therefore be much stronger at short ranges,
allowing pp collisions to form black holes. The two models considered in the searches reported
here diﬀer in how they specify the extra dimensions. The Arkani-Dimopoulos-Divali (ADD)
model 18 proposes six extra dimensions, compacted into some radius R, such that Newtonian
laws are modiﬁed for distances shorter than this radius. On the other hand the Randall-Sundrum
(RS) model 19 suggests one additional highly curved extra dimension.
If it is further assumed that quantum gravity couples with equal strength to all SM particle
degrees of freedom, and also that gravity conserves local symmetries such as colour and electric
charge, but is allowed to violate global symmetries such as lepton ﬂavour conservation, then a
large fraction of quantum black hole decays will be two-particle ﬁnal states, and eμ ﬁnal states
can be introduced naturallya .
3

Experimental considerations

The characteristic signal for W  → e, μ + νe,μ decays is an electron or muon with large transverse
E
momentum pT and substantial missing transverse momentum 
T which is carried away by the
undetected neutrino. The variable used to discriminate this signal from its SM background is
the transverse mass MT , given by
#

MT =

2pT 
E
T (1 − cos φlν )

a

(2)

Quantum black holes may also possess multiple electric charges, motivating searches for same-sign lepton
pairs, but these were not considered in the analysis reported here
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where φlν is the angle between the lepton and 
E
T in the transverse plane. For Z → ll the
situation is simpler as there is no unmeasured component – the signal is two electrons or muons
with large pT , and the discriminating variable is the invariant mass of the two leptons Mll .

3.1

Triggers, event selection and performance

Since the rate of high pT single-lepton triggers is not excessively high and their eﬃciency is
clearly higher than their di-lepton counterparts, single lepton triggers are used for both W 
and Z  , with the exception of Z  → ee, where a di-electron trigger is used in addition. Oﬄine
selections require the leptons to be reconstructed with high quality and (in the case of W  )
missing transverse momentum selections are also made.
Assessments using signal Monte Carlo (MC) show that a large proportion of signal events
are reconstructed and selected by the experiments. For example, in the case of the W  → eνe
the signal acceptance times eﬃciency (deﬁned as the fraction of simulated W  events passing the
event selection) at ATLAS (CMS) is 85% (75%) if the mass of the decaying object is assumed to
be 2 TeV (3 TeV). The equivalent ﬁgures of merit for W  → μνμ are 52% for ATLAS and 75%
for CMS. For a 2 TeV Z  , based on Run-1 assessments, ATLAS achieves 71% signal acceptance
times eﬃciency for the di-electron channel and 46% for the di-muon channel. Run 2 assessments
for CMS indicate that the di-electron signal eﬃciency (that is, the fraction of simulated events
falling into the detector acceptance that are successfully reconstructed and selected) is between
70% and 75%. The equivalent for the di-muon channel is around 90%.
In the case of the Z  the invariant mass resolution is also of considerable importance, since
the sharper the resolution, the greater the excess over the background for a Z  of given mass and
natural width. CMS and ATLAS have similar performance in the case of di-electron ﬁnal states,
with both experiments able to obtain a resolution of less than 2% for a 1 TeV Z  . For di-muons
CMS does signiﬁcantly better since it can obtain a resolution of around 4%. The equivalent
ﬁgure for ATLAS (based on Run 1 assessments) varies from around 20 − 30% depending on
where in the detector the muons are reconstructed, and their transverse momenta.
3.2

Backgrounds

Background events for these processes fall into two categories. Firstly, there are those which
contain genuine leptons with a high enough pT to pass all selections and enter into the Mll or
MT distributions. SM processes producing leptons with a suﬃciently high pT include single W
decays, Drell-Yan processes, single top or tt̄ decays and di-boson decays (W W , ZZ, W Z). Since
these processes are very well understood both in terms of their production and their simulation,
it is suﬃcient to rely on MC samples to evaluate the level at which these various SM decays
contaminate the signal sample. However, the diﬃculty in accurately modelling these processes
at the very highest pT , that is, in the “tails” of the MT and Mll distributions, should not be
understated. In some cases the samples are produced in MT or Mll slices to ensure each part
of the distribution is thoroughly populated. In other cases where slice-by-slice production is
impractical, extrapolation or interpolation must be used to ﬁll gaps where MC production has
not provided suﬃcient statistics. Moreover, accurate modelling requires higher order calculation
than is available in some of the generated MC samples. k-factor corrections must be applied in
these cases.
The second type involves non-leptonic entities (particularly hadronic jets) being accidentally
reconstructed as high pT leptons, with these “fakes” then passing all of the selection criteria. The
simulation of these processes is not suﬃciently well understood to be able to rely on MC, so a
data driven approach must be deployed. The main method for estimating fake contamination in
these cases is the Matrix Method 5 , where the unknown quantity (the number of fake candidates)
is expressed in terms of measurable quantities. These include the number of leptons in a series
of control samples with the tightness of the selection relaxed, and the reconstruction eﬃciencies
and fake-reconstruction rates, which can be estimated independently.
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3.3

Systematic uncertainties

Any eﬀect which would cause the background levels to be under- or over-estimated needs to
be accounted for as a systematic uncertainty. Such eﬀects include: trigger and reconstruction/identiﬁcation eﬃciencies; isolation eﬃciencies; and estimation of the lepton and missing
energy scale and resolution. For MC methods used to evaluate SM process backgrounds, limited
MC statistics, k-factor and parton distribution functions all add extra systematic uncertainties.
In the case of the Z  → ll, the summed backgrounds are normalised to the level of the data
using the region of Mll around the Z peak (60 < Mll < 120 GeV for CMS; lower limit 80 GeV for
ATLAS). This has the eﬀect of cancelling out all mass-independent systematics, at the expense
of introducing a small additional uncertainty from the Z/γ ∗ cross section in the normalisation
region. Furthermore, this also cancels the luminosity uncertainty for the Z  (the W  , based as
it is on MT , does not have recourse to this cancellation).
4
4.1

Results
W  → l + νl searches

The MT distributions obtained by ATLAS and CMS in 2015 are shown in Figure 1 (electrons)
and Figure 2 (muons). Background contributions, obtained as described above, are displayed as
stacked histograms under the data points. As expected it can be seen that SM W production
dominates the background in the region above 1 TeV. Signal contributions simulated in the SSM
are also displayed, and it is clear from the data points there is no hint of a statistically signiﬁcant
deviation from the SM background estimate.

Figure 1 – MT distributions obtained by ATLAS 9 (left) and CMS 10 (right) in the electron channel.

Figure 2 – MT distributions obtained by ATLAS 9 (left) and CMS 10 (right) in the muon channel.
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There being no evidence for a signal, upper limits on the cross section for an SSM W  can
be set. These limits are shown in Figure 3 (electrons and muon combined).

Figure 3 – Upper cross section and lower mass limits for SSM W  obtained by ATLAS 9 (left) and CMS 10 (right).

It can be seen that the expected and observed limits are fully consistent with each other.
The theoretical prediction from the SSM is superimposed on these plots, with the crossing point
of the curves indicating the lower mass limit for this model. Table 1 compares the mass limits
obtained by the two experiments during Run 1 and in 2015. The increase is considerable, despite
the much smaller quantity of data available in 2015.
Table 1: Lower mass limits for the SSM W  obtained during Run 1 (8 TeV) 3 4 and in 2015 (13 TeV) 9 10 .

13 TeV
8 TeV

4.2

Expected (TeV)
ATLAS CMS
4.18
4.2
3.17
3.26

Observed (TeV)
ATLAS CMS
4.07
4.4
3.24
3.28

ee and μμ searches

The Mll distributions are displayed in Figure 4 (electrons) and Figure 5 (muons). Drell-Yan
production of Z dominates the background at high mass. Again, the data distribution does not
deviate signiﬁcantly from the SM background estimate.

Figure 4 – Mll distributions obtained by ATLAS 11 (left) and CMS 12 (right) in the electron channel.

The upper cross section limits are shown in Figure 6. Limits are evaluated for the SSM and
for certain values of θE6 (Zχ , Zψ ). In practical terms this translates to the width of the putative
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Figure 5 – Mll distributions obtained by ATLAS 11 (left) and CMS 12 (right) in the muon channel.

signal varying – for instance 0.5% of the mass for the Zψ scenario and 3% of the mass for the
SSM. Again, expected and observed limits are in good agreement. The theoretical curves from
the SSM and E6 -based models are superimposed, providing the lower mass limits at the crossing
points.

Figure 6 – Upper cross section and lower mass limits for various Z  models obtained by ATLAS 11 (left) and CMS
12
(right).

Table 2 compares these mass limits obtained by the two experiments during Run 1 and in
2015; the limits from the two experiments are similar.
Table 2: Lower mass limits for Z  obtained during Run 1 (8 TeV) 5 7 and in 2015 (13 TeV) 11 12 .

13 TeV
8 TeV

4.3

Zψ (width = 0.5% × M )
Expected (TeV) Observed (TeV)
ATLAS CMS ATLAS CMS
2.74
2.80
2.79
2.60
2.46
2.57
2.51
2.57


ZSSM
(width = 3% × M )
Expected (TeV) Observed (TeV)
ATLAS CMS ATLAS CMS
3.37
3.35
3.40
3.15
2.87
2.90
2.90
2.90

eμ searches

Searches for electron-muon pairs at high invariant mass are highly attractive experimentally
since they are largely free from background. The largest background component for Z  → ll
is SM Z → ll production via Drell-Yan, and since this only ever produces like-ﬂavour leptons,
it is heavily suppressed if an eμ selection is imposed. The remaining background, primarily
from tt̄, is at a much lower level. This can be clearly seen in the eμ distribution collected
by ATLAS in 2015, shown in Figure 7 along with the estimates of background contamination.
Superimposed on the plot are MC distributions of signals that would be produced by SSM Z 
decays at 2 TeV, if the relevant lepton number violating couplings are allowed, along with the
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distribution from 2 TeV quantum black holes, produced under RS conditions. The latter is a
much broader distribution in eμ invariant mass.

Figure 7 – Meμ distributions obtained by ATLAS 13 .

No excess above the SM backgrounds can be observed, so limits can be set on the cross
sections and the mass for SSM Z  and quantum black holes produced under RS and ADD
conditions. The relevant plots are displayed in Figure 8 and the lower limits on the mass for the
diﬀerent models are shown in Table 3. Observed limits are consistent with those expected.

Figure 8 – Cross section and mass limits calculated by ATLAS 13 for lepton-number violating Z  decays (left) and
quantum black holes (right).

Table 3: Lower mass limits for lepton number violating processes obtained by ATLAS 13 in 2015.

SSM Z 
ADD
RS

Expected (TeV)
3.19
4.62
2.56

Observed (TeV)
3.01
4.54
2.44

Events containing ﬂavour-tagged jets are not currently removed from the sample. In principle, removing such events could help further suppress the main top-quark background by
excluding decays of the form t → W b which comprise much of the remaining background. This
innovation may be introduced in the 2016 search. A further interesting extension to the analysis
could involve the lifting of the opposite sign requirement, enabling a search for doubly-charged
objects.
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5

Outlook and conclusions

ATLAS and CMS have made full use of the ﬁrst batch of 13 TeV LHC data taken in 2015,
in their searches for high mass objects decaying to the lνl , ll and eμ ﬁnal states. No evidence
of a signal has been observed. Despite the much smaller quantity of data taken in 2015, the
higher energy has enabled the experiments to raise the mass limits for these objects. The LHC
is expected to deliver several times more data in 2016 than in 2015, and given the excellent
performance of ATLAS and CMS in 2015, this should give the two collaborations every chance
to observe such objects with masses at the TeV scale, if they exist and are produced at an
observable rate.
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A Radiatively induced Elementary Goldstone Higgs in SU(4)/Sp(4)
A. Meroni
CP3 -Origins, University of Southern Denmark, Campusvej 55, DK-5230 Odense M, Denmark.

Using a SU (4) → Sp(4) pattern of chiral symmetry breaking, we investigate the pseudoGoldstone nature of the Higgs boson in an elementary realisation that at the same time
provides an ultraviolet completion. The renormalizability of the model together with the
perturbative corrections determine dynamically the direction of vacuum of the theory and
the corresponding Higgs chiral symmetry breaking scale f
14 TeV. The Higgs boson is
radiatively generated and the scalar mass spectrum, together with a second massive Higgs
boson, lie in the multi-TeV range.

1

Introduction

The discovery on the 4th July of 2012, by ATLAS and CMS, of a new boson with a mass
approximately of 125 GeV, decaying into γγ, W W and ZZ bosons 1 , is with no doubts crucial
in order to unravel the long standing problem of the origin of the mass.
At the same time, the Standard Model (SM) per se suﬀers from a number of theoretical and
phenomenological weaknesses, for instance: i) the lack of dynamical motivation for the origin of
the spontaneous symmetry breaking ii) the absence of a mechanism stabilising the electroweak
scale against quantum corrections (the so called hierarchy problem) iii) the absence of absolute
vacuum stability and iv) an explanation of the baryon asymmetry of the universe (BAU).
More importantly, we know that the SM cannot be the ultimate theory, since does not account
the so called “elusive” sector: the neutrinos and dark matter particles are not properly included
in the SM, since we cannot describe their mass.
In connection with this, we still do not have: i) a solution to the ﬂavour puzzle, namely an
explanation of the mass diﬀerences in the spectrum and of the quark and lepton mixing patterns,
and ii) we do not have any indication about a possible connection between non zero neutrino
masses and symmetries that could predict the lepton mixing (very diﬀerent from the quark
mixing). Moreover, the nature of the three light active neutrinos νj (j = 1, 2, 3) with deﬁnite
mass mj is unknown. Neutrinos can be Dirac fermions if particle interactions conserve some
additive lepton number, e.g., the total lepton charge L = Le + Lμ + Lτ . If νj are found to be
Majorana fermions, no lepton charge can be conserved 23 . The only feasible experiment that can
unveil the nature of massive neutrinos is neutrinoless double beta, (ββ)0ν decay (see e.g. 4 for
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a review). An attractive explanation of the Majorana nature of massive neutrinos is provided
by the See-Saw mechanism 5 , which not only gives an explanation of the smallness of neutrino
masses, through the existence of heavier fermionic singlets, but also gives a explanation to the
observed BAU, through the leptogenesis theory 6 .
Despite the discovery of a new, subatomic particle, at present it is not yet clear if the mechanism
observed in the experiments is the one originally envisioned. Following the symmetry principle
and motivated by the issues of the SM raised above, it is therefore appealing to consider a larger
—uniﬁed— symmetry at higher energy scale, embedding the SM one. This hypothesis implies
the existence of a diﬀerent Higgs sector and this would lead to a complete new phenomenology
via the Yukawa couplings (in particular one expects sizeable eﬀects from the heaviest fermion
of the SM, the top quark) through the interactions with new charged and neutral scalars. Such
a scenario can be realised by introducing the Higgs boson as a fundamental pseudo NambuGoldstone boson (pNGB) of a new theory, which is supposed to be invariant at a scale f  vew ,
under a global symmetry G which is spontaneously broken to a stability group H. Models
predicting the Higgs as a pNGB are relevant alternatives to the SM. One can achieve a natural
light Higgs mass through radiative corrections which could cause the symmetry breaking (e.g.
using the Coleman-Weinberg (CW) prescription 7 ) and at the same time explain the origin of
mass of the known fermions. In this case in fact the Higgs is a fundamental particle, like in the
SM, but the mechanism of symmetry breaking is completely diﬀerent. Moreover these models
have a very rich phenomenology since the new scalar degrees of freedom (dof) become accessible
in an energy scale that could be covered by the second three-year LHC run and also by the next
collider generation —ILC (ECM  1TeV), CLIC (ECM 3 TeV) or a large circular e+ e− collider
with ECM  350 GeV and/or a pp collider with ECM  100 TeV.
2

The Minimal Model for an Elementary Goldstone Higgs: SU (4) → Sp(4)

We will discuss here an Higgs sector embedded into a SU (4) → Sp(4) pattern of chiral symmetry
breaking 8 ﬁrstly introduced for composite dynamics in 9,10,11 . We identify the Elementary Goldstone Higgs (EGH) as one of the 5 Goldstone bosons which live in the coset of the spontaneously
broken global symmetry of the scalar sector. The latter is an enlarged symmetry group that
contains the SUL (2) × SUR (2) (global) chiral symmetry of the SM Higgs sector. In this case,
the most general vacuum of the theory, Eθ , can be expressed as the linear combination 8
Eθ = cos θ EB + sin θ EH = −EθT ,
where 0 ≤ θ ≤ π/2 and the two independent vacua EB and EH are deﬁned as




0
iσ2
0 1
, EH =
.
EB =
0 −iσ2
−1 0

(1)

(2)

In the context of Composite (Goldstone) Higgs scenarios, EB (EH ) is the vacuum of the theory
that preserves (explicitly breaks) the EW symmetry and therefore can be used to construct
Composite Higgs (Technicolor) models (see 12 for a detailed discussion).
The vacuum Eθ satisﬁes the relations
Sθa Eθ + Eθ Sθa T = 0,
Sθa

a = 1, . . . , 10 ,

(3)

where
are the 10 unbroken generators of SU (4), which obey to the symplectic algebra of
Sp(4). After EW symmetry breaking, the vacuum remains invariant under Uem (1). The scalar
sector of the theory strictly depends on the choice of the vacuum Eθ . As we will see in the
following, the alignment angle θ is completely determined by the radiative corrections and the
requirement that the model reproduces the phenomenological success of the Standard Model.
This framework is very diﬀerent from the composite (Goldstone) Higgs scenario because in that
case the diﬀerent structure of the radiative corrections induced by the EW and top mass alone
prefers the Technicolor limit rather than the composite Goldstone Higgs realisation.
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2.1

Scalar sector

In the minimal scenario, the scalar sector can be constructed out of the vacuum Eθ , making use
of the two-index antisymmetric irrep M ∼ 6 of SU (4),


√
1
(4)
(σ + i Θ) + 2 (Πi + i Π̃i ) Xθi Eθ ,
M=
2
where Xθi (i = 1, . . . , 5) are the broken generators associated to the breaking of SU (4) to Sp(4).
Accordingly, the SU (4) invariant (tree-level) scalar potential with real couplings reads:
λ
1
VM = m2M T r[M † M ] + (cM P f (M ) + h.c.) + T r[M † M ]2
2
4


λ3
+ λ1 T r[M † M M † M ] − 2 λ2 P f (M )2 + h.c +
T r[M † M ]P f (M ) + h.c. ,
2

(5)

where P f (M ) is by deﬁnition the Pfaﬃan of M , i.e. P f (M ) = 18 ijkl Mij Mkl . Note that in
absence of the terms involving P f (M ) the potential has a global U (4) symmetry.
Following 13 , we choose the vacuum of the theory to be aligned in the σ direction:
σ 2  ≡ f 2 =

cM − m2M
,
4 λ11

1
λ11 = (λ + λ1 − λ2 − λ3 )
4

(6)

where cM > m2M and λ11 is a positive eﬀective coupling. The tree-level scalar potential in eq. (5)
is independent of the parameter θ and therefore the theory at tree-level has an inﬁnite number
of degenerate vacua, of which the solution θ = 0, that is E0 = EB , preserves the EW symmetry.
We identify the ﬁelds Π1,2,3 with the longitudinal polarisation of the W and Z gauge bosons,
whereas the EGH is given (at tree-level) by Π4 . Radiative corrections will provide a mass term
for the Higgs boson, which in this case arises as a linear combination of the ﬂuctuations of the
σ and Π4 ﬁelds around the vacuum. Further the scalar ﬁelds σ, Θ and Π̃i (i = 1, . . . , 5) acquire
a non-zero mass at tree-level given by
m2σ ≡ Mσ2 ,

m2Θ ≡ MΘ2 ,

m2Π̃ ≡ MΘ2 + 2λf f 2
i

with

λf ≡ λ1 − λ2 .

(7)

Finally, we notice that the Π5 can acquire mass at tree-level by introducing a small breaking of
the SU (4) symmetry by adding the following operator to the potential in eq. (5)
VDM =

μ2M
1
T r [EA M ] T r [EA M ]∗ = μ2M Π25 + Π̃25 ,
8
2


with

EA =

i σ2 0
0 i σ2


.

(8)

As shown in 8 , in this case Π5 is a stable massive particle - due to the presence of an accidental
Z2 symmetry - and provides a viable Dark Matter candidate. Accordingly, the full tree-level
scalar potential of the theory is
(9)
V = VM + VDM .
The minimum of V is still aligned in the σ direction, but now there are new massive excitations
for μM = 0, that is
m2Π̃ ≡ MΘ2 + 2λf f 2 + μ2M ,
5

m2Π5 ≡ μ2M .

(10)

All in all, once the symmetry breaking scale f is ﬁxed, the scalar sector of the theory can be
described in terms of only ﬁve independent parameters: Mσ , MΘ , μM , λf and λ̃.
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2.2

Gauge sector

We embed the EW gauge sector of the SM in SU (4) so we gauge the SU (2)L × U (1)Y part of the
chiral symmetry group SU (2)L × SU (2)R ⊂ SU (4). In this way, the scalar degrees of freedom
are minimally coupled to the EW gauge bosons via the covariant derivative of M
Dμ M = ∂μ M − i Gμ M + M GTμ ,

with

Gμ = gWμi TLi + g  Bμ TY ,

(11)

where the SU (2)L generators are TLi (i = 1, 2, 3) and the hypercharge generator is TY = TR3 .
The kinetic and EW gauge interaction Lagrangian of the scalar sector reads

1
Lgauge = Tr Dμ M † Dμ M ,
2

(12)

which explicitly breaks the global SU (4) symmetry. For any non vanishing θ the EW gauge
group breaks spontaneously and the weak gauge bosons acquire non-zero masses through the
Higgs-Brout-Englert mechanism that read
1
m2W = g 2 f 2 sin2 θ,
4

and

1
m2Z = (g 2 + g 2 )f 2 sin2 θ .
4

(13)

Comparing these expressions with the corresponding SM predictions we see that f and θ must
satisfy the phenomenological constraint
f sin θ = vEW  246 GeV .
2.3

(14)

Yukawa sector

We embed each one of the SM fermion families in the fundamental irrep of SU (4), namely
Lα = L, ν̃, ˜

T
αL

∼ 4,

Qi = Q, q̃ u , q̃ d

T
iL

∼ 4,

(15)

where α = e, μ, τ and i = 1, 2, 3 are generation indices and the tilde indicates the charge
conjugate ﬁelds of the RH fermions, that is, for instance, ν̃αL ≡ (ναR )c , ˜αL ≡ (αR )c , LαL ≡
(ναL , αL )T and similarly for the quark ﬁelds. Notice that a RH neutrino ναR for each family
must be introduced in order to deﬁne Lα to transform according to the fundamental irrep of
SU (4). The Yukawa couplings for the SM fermions that preserve the SU (2)L gauge symmetry
can be written as:
−LYukawa =
+

Yiju
√ QTi Pa Qj
2
ν
Yαβ
√
LTα Pa Lβ
2

Yijd
T r [Pa M ] + √ QTi P a Qj
2
Yαβ
†
T r [Pa M ] + √
LTα P a Lβ
2

†

†



Tr Pa M

†



T r P a M + h.c.

(16)

where we make use of SU (4) spurion ﬁelds 14 Pa and P a , with an SU (2)L index a = 1, 2 (for an
explicit representation see 13 ).
After EW symmetry breaking, we predict for the SM fermion masses
f sin θ
mF = yF √ ,
2

(17)

yF being the SM Yukawa coupling of quarks and leptons in the fermion mass basis. Notice, in
particular, that a Dirac mass for neutrinos is generated as well. Further, one can implement
a Type-I See-Saw adding a Majorana mass term for the RH neutrino ﬁelds, which provides an
explicit breaking of the SU (4) symmetry, but preserves the EW gauge group.
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3

Electroweak scale from radiative corrections

A non-zero mass term for the EGH ﬁeld Π4 is generated at quantum level from those operators
in the Lagrangian that explicitly break the global symmetry SU (4), i.e. the gauge and Yukawa
interactions. The one-loop corrections 7 δV (Φ) of the scalar potential V given in (9) takes the
general expression
δV (Φ) =




M2 (Φ)
1
4
Str
M
(Φ)
log
−
C
+ VGB ,
64π 2
μ20

(18)

where in this case Φ ≡ (σ, Π4 ) denotes the background scalar ﬁelds that we expect to lead to the
correct vacuum alignment of the theory and M(Φ) is the corresponding tree-level mass matrix.
The supertrace, Str, is deﬁned as
Str =


scalars

−2


fermions

+3



.

(19)

vectors

and we have C = 3/2 for scalars and fermions and C = 5/6 for the gauge bosons, whereas μ0
is a reference renormalization scale. The terms related to the massless Goldstone bosons are
described by a separate potential, VGB , since these terms lead to infrared divergences due to
their vanishing masses. There are several ways of dealing with this issue, for example adding
some characteristic mass scale as an infrared regulator. However, since the massive scalars give
the dominant contribution to the vacuum structure of the theory, we will simply neglect VGB in
the following discussion.
In terms of the background ﬁelds σ and Π4 , we can write the ﬁrst term in eq. (18) as
δV (σ, Π4 ) = δVEW (σ, Π4 ) + δVtop (σ, Π4 ) + δVsc (σ, Π4 ),

with

(20)






g 2 φ2 5
(g 2 + g  2 ) φ2 5
3
4
4
2
2 2
+
(g
, (21)
2g
log
log
φ
−
+
g
)
−
1024π 2
6
6
4μ20
4μ20


y 2 φ2 3
3
δVtop (σ, Π4 ) = −
,
(22)
φ4 yt4 log t 2 −
64π 2
2
2μ0

δVEW (σ, Π4 ) =

where φ ≡ σ sin θ + Π4 cos θ. We consider for simplicity only the fermion contribution in the oneloop potential arising from the virtual top quark. Notice that both δVEW and δVtop introduce
an explicit dependence on θ in the full scalar potential of the theory.
The quantum correction originated from the scalar sector reads
δVsc (σ, Π4 ) =


1
3
− m4σ (σ, Π4 ) + m4Θ (σ, Π4 ) + m4Π̃ (σ, Π4 ) + m4Π̃ (σ, Π4 ) + m4Π5 (σ, Π4 )
5
i
64π 2
2


 2
 2
mΘ (σ, Π4 )
mσ (σ, Π4 )
4
+m4σ (σ, Π4 ) log
+
m
(σ,
Π
)
log
4
Θ
μ2
μ2


 20
 02
mΠ̃ (σ, Π4 )
mΠ̃ (σ, Π4 )
4
4
i
5
+ mΠ̃ (σ, Π4 ) log
+4mΠ̃ (σ, Π4 ) log
5
i
μ20
μ20
%

2
mΠ5 (σ, Π4 )
,
+m4Π5 (σ, Π4 ) log
μ20
(23)
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where the background dependent masses of the scalar ﬁelds are
1
M 2 3 σ 2 + Π24 − f 2 , m2Θ (σ, Π4 ) = MΘ2 + λ̃ Π24 + σ 2 − f 2 ,
2f 2 σ
m2Π̃ (σ, Π4 ) = MΘ2 + λ̃ Π24 + σ 2 − f 2 + 2λf Π24 + σ 2 ,
m2σ (σ, Π4 ) =
i

m2Π̃ (σ, Π4 ) = m2Θ (σ, Π4 ) + μ2M + 2λf (Π24 + σ 2 ) ,

(24)

5

m2Π5 (σ, Π4 ) =

1
M 2 σ 2 + Π24 − f 2 + μ2M .
2f 2 σ

Notice that these expressions reduce to the tree-level scalar masses (7) and (10) when we evaluate
them for Φ = (f, 0).
The minimization procedure of the full potential (tree-level plus corrections) is fully described
elsewhere 8 13 . Here we just want to notice that the we ﬁx the scale μ0 in such a way that
the quantum corrected potential has still an extremum in the σ direction and only after we
apply the usual minimization condition on the parameter θ. Of particular importance for the
determination of θ are the opposite signs of the diﬀerent one loop fermionic and gauge boson
contributions.
4

A minimal phenomenological example

According to the discussion reported in the previous sections, the set of parameters that fully
describes the scalar sector of the theory is the following: {f, θ, Mσ , MΘ , μM , λ̃, λf }. We will
discuss here a simpliﬁed scenario with mass spectrum:
M σ = MΘ ≡ MS ,

λf = 0

(25)

Before showing the phenomenological implications of this choice let us remark that in the model
under study the Higgs is one of the two linear combinations of σ and Π4 , that is


σ
Π4




=

cos α − sin α
sin α cos α

 
H1
,
H2

(26)

where H1 and H2 are the mass eigenstates and α the mixing angle, chosen in the interval [0, π/2].
The observed Higgs boson will be the lightest eigenstate. Relevant constraints are provided by
the Higgs phenomenology, starting from the experimental value of the Higgs mass 15 :
mh = 125.7 ± 0.4 GeV .

(27)

and the SM normalised coupling strength of the Higgs with fermions and vectors:
CF ≡

λH1[2] F F
λSM
hF F

= sin (α + θ) [cos (α + θ)] ,

CV ≡

λH1[2] V V
λSM
hV V

= sin (α + θ) [cos (α + θ)] , (28)

√
where λSM
hF F ≡ yF / 2 is the SM coupling and the index between square brackets refers to H2 .
CF =
The parameters CF and CV must satisfy the experimental constraints 16 CV = 1.01+0.07
−0.07 ,
0.89+0.14
−0.13 at 68% C.L.. Last, we investigate also the trilinear self-coupling of H1 and H2 with
2
8
respect to the SM prediction, λSM
hhh = 3 mh /vEW . In this case, we have
λH 1 H 1 H 1
M 2 cos α
= vEW σ 2 ,
SM
f mh
λhhh

λH 2 H 2 H 2
M 2 sin α
= vEW σ 2 .
SM
f mh
λhhh
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(29)

5

Numerical results

In the following we assume yt = 1, a 3 σ uncertainty on the value of the Higgs mass and
use the central values of the weak gauge boson masses given in 15 . Moreover, we impose the
perturbativity bound on the eﬀective quartic coupling λ̃, i.e. |λ̃| < 4 π and we set the parameter
μM to lie in the interval [mh , 1] TeV with the additional constraint μM < f . The latter ensures
that μM introduces only a small explicit breaking of the global SU (4) symmetry. In the minimal
setup we investigate, we vary the common scalar mass MS in the interval
mh ≤ MS ≤ 5 TeV .

(30)

For each random value of MS and μM , we select the other parameters of the model imposing the
experimental value of the Higgs mass and the minimisation conditions of the Coleman-Weinberg
potential. In this way we extract the values of the eﬀective quartic coupling λ̃ and the vacuum
alignment angle θ, which are, therefore, implicit functions of the dimensional parameters MS
and μM . Using this procedure we ﬁnd that the mode of the distribution of the values of θ is
θ = 0.136+0.006
−0.012 ,

(31)

corresponding to α = 1.57 and the SU (4) spontaneous symmetry breaking scale of a
f = 1.81+0.08
−0.15 TeV .

(32)

Notice that, for a given θ the scalar mixing angle α is essentially determined by imposing the
experimental constraints on CV and CF . The analysis done in 13 shows that the dynamics prefers
small values of θ implying that the Higgs boson is mostly aligned in the Π4 , the pNGB direction.
Further, from the minimisation condition we ﬁnd to a very good approximation
λ̃ ≈ K sin2 θ

for

sin θ  0.1 ,

(33)

where K depends on MS and not on μM (for MS ≈ 2.6 GeV, K ≈ 90). Henceforth, for
sin θ  0.1 the only independent parameter is the tree-level scalar mass MS , which is ﬁxed by
the knowledge of the Higgs mass via


 2
 4 
 2 
MZ
MW
vEW
2
9
4
4
4
m2h ≈
M
+
M
−
v
. (34)
log
log
+
log
Z
W
EW
2
3
16 π 2 vEW
MS2
MS4
2 MS2
For mh = 125 GeV and vEW = 246 GeV the previous expression implies
MS ≈ 2.6

TeV

for

sin θ  0.1 .

(35)

We turn now to the properties of the heaviest scalar mass eigenstate deﬁned in eq. (26), which
here corresponds to H ≡ H2 ∼ σ. We ﬁnd that 13 the physical mass MH and the tree-level
mass MS are close to each other once the quantum corrections are taken into account with the
diﬀerence due mostly to the eﬀects of μM . The mass of the heavy Higgs H also aﬀects the
ratio between the trilinear Higgs coupling λhhh and the corresponding SM, see eq. (29). As
expected from the analytic expression, there is a strong suppression for θ  0.1 corresponding
to 2.6 TeV  MH  3 TeV.
Finally we consider the most general possible spectrum of the theory, that is Mσ = MΘ = MΠ̃i .
The parameters used in the analysis are λ̃, λf , Mσ , MΘ , μM and sin θ. As in the previous
a
In the following we deﬁne the mode as the value that appears most often in a set of data. We report the error
on the mode as the width evaluated at half of the mode hight. The error on the scale f of the theory is computed
with the standard propagation of errors.
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cases, we generate the scalar masses and extract the values of θ and λ̃ that satisfy all the
phenomenological constraints. In particular, the scalar masses are varied within the interval
mh ≤ Mσ , MΘ , MΠ̃i ≤ 5 TeV .

(36)

We ﬁnd out that a scalar mixing angle of α = 1.570 and the mode of the distribution of the
SU (4) breaking scale is
f = 13.9+2.9
(37)
−2.1 TeV,
corresponding to a mode value for the alignment angle of θ = 0.018+0.004
−0.003 . We deduce therefore
that also in the most general scenario the Higgs particle is mostly a pNGB. Concluding, we
have shown via a detailed analytical and numerical analyses that, a radiatively induced pNGB
Higgs is possible in the SU(4)/Sp(4) context. The embedding of the electroweak gauge sector is
parametrised by an angle 0 ≤ θ ≤ π/2 which is dynamically determined to be centered around
θ  0.02, corresponding to the Higgs chiral symmetry breaking scale f  14 TeV. This is almost
60 times higher than the SM electroweak scale. Due to the perturbative nature of the theory
the new scalars remain in the few TeV energy range.
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H EFFECTIVE THEORY AND THE GEOMETRY OF SCALAR FIELD SPACE
ELIZABETH E. JENKINS
CERN TH Division, CH-1211 Geneva 23, Switzerland
Department of Physics, University of California at San Diego, La Jolla, CA 92093, USA
The geometry of scalar ﬁeld space is studied for Higgs Eﬀective Field Theory. Physical observables depend on the curvature of the scalar ﬁeld manifold, which is invariant under scalar ﬁeld
redeﬁnitions. In the Standard Model, the scalar manifold is ﬂat, whereas in Higgs Eﬀective
Field Theory, it is curved with the curvature set by the scale Λ of the eﬀective ﬁeld theory.
Calculations using a covariant formalism appropriate for curved spaces provides a number
of insights into the structure of the theory. Two concrete examples of Higgs Eﬀective Field
Theory are presented which exhibit positive and negative curvature.

1

Introduction

In this talk, I present a brief summary of recent work 1,2,3 on the geometry of Higgs Eﬀective Field
Theory (HEFT). I begin with a short discussion of the motivation for considering eﬀective ﬁeld
theories of the Standard Model (SM), which is a renormalizable theory. Then, I introduce two
eﬀective ﬁeld theory generalizations of the SM, namely Standard Model Eﬀective Field Theory
(SMEFT) and HEFT, and discuss their relationship. Physical observables in these EFTs depend
on geometric invariants of the scalar manifold, which are independent of the scalar ﬁelds chosen
to parametrize the theory. The curvature of the scalar manifold deﬁned by the scalar ﬁelds is
non-vanishing in SMEFT and HEFT, in contrast to the ﬂat geometry of the SM theory. Physical
observables can be related to the curvature of scalar ﬁeld space by using a covariant formalism
which manifestly preserves the invariance of the theory under scalar ﬁeld redeﬁnitions. Beyondthe-SM (BSM) theories in the literature generically predict a positive curvature for the scalar
manifold. The interesting possibility of negative scalar curvature also arises, and a concrete
example of a model with negative curvature is presented.
2

Eﬀective Field Theory: Motivation

The SM is a renormalizable theory which gives a good description of particle physics, including
that of the Higgs boson h, up to an energy scale ∼ 1 TeV. Given the success of the SM, it is
natural to ask why it is useful or necessary to consider EFT generalizations of the SM. The
current LHC run at 13 TeV can probe new physics either by (1) direct production of any new
particles which are accessible kinematically or by (2) indirect observation of new interactions of
SM particles resulting from unobserved particles at a higher energy scale Λ which is inaccessible
at LHC energies. The ﬁrst possibility is that of direct discovery, whereas the second is called
indirect discovery. The usefulness of EFT is that it classiﬁes all possible interactions for a given
set of ﬁelds, which enables one to pursue objective (2) for a given set of particles with known
symmetry properties. Thus, the EFT tells you what modiﬁcations to SM couplings are possible.
These are the interactions which are probed by the LHC run at a higher energy in the absence
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of the discovery of any new particle content. If new particles are discovered, the EFT formalism
remains important since one simply adds the new ﬁeld content to the theory and constructs
a new EFT based on the enlarged set of particles. The new EFT then gives insights into the
possible interactions of the new particles. Thus, in either case, EFT is needed to study new
physics in a general context.
In order to construct EFT generalizations of the SM, one adds all possible non-renormalizable
higher dimension operators of dimension d > 4 to the theory with arbitrary coeﬃcients and power
suppressions of 1/Λd−4 . Thus, the Lagrangian for the EFT has the form
1 
(d)
L = LSM + d−4
Ci Oi .
(1)
Λ
i

One then uses experiment to bound these new interactions. Eﬀectively, one probes the lowenergy E < Λ consequences of a fundamental high energy theory with new particles of mass
∼ Λ. It is important to stress that any fundamental high energy theory with new particles of
mass Λ yields an EFT description at E < Λ. The analysis of the most general EFT is model
independent for this reason.
3

SM Higgs Sector

Before considering SMEFT and HEFT, it is useful to brieﬂy review the SM Higgs sector. The
SM is written in terms of the scalar Higgs doublet


1
ϕ+ (x)
,
(2)
H(x) = √
0
2 v + h(x) + iϕ (x)
which contains 4 scalar degrees of freedom: 3 Goldstone bosons, ϕ± , ϕ0 and the Higgs boson
h. As is well-known, the 3 Goldstone boson directions are in the W ± , Z gauge directions, and
become the third (longitudinal) polarization states of the massive W ± , Z upon spontaneous
symmetry breakdown, so ϕ± , ϕ0 correspond to WL± , ZL in the electroweak gauge theory.
The (ungauged) SM scalar Lagrangian is
2

v2
,
(3)
LSM = Dμ H † Dμ H − λ H † H −
2
which can be written in terms of the 4-dimensional irreducible representation φ of O(4) as
⎛ 1 ⎞
φ
⎜ φ2 ⎟
1
λ
2
⎟
φ=⎜
LSM = ∂μ φ · ∂ μ φ −
φ · φ − v2 ,
(4)
⎝ φ3 ⎠ .
2
4
φ4
An important feature of the SM Higgs sector is that it has enhanced global symmetry, called
custodial symmetry. The global symmetry of the Lagrangian in Eq. 4 is G = O(4) ∼ SU (2)L ×
SU (2)R . After spontaneous symmetry breakdown, the unbroken global symmetry is H = O(3) ∼
SU (2)V . Both of these global symmetry groups contain two additional generators relative to
their gauged subgroups, which are Ggauge = SU (2)L × U (1)Y and Hgauge = U (1)Q , respectively.
Custodial symmetry results in the tree-level gauge boson mass relation MW = MZ cos θW and is
a good approximate symmetry of the SM. For simplicity, I will assume exact custodial symmetry
in this presentation.
It is possible to parametrize φ using Cartesian coordinates as
⎞
⎛
ϕ1
⎜ ϕ2 ⎟
⎟
(5)
φ=⎜
⎝ ϕ3 ⎠
v+h
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or using polar coordinates as
φ = (v + h) n(ϕ),

n(ϕ) ∈ S 3 ⇒ n · n = 1.

(6)

In Cartesian coordinates, the SM Lagrangian becomes
1
1
λ
LSM = ∂μ ϕ · ∂ μ ϕ + (∂μ h)2 −
2vh + h2 + ϕ · ϕ
2
2
4

2

.

(7)

In Cartesian coordinates, φ transforms linearly as a 4 under G = O(4), whereas under the
unbroken global symmetry group H = O(3), h transforms as a singlet and ϕa , a = 1, 2, 3
transforms as a triplet. The potential terms depends on both ϕ · ϕ and h, so there are nonderivative couplings of the Goldstone bosons ϕ. The Higgs ﬁeld has a mass m2h = 2λv 2 whereas
the Goldstone bosons are massless. In polar coordinates, the SM Lagrangian is
1
1
λ
LSM = (v + h)2 ∂μ n · ∂ μ n + (∂μ h)2 −
2vh + h2
2
2
4

2

.

(8)

Now h is a singlet under both G = O(4) and H = O(3). The unit vector n(ϕ) transforms linearly
under G = O(4), but the unconstrained ﬁelds ϕ transform non-linearly due to the constraint.
An advantage of polar coordinates is that now the potential V (φ) depends only on h, so the
Goldstone bosons are derivatively coupled. The scalar masses are unchanged.
The scalar manifold M of the SM Higgs sector is depicted in Fig. 1. The scalar ﬁelds are
the coordinates φi of M. Scalar ﬁeld redeﬁnitions are a change of coordinates, and physical
observables are independent of the coordinates used. The tangent vectors to M deﬁne a scalar
metric gij (φ). Parallel transport on M depends on geometric invariants of M such as the
curvature, which are coordinate-independent. The scalar metric is determined from the scalar
kinetic energy term
1
(9)
LKE ≡ gij (φ)∂μ φi ∂ μ φj .
2
In the SM, the scalar manifold is ﬂat, with vanishing curvature. This statement is obvious in
Cartesian coordinates, where gij (φ) = δij , but it is also true in polar coordinates for the full
4-dimensional space. There is no indication for any new physics scale Λ at which the theory
breaks down, which is the hallmark of a renormalizable theory. Λ is formally inﬁnite.
S3

h
v

Figure 1 – Two-dimensional depiction of the 4-dimensional ﬂat scalar manifold M = R4 of the SM. The Goldstone
boson submanifold G/H = S 3 ⊂ M is depicted as a circle S 1 since 2 dimensions are suppressed. The black dot
denotes the vacuum conﬁguration with φ4  = v in Cartesian coordinates. All of the vacua with |φ| = v are
physically equivalent. The entire 4-dimensional scalar manifold M is ﬂat.

4

HEFT

HEFT is the EFT generalization of the SM which is written in terms of the singlet Higgs boson
h and the triplet ϕa . It is the natural EFT generalization of the SM Higgs sector written in
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terms of polar coordinates. The scalar kinetic energy term in HEFT is
1
1
LKE = v 2 F (h)2 ∂μ n(ϕ) · ∂ μ n(ϕ) + (∂μ h)2 ,
2
2

(10)

where

h 1 h2
(11)
+ c2 2 + · · ·
v
2 v
is an arbitrary dimensionless function with a power series expansion in h/v. From the scalar
kinetic energy term, one obtains the scalar metric


F (h)2 gab (ϕ) 0
,
(12)
gij (φ) =
0
1
F (h) = 1 + c1

where gab (ϕ) is the metric on the vacuum submanifold G/H = S 3 ⊂ M. The 3 angular coordinates of S 3 are ϕa /v. From Eq. 8, one sees that the SM scalar metric in polar coordinates takes
the same form as the HEFT metric Eq. 12 with FSM (h) = 1 + hv .
SMEFT is a special case of HEFT. It is the natural EFT generalization of the SM Higgs
sector written in terms of Cartesian coordinates. The SMEFT Lagrangian can be written in
terms of the Higgs doublet ﬁeld H. The precise relationship between SMEFT and HEFT was
not clear heretofore, but it now is understood 1,2,3 . The main result is that HEFT can be written
in SMEFT form if and only if M is expanded about an O(4)-invariant ﬁxed point.
There is a mathematical analogy of the curved scalar manifold of HEFT with the curved
spacetime of General Relativity which can be made. In G.R., the spacetime metric gμν (x)
determines the Christoﬀel connection Γκμν (x) and the Riemann curvature tensor Rμνστ (x). Point
particles travel on geodesics of curved spacetime, and the spacetime curvature is sourced by the
energy-momentum tensor Tμν . In HEFT, the scalar manifold metric gij (φ) determines the scalar
manifold Christoﬀel connection Γijk (φ) and the Riemann curvature tensor Rijkl (φ). Scalar ﬁelds
travel on geodesics of the curved scalar manifold M. The curvature of the scalar manifold is
sourced by BSM physics at an energy scale Λ  v. This BSM physics appears in the HEFT
Lagrangian as higher dimension (i.e. non-renormalizable) contributions to the two-derivative
kinetic energy term, which are power suppressed by the EFT scale Λ.
4.1

1-Loop Renormalization for Curved Scalar Manifold

As a sample application of the geometric formalism to HEFT, the 1-loop renormalization of
HEFT is brieﬂy described here. Further details can be found in Refs. 1,3 .
The 1-loop renormalization counterterm for HEFT can be calculated using functional methods. One introduces a covariant formalism for the curved scalar manifold M. The equation of
motion of the scalar ﬁeld is a geodesic of M,
gij (φ) ∂ 2 φi + Γijk ∂μ φj

∂ μ φk

− I,j = 0,

(13)

where I,j ≡ δI/δφj is the derivative of the generalized potential I(φ) in the HEFT Lagrangian.
Variation of the action is performed using a geodesic ﬂuctuation of the scalar ﬁeld in order to
maintain the covariance of the theory under scalar ﬁeld (coordinate) redeﬁnitions. For example,
in the sigma model with the submanifold S 3 , the geodesic equation is
dϕb dϕc
d 2 ϕa
+ Γabc (φ)
= 0,
2
dλ
dλ dλ

(14)

so a geodesic ﬂuctuation is of the form
1
ϕa (λ) = ϕ̃a + λζ a − λ2 Γabc ζ b ζ c + O(ζ 3 ).
2
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(15)

To second order in ζ a , the ﬁrst variation of the action is given by


1
δ2S
δS
δS = S [ϕ] + a ζ a − Γabc ζ b ζ c + b c ζ b ζ c + O(ζ 3 ),
δϕ
2
δϕ δϕ

(16)

and the second variation of the action is


1
δ2S =
d4 x gab (Dμ ζ)a (D μ ζ)b − Rabcd Dμ ϕ̃a Dμ ϕ̃c ζ b ζ d ,
2

(17)

where
Dμ ζ a = (Dμ ζ)a + Γabc (ϕ̃) (Dμ ϕ̃)b ζ c ,
ζa

a
(Dμ ζ)a = ∂μ ζ a + AB
μ tB ,

(18)

S3

is the gauge covariant derivative of
on the curved
vacuum manifold. The important point
is that using the covariant formalism leads to a covariant δ 2 S with no non-covariant equation
of motion term proportional to δS/δϕa . While such a term vanishes on-shell and does not
contribute to the S-matrix, it destroys manifest covariance under scalar ﬁeld deﬁnitions. It can
be removed by performing a scalar ﬁeld redeﬁnition. Such a term was found in the calculation
of the renormalization counterterms 4 in HEFT. In the covariant formalism, one sees that this
term is precisely cancelled by the O(ζ 2 ) term proportional to δS/δϕa in Eq. 16, and so no scalar
ﬁeld redeﬁnition is necessary.
In the covariant formalism, the 1-loop correction in HEFT takes the compact form
,
+

Γ2μν
X2
1
4
,
(19)
xTr
d
+
ΔΓ =
16π 2 
24
4
where
[Γμν ]i j
(Aμν )i j
X ij

= [Dμ , Dν ]i j = Ri jkl (Dμ φ )k (Dν φ)l + (Aμν )i j ,
=

B
C D
i
∂[μ AB
ν] + fCD Aμ Aν tB;j ,

= ∇i ∇j I − Ri kjl (Dμ φ)k (Dμ φ)l .

(20)

One readily sees that ΔΓ depends on both the Riemann curvature tensor of scalar ﬁeld space
and the gauge ﬁeld strength curvatures.
The 1-loop correction of HEFT encapsulates many interesting special cases in a uniﬁed way 1 .
Consider the HEFT Lagrangian of the form
1
1 2
v F (h)2 gab (ϕ)Dμ ϕa Dμ ϕb + (∂μ h)2 − V (h) + K(h)wi ni ,
2
2
= q̄L σ i Yq qR + ¯L σ i Y R .

L =
wi

(21)

A variety of diﬀerent special cases with speciﬁc F (h), K(h) and V (h) are all given by Eq. 19.
A selection of these special cases include:
• Chiral Perturbation Theory – the EFT of pions in low-energy QCD with no scalar singlet
ﬁeld h: F (h), K(h), V (h) = constants.
• Renormalizable SM Higgs Theory: F (h) = K(h) = v + h, V (h) = λ h2 + 2vh

2

/4.

• Goldstone boson h of an enlarged global symmetry: For example, F (h) = sin h/f in the
O(5) → O(4) model.
• Dilaton h: h is Goldstone boson of spontaneously broken scale invariance. In this case, a
scalar ﬁeld redeﬁnition is necessary to put the Lagrangian in the above HEFT form.
The power of the covariant formalism is that it shows that all of these examples are simply special
cases of one general formula. For example, in the renormalizable SM theory, the scalar Riemann
curvature tensor vanishes. In this case, Eq. 19 then shows that ΔΓ has no non-renormalizable
O(p4 ) scalar interaction, as expected.
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4.2

Example of HEFT with Positive Curvature

An example of a BSM theory which leads to a HEFT with positive curvature is provided by
the composite Higgs model based on the spontaneous breakdown G = O(5) → H = O(4). 5
The theory contains a scalar 5 of O(5). The vacuum coset O(5)/O(4) = S 4 is deﬁned by the
condition
5

2
(22)
φi .
f2 =
i=1

The vacuum manifold S 4 has constant positive curvature set by the scale f , as shown in Fig. 2.
The scalar 5 can be parametrized by
⎡
⎤
⎡ 1 ⎤
0
φ
2
⎢ 0 ⎥
⎢ φ ⎥ 

⎢
⎥
⎢ 3 ⎥
⎢ 0 ⎥.
⎥ = f sin χ n ,
φ

=
(23)
φ
φ=⎢
0
⎢
⎥
⎥
⎢
f
cos
χ
⎣ 0 ⎦
⎣ φ4 ⎦
f
φ5
The scalar kinetic energy term for the composite Higgs model is given by

1 2
f (∂μ χ)2 + f 2 sin2 χ∂μ n · ∂ μ n .
LKE =
2

(24)

There are 4 (approximate) Goldstone bosons ϕi , i = 1, 2, 3, 4, of the O(5) → O(4) global
symmetry breakdown which appear in the Lagrangian through the unit vector n. Because the
point φ0 at the North pole in Fig. 2 is an O(4) invariant point, this BSM theory yields a HEFT
which can be written in SMEFT form in terms of the Higgs doublet H. The vacuum manifold
of the SMEFT is O(4)/O(3) = S 3 with curvature set by the electroweak vev v. It is depicted
by the red circle in Fig. 2. Through the identiﬁcation
(
h
v2
h2
2
2
2
2
1 − 2 − 2 + ··· ,
(25)
f sin χ = v F (h) ⇒ F (h) = 1 +
v
f
2f
one obtains the function F (h) for this HEFT.
0

v
!

f

Figure 2 – Scalar manifold of the O(5)/O(4) = S 4 composite Higgs model. The scalar manifold S 4 has radius
f . Electroweak symmetry breaking with scale v results in a small vacuum misalignment angle χ ∼ v/f . The
curvature of the scalar manifold is constant and positive.

4.3

Example of HEFT with Negative Curvature

An example of a BSM theory which leads to a HEFT with constant negative curvature was
constructed in Ref. 2 . The theory is based on the spontaneous symmetry breakdown of the noncompact global symmetry group G = O(4, 1) to the compact global symmetry group H = O(4).
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The analysis of the model proceeds in direct analogy to the previous composite Higgs model
with constant positive curvature. The vacuum manifold O(4, 1)/O(4) = H4 is deﬁned by the
condition
4

2
2
(26)
f 2 = φ5 −
φi .
i=1

This vacuum manifold, shown in Fig. 3, has constant negative curvature set by the scale f . The
5-dimensional scalar ﬁeld can be parametrized by
⎡

⎤
φ1
⎢ φ2 ⎥ 

⎢ 3 ⎥
⎥ = f sinh χ n ,
φ
φ=⎢
⎥
⎢
f cosh χ
⎣ φ4 ⎦
φ5
⎡

⎤
0
⎢ 0 ⎥
⎢
⎥
⎥
φ0  = ⎢
⎢ 0 ⎥,
⎣ 0 ⎦
f

(27)

which diﬀers from the previous case by the replacement of sines and cosines by hyperbolic sines
and cosines. The scalar kinetic energy term of the BSM theory is
LKE =


1 2
f (∂μ χ)2 + f 2 sinh2 χ∂μ n · ∂ μ n .
2

(28)

Once again, the vacuum state φ0 is an O(4) invariant point, so the low-energy HEFT can be
written in SMEFT form. The identiﬁcation
(
h
v2
h2
2
2
2
2
1 + 2 + 2 + ···
(29)
f sinh χ = v F (h) ⇒ F (h) = 1 +
v
f
2f
yields the F (h) function for this model.
h
v
!
S3
0

f

"

Figure 3 – Scalar manifold of the O(4, 1)/O(4) = H4 model. The hyberbolic scalar manifold of constant negative
curvature has radius f . Electroweak symmetry breaking introduces an additional scale v.

5

Summary

In summary, recent work analyzing HEFT using a geometric approach which preserves the
manifest invariance of the theory under scalar ﬁeld redeﬁnitions has given new insights into a
number of theoretical issues. One new insight is an understanding of the relationship of SMEFT
and HEFT. Both of these EFTs are generalizations of the SM. SMEFT is written in terms of
the complex scalar doublet H, whereas HEFT is written in terms of a singlet Higgs boson h

383

and a triplet of Goldstone bosons ϕa . Not every HEFT can be rewritten as a SMEFT. The
relationship between the theories is compactly summarized by
SM ⊂ SMEFT ⊂ HEFT.

(30)

SMEFT is a special case of HEFT, which occurs when the EFT is expanded about an O(4)
invariant point of the scalar manifold M. Both SMEFT and HEFT yield the SM in the limit
Λ → ∞.
The geometry of the scalar manifold M is determined by the scalar metric gij (φ), which is
obtained from the scalar kinetic energy term of HEFT. For the SM, M is ﬂat, and the Riemann
curvature tensor vanishes. In contrast, in HEFT, M is curved and Ri jkl = 0. The curvature of M
is set by the EFT scale Λ. Curvature eﬀects enter into formulae for physical observables, changing
the predictions of HEFT from those of the SM. A covariant description of the curved manifold
M maintains manifest coordinate invariance and gauge invariance of the theory. Expressions
depend on both scalar manifold curvature and gauge ﬁeld strength curvature. Most BSM theories
for the Higgs boson in the literature, such as composite Higgs models, yield a positive scalar
curvature. However, the interesting possibility of negative curvature also arises, and a explicit
model based on O(4, 1) → O(4) has been constructed as a concrete example of this possibility.
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SEARCHES FOR SUPERSYMMETRY IN EVENTS WITH ONE OR MORE
LEPTONS USING THE ATLAS AND CMS EXPERIMENTS
HENNING KIRSCHENMANN, on behalf of the ATLAS and CMS collaborations
CERN, CH-1211 Geneva 23, Switzerland
Recent results from searches for supersymmetry in ﬁnal states with one or more leptons by the
ATLAS and CMS collaborations are reported. The data for these results have been recorded
√
in 2015 at s = 13 TeV and amount to an integrated luminosity of 2.2 − 2.3 fb−1 for the CMS
experiment and 3.2 fb−1 for the ATLAS experiment. The results are interpreted in simpliﬁed
models.

1

Introduction

Supersymmetry (SUSY) is generally regarded to be among the most favorite extensions of the
Standard Model (SM) of particle physics 1 . SUSY establishes a relationship between fermions
and bosons, extending the space-time symmetry group underlying the SM. The existence of
the predicted superpartners, which diﬀer in spin by one-half, has not been established, yet.
As a consequence, if it is realized in nature, supersymmetry has to be a spontaneously broken
symmetry to accommodate superpartners with diﬀerent masses. As all other properties of
SM particles and superpartners are identical, no “unnatural” ﬁne tuning is needed in the Higgs
sector, provided that the third generation squarks and the gluino have relatively low masses. This
low mass realization of SUSY makes searches for t̃, b̃, g̃ at the TeV scale particularly promising.
In R-parity conserving SUSY models, the lightest SUSY particle (LSP) is stable and can serve as
a candidate for dark matter. As a consequence, typical experimental signatures are high (b-)jet
multiplicities and missing transverse energy due to LSPs escaping detection.
In 2015, the LHC Run 2 has started at a center-of-mass energy of 13 TeV. The energy
increase with respect to Run 1 leads to a signiﬁcant enhancement of production cross sections
of heavy particles. The gain is particularly high for strong production so that the relatively low
integrated luminosity at 13 TeV already enables searches to exclude new regions of the SUSY
parameter space.
In this note, the preliminary results of searches by ATLAS and CMS in the single-lepton ﬁnal
state, the same-sign dilepton and three or more lepton ﬁnal state, and the results of opposite-sign
same-ﬂavor dilepton searches are summarized.
2

Searches in the single-lepton ﬁnal state

Three searches for gluino-pair production with decays into either g̃ → tt̄χ01 or g̃ → qqW χ01 have
been presented in the talk. One search by the CMS collaboration uses the observable ΔΦ (the
miss ) and
azimuthal angle between the W-boson candidate (vector sum of the lepton pT and ET
the lepton). It is the most recent public result 2 and complements the CMS analysis using the
sum of masses of large-radius jets targeting g̃ → tt̄χ01 decays 3 and the ATLAS analysis targeting
g̃ → qqW χ01 decays 4 .
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2.1

√

Search for supersymmetry in events with one lepton in proton-proton collisions at
13 TeV with the CMS experiment (ΔΦ analysis)

s=

The phase space of this search is deﬁned by requirements on the number of jets (njet ), the number
of b-tagged jets (nb−tag ), the scalar sum of the transverse momenta pT of the jets (HT ), and
the scalar sum of the lepton pT and the missing transverse energy (LT ). All these observables
are used to deﬁne exclusive search regions with minimal requirements of HT > 500 GeV, lepton
pT > 25 GeV, and LT > 250 GeV.
The key observable is ΔΦ. It is used to separate signal from background: For SM backgrounds with one leptonically decaying W boson, ΔΦ has a maximum value, ﬁxed by the mass
and pT of the W boson, and accumulates at low values. In contrast, for SUSY events considered
miss has sizable contributions from the LSP, leading to an almost uniform ΔΦ
as signal, the ET
distribution.
Depending on nb−tag , the sensitivity to g̃ → qqW χ01 and g̃ → tt̄χ01 decays is diﬀerent.
To speciﬁcally deal with the diﬀerent background composition, the analysis is split up into a
dedicated nb−tag = 0 and nb−tag ≥ 1 part. This is also illustrated by Fig. 1, which shows the
ΔΦ distribution for nb−tag = 0 and nb−tag ≥ 1 as well as the full nb−tag distribution after the
preselection. While most of the sensitivity to the g̃ → qqW χ01 signals is observed for nb−tag = 0,
the g̃ → tt̄χ01 signals are peaking at higher nb−tag .
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Figure 1 – ΔΦ distributions for nb−tag = 0 (left) and nb−tag ≥ 1 (center) and full nb−tag distribution (right),
all after the preselection (HT > 500 GeV, lepton pT > 25 GeV, and LT > 250 GeV) 2 . In all plots, the simulated
backgrounds are stacked on each other and signal points for g̃ → tt̄χ01 and g̃ → qqW χ01 decays are overlayed for
illustration without being stacked.

The background estimation method in both cases is an ABCD method, in which the transfer
factor from low ΔΦ (background dominated) to high ΔΦ (signal dominated) RCS is determined
in a low njet sideband to determine the background in the search regions from the adjacent
low ΔΦ region. A κ value from simulation is applied to account for the njet dependence of
RCS . While the nb−tag ≥ 1 analysis applies an overall RCS value for all backgrounds, the
nb−tag = 0 analysis uses one W + jets and one tt RCS and determines the relative fraction of the
backgrounds from a ﬁt to the nb−jet distribution. The QCD background is estimated separately
and subtracted from the low ΔΦ control regions before calculation of RCS .
The background predictions and observations are compatible and limits for g̃ → qqW χ01 and
g̃ → tt̄χ01 decays are set. These are later compared to the limits of other analyses covered in this
note.
2.2

√
Search for supersymmetry in pp collisions at s = 13,TeV in the single-lepton ﬁnal state
using the sum of masses of large-radius jets with the CMS experiment

miss (m ), and a novel observable M
This analysis uses the transverse mass of lepton and ET
T
J
(the scalar sum of the masses of large-R jets, inspired by 5 ) as main discriminating quantities.
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MJ provides discrimination between signal and background. Without initial state radiation
(ISR), there is a clear cut-oﬀ of MJ at ≈ 2 × mt for the dominant tt background. This cut-oﬀ is
smeared out by ISR, but the gluino-pair production signals with g̃ → tt̄χ01 , i.e. four top quarks
in the ﬁnal state, naturally peak at much higher values of MJ .
MJ is also a key part of the background estimation: As MJ is largely uncorrelated to
mT , both observables are used to span the plane for an ABCD method background estimate.
miss , n , and n
The search regions are binned in terms of ET
jet
b−jet and the eﬀect of any residual
correlation of MJ and mT is corrected for with κ factors from simulation. Background predictions
and observations are compatible and limits for g̃ → tt̄χ01 decays are shown in Figure 6.
2.3

Search for gluinos in events with an isolated lepton, jets and missing transverse momentum
√
at s = 13,TeV with the ATLAS detector

This analysis is based on two complementary sets of search channels. The soft-lepton channel
targets SUSY models with small mass diﬀerences between the predicted supersymmetric particles
and the hard-lepton channel (pT > 35 GeV) targets large mass diﬀerences. Six search regions
miss ) are considered in total, each targeting a certain
(all requiring high values of mT and ET
region of the parameter space.
The main backgrounds tt and W + jets are determined by normalizing the MC prediction
in control regions while small backgrounds are taken directly from the simulation.
The results of the analysis are interpreted for g̃ → qqW χ01 decays in gluino-pair production
and the expected limits signiﬁcantly exceed the 8 TeV results. A slight excess in the muon
channel of the 6-jet region reduces the observed limits. In Figure 2, these limits are compared
to the corresponding CMS results presented in Section 2.1.
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Figure 2 – Left: Cross section limits4 at 95% CL as a function of the the gluino and LSP masses, using for each
model point the signal region with the best expected sensitivity. The exclusion limits by previous ATLAS analyses
are shown as gray area. Right: Cross section limits2 at 95% CL as a function of the the gluino and LSP masses,
combining all search regions for the limit determination.

3

Searches in the same-sign dilepton and multilepton ﬁnal states

Final states with same-sign dileptons and three or more leptons are rare in the SM. As a consequence, searches for physics beyond the SM in these ﬁnal states can be very powerful and provide
a broad sensitivity to many SUSY scenarios with leptons in the ﬁnal state. They complement
other analyses’ sensitivity and play a particularly important role in models with longer decay
chains of SUSY particles favoring higher lepton multiplicities or small mass splittings of the LSP
and squarks/gluinos.
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95% C.L. upper limit on cross section [pb]

~~
∼0χ
∼0, x = (m( χ
∼± ) - m(χ
∼0) ) / ( m(~
∼0) ) = 1/2
g-g →qqqqWWχ
g) - m(χ

Key to these analyses is to suppress and estimate the low reducible backgrounds such as
misidentiﬁed and non-prompt leptons and charge-ﬂipping for electrons. Data-driven estimates
are used in all analyses covered here 6,7,8 .
3.1

√
Search for supersymmetry at s = 13 TeV in ﬁnal states with jets and two same-sign
leptons or three leptons with the ATLAS detector

This analysis 6 presents a search for strongly produced SUSY particles in ﬁnal states with multiple
energetic jets and either two isolated leptons (e or μ) with the same electric charge (SS) or at
least three isolated leptons (multilepton).
Four signal regions are chosen in the analysis, each aiming at one of the signal models
summarized in Figure 3. For the case of a light third generation, two signal regions with b-jet
requirements are deﬁned, while two other signal regions are deﬁned with a b-jet veto, aiming at
decay chains of gluinos to light quarks and leptons. Besides diﬀerent nb−tag requirements, the
miss and
signal regions are characterized by the lepton and jet multiplicity, requirements on ET
miss
meﬀ (scalar sum of the pT of the signal leptons and jets in the event plus ET ).
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Figure 3 – SUSY processes considered by the SS/multilepton analysis 6 for optimizing signal regions and setting
limits.
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7
CMS analysis . The limits signiﬁcantly exceed the 8 TeV results of the corresponding analysis,
excluding gluino masses of up to 1200 GeV. In addition, they extend the reach beyond the
combination of all 8 TeV ATLAS results in the compressed region. The reach of the multi-bin
CMS analysis is comparable and is also shown in Figure 4.
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Figure 4 – Missing transverse energy distribution of the SR3b selection before the ﬁnal ET
cut (left); resulting
limits on the gluino and neutralino masses for g̃ → tt̄χ01 decays of the ATLAS 6 (center) and CMS7 (right) analysis.

3.2

Search for SUSY with multileptons in 13 TeV data with the CMS experiment

This CMS analysis 8 targets very similar signal models as the SS analyses presented earlier.
miss , and whether
In this multi-bin analysis, the events are categorized based on nb−tag , HT , ET
there are on-Z lepton pairs in the event. A total of 30 signal regions are considered for the ﬁnal
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result. No signiﬁcant excess has been found and limits in various signal models have been set.
For example, the limit for g̃ → tt̄χ01 decays is comparable to those shown in Figure 4 for the SS
analyses and included in Figure 6.
4

Searches in the opposite-sign same-ﬂavor (OSSF) dilepton ﬁnal state

In the OSSF dilepton ﬁnal state, the analyses of 8 TeV data 9,10 by ATLAS and CMS showed
excesses over the SM expectations: ATLAS reported a 3σ excess in the on-Z region that can
be interpreted in SUSY models with a large neutralino mass diﬀerence. CMS reported a 2.6σ
excess in the oﬀ-Z region that can be interpreted in SUSY models with oﬀ-shell Z-boson or
slepton decays that lead to a characteristic edge shape in the dilepton mass distribution. Both
experiments have revisited these excesses with 13 TeV data.
4.1

Search for new physics in ﬁnal states with two opposite-sign same-ﬂavor leptons, jets and
miss in pp collisions at √s = 13 TeV with the CMS experiment
ET

The analysis 11 includes additional event categories for the on-Z and oﬀ-Z searches beyond those
in the 8 TeV analysis to increase sensitivity to new physics. It has revisited both moderate
excesses observed at 8 TeV and explicitly included an ATLAS-like search region in order to
enable a more direct comparison of the results.
The observations in all signal regions, including those with 8 TeV excesses in the on-Z (ATLAS) and the oﬀ-Z region (CMS), are consistent with SM expectations. The dilepton invariant
mass distribution for the oﬀ-Z selection is shown in Figure 5 and includes the signal shape
extracted from 8 TeV. In the ATLAS-like search region, no excess has been observed over the
expectation of 12 events (12 observed).
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Figure 5 – Left: The dilepton invariant mass distribution for the oﬀ-Z selection. The signal shape measured by
CMS with 8 TeV data has been overlaid on top of the background prediction for three diﬀerent sbottom mass
hypotheses 11 . Center: The dilepton invariant mass distribution in the same-ﬂavor channels. The MC prediction
is showing the expected shape of the distributions. A similar excess to that observed at 8 TeV 10 is visible in
data 12 . Right: The excess in the on-Z region leads to a signiﬁcantly reduced observed limit in the m(χ02 )/m(g̃)
plane 12 .

4.2

A search for Supersymmetry in events containing a leptonically decaying Z boson, jets and
√
missing transverse momentum in s = 13 TeV pp collisions with the ATLAS detector

The analysis 12 performs a search for OSSF lepton pairs with an invariant mass consistent with
miss . It updates the previous search at 8 TeV 10 , in which
that of the Z boson, jets and large ET
an excess of 3σ over SM expectations was ascertained.
As illustrated in Figure 5, 21 events are observed in the on-Z region in the 13 TeV analysis
with a predicted background of 10.3 events. This excess corresponds to a signiﬁcance of 2.2σ. As
a consequence, the observed limit in the m(χ02 )/m(g̃) plane is signiﬁcantly reduced with respect
to the expected limit.
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The new data collected at a center-of-mass energy of 13 TeV provides important insights, even
though the integrated luminosity is much lower than that of the 8 TeV dataset. A broad set
of searches for SUSY with leptons in the ﬁnal state has been performed by ATLAS and CMS.
Limits of the gluino-pair production with g̃ → tt̄χ01 decays could be pushed by about 300 GeV
to more than 1700 GeV as illustrated in Figure 6. The excesses in the OSSF dilepton ﬁnal state
observed by ATLAS and CMS in diﬀerent kinematic regions at 8 TeV have been revisited, but
no conclusion on the on-Z excess can be drawn, yet.
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Run I: arXiv:1507.05525
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Figure 6 – Left: Summary plot of the limits on gluino-pair production with the decay g̃ → tt̄χ01 set by leptonic
CMS analyses using 13 TeV data. Right: Summary of limits for the same model set by the ATLAS same-sign
dilepton analysis 6 and an inclusive search 13 requiring nb−tag ≥ 3.

The quick ramp-up of the instantaneous luminosity delivered by the LHC during Run 2
will enable ATLAS and CMS to quickly surpass the results from 2015 data and Run 1 with an
expected integrated luminosity of the order of 30 fb−1 in 2016. Hints for new physics from 2015
data will be carefully scrutinized with this large dataset.
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The possibility of testing the presence of new resonances in the Large Hadron Collider (LHC)
data has attracted a lot of attention after the preliminary results indicating possible excesses
in the Run 1 data by both ATLAS and CMS Collaborations in the diboson channels, including
also the more recent diphoton excess at 750 GeV. In the following I discuss the possibility that
a weak singlet pseudo-scalar particle, ηWZ , decays into two weak bosons after being produced
in gluon fusion at the LHC. The couplings to the gauge bosons arise in this case from a
Wess-Zumino-Witten anomaly term which is calculable explicitly (not a free parameter) in
models where the pseudo-scalar arises as a composite state, as the coeﬃcients of the anomalous
couplings can be related to the fermion components of the underlying dynamics. I provide
simple examples of these composite realisations. When such hints will be tested in more detail
in the Run 2 analyses of the LHC data it will be possible either to pinpoint in more detail the
structure of the composite electroweak sector or to give bounds on it.

1

Introduction

The discovery of the Higgs boson at the LHC has conﬁrmed the structure of the Standard Model
(SM) in a remarkable way, but establishing a more fundamental theory of particle interactions is
still an open question. Indeed the SM can be extended in order to explain in a more fundamental
way the eﬀective description we use today. Among the possible extensions for physics Beyond the
Standard Model (BSM), I shall focus in the following on the possibility that new scalars couple
to SM gauge bosons via a a Wess-Zumino-Witten (WZW) anomaly term. The hints suggested
by the Run 1 data in the diboson channels can be easily accommodated in such a framework,
as I will explain in the following. But on a more theoretical grounds, this possibility is a rather
natural one when thinking of models with a composite dynamics (in terms of new fermions)
for the electroweak sector. There are indeed two main reasons to suggest such a scenario: one
of them is the explanation of the eﬀective structure of the scalar sector of the SM in terms of
pseudo-Goldstone dynamics or composite states or, more generally, as a mixing of the two. The
second is more phenomenological as spin zero particles are typically among the lightest ones in
this framework. If something can be learned from Quantum ChromoDynamics (QCD), is that
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allowing for fundamental fermions (the quarks) composite states of all sorts are possible as well
as pseudo- Goldsone Bosons (PGBs). QCD is indeed a good example in this respect, containing
in its spectrum the pions (PGBs), the sigma and the eta (composite scalars), the rho vector
mesons (spin 1 composite states), axial-vector mesons, and the baryons (composite fermions).
In order to see the original motivation for the diboson channels excesses, I recall here the
main experimental analyses that triggered this work 1 . The ATLAS search for resonant diboson (W W/ZZ/W Z) production in hadronic ﬁnal states reported a discrepancy with respect to
the background-only model with 3σ signiﬁcance around 2 TeV 2 . A similar analysis was also
performed by the CMS collaboration 3 , where a moderate excesses, less than 2σ, was found
in the same mass range ∼ 2 TeV. In the semi-leptonic decay channel however, no excess was
observed 4,5 as well as in the fully leptonic channel of the WZ resonance 6,7 .
More recently the ATLAS 8,9,10,11 and CMS 12 collaborations have started analysing Run 2
data and the new results neither conﬁrm nor exclude yet the diboson signal, but give bounds in
speciﬁc models. There is also a Run 2 ATLAS bound placing a 95% conﬁdence upper limit on
the di–jet cross-section at the level of 150 fb 13 .
In the following I shall consider the possibility that a new resonance around 2 TeV contributes
to some of the channels, while others are populated by misidentiﬁcation of the boson-tagged jet:
for instance, one may have a neutral resonance that only couples to the WW and ZZ channels,
with the excess in the WZ channel due to contamination. In particular I consider a new weak
singlet pseudo-scalar particle ηWZ , coupling to gauge bosons via a Lagrangian term of the type
of the Wess-Zumino-Witten (WZW) anomaly 14,15,16 , decaying into two weak bosons (WW,
ZZ) while being produced via gluon fusion at the LHC. This eﬀective term is theoretically well
motivated especially in scenarios of strong dynamics for the electroweak sector, where such
states arise as massive scalars associated to an anomalous global symmetry of the dynamics.
On phenomenological ground, we allow the couplings to vary in order to explore a large class
of models of this type. This exercise will be indeed valuable in general as the coupling via the
anomalous WZW term, depending on the quantum numbers of the new fermions in the model
is able to populate in diﬀerent ratios the diboson channels, allowing also to explain excesses at
other masses such as the the 750 GeV one (see for example, following the same idea 17 ). For a
more general discussion of other possibilities see the Les Houches working group reports 18,19 .
I shall assume assume that this pseudo-scalar ηWZ is fermiophobic, i.e., its couplings to the
SM fermions, in particular to the top quark, are vanishing or tiny. The coupling to fermions
require extra interaction terms which may or may not be present, and their absence is a realistic
possibility in composite models, where particles with these properties are typically present 24 .
Another interesting point is that new scalar resonances are typically expected to be lighter that
their vector counterparts, so it is quite reasonable to discover ﬁrst such a pseudo–scalar particle
at a lower mass than new vectors, as in QCD.
2

An eﬀective model

Before discussing any detailed model building in terms of composite states made of new fermions,
it is worth using an eﬀective Lagrangian approach in order to evaluate the size of the parameters
needed to obtain a scenario compatible with the diboson excess. As discussed previously I assume
that the ηWZ couples to gluons and the weak bosons, as in the case of the anomaly, and does
not couple to the SM quarks and leptons. The excess points to an eﬀective diboson cross section
of about 10 fb. This implies that the production cross section σ(gg → ηWZ ) should be around
100 fb in order to explain the diboson excesses as the Branching Ratio to the WW channel is
roughly Br(ηWZ → W + W − ) ∼ 2(Nc α2 )2 /(8α32 ) ∼ 10% for an anomaly induced coupling. For
the ZZ mode it is half of it. Thus the desired situation, σ · Br(ηWZ → W + W − /ZZ) ∼ 10 fb,
can typically be achieved. In this eﬀective model, the WZ excess is considered contamination
from the WW/ZZ signals. The total width should not be so large, which is constrained less than
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about 100 GeV, due to the size of the one-loop eﬀect.
Another point to be considered are the diphoton resonance searches, because the pseudoscalar can decay into a pair of photons. This should be avoided when considering the excess at
about 2 TeV as there are constraints on it, but may be an interesting feature when considering
the 750 GeV excess which is precisely in the di–photon channel 17 . For the high-mass diphoton
resonances, the CMS collaborations found the constraint of the production cross section times
branching ratio less than 0.3 fb for the 2TeV RS graviton 20 . The ATLAS collaborations also
performed a similar analysis and the expected 2σ limit is 0.5 fb 21 . The suggested explanation in
terms of a WZW term typically satisﬁes this constraint, as Γ(ηWZ → γγ)/Γ(ηWZ → W + W − ) ∼
α2 /2α22  0.03. The decay channel of ηWZ → Zh is also potentially dangerous 22,23 , however one
can safely assume that the mixing between the singlet and the Higgs doublet is absent here and
therefore the possible constraint from ﬁnal states with Higgses can be avoided.
The action for a weak singlet pseudo-scalar ηWZ with no hypercharge is given by


Sη =

d4 x

1
2
) + ΓWZW ,
(∂μ ηWZ ∂ μ ηWZ − Mη2 ηWZ
2

(1)

where Mη is the mass of the pseudo-scalar singlet and the WZW term contains the eﬀective
Lagrangian for the diboson decay, ΓWZW ⊃ d4 x LηV V , with
Lηgg = κηg
LηW W

g32 ηWZ μνρσ a a

Gμν Gρσ ,
32π 2 Fη

= κηW

LηBB = κηB

(2)

g22 ηWZ μνρσ i
i

Wμν Wρσ
,
32π 2 Fη

(3)

gY2 ηWZ μνρσ

Bμν Bρσ ,
32π 2 Fη

(4)

where the couplings g3 , g2 and gY are respectively the gauge coupling constants of the strong,
weak and hypercharge groups. Fη denotes the decay constant of ηWZ , and the couplings κηg ,
κηW and κηB are unknown pre-factors in the eﬀective description, but they can be calculated
precisely in speciﬁc realisations when the content of the loop terms is explicit, as we shall see in
the following.
3

A toy Vector-like Model

As a ﬁrst example let us consider to the couplings κηg , κηW and κηB in terms of a simple hypothesis
of a vector-like model allowing to obtain the previous couplings simply “counting” the particles
in the anomaly loops, using the charge assignments given in the following table:.
The vector-like weak doublets Q and L come with multiplicity nQ and nL , respectively. The
vector-like fermion NL,R is a singlet with respect to the weak interactions. The total number
of ﬂavours is Nf = 2Nc nQ + 2nL + 1 where Nc = 3 is the number of ordinary QCD colours.
Imposing a large number of ﬂavours Nf bring towards a situation in which the gauge theory loses
asymptotic freedom. In order to avoid this we ask for a negative coeﬃcient of the β function at
one-loop, giving Nf < 11N/(4T (R)), where T (R) is the trace normalisation. For the two-index
anti-symmetric representation, T (R) = (N − 2)/2. As an example, the theory with N = 5 and
nQ = nL = 1 is asymptotically free. The anomaly type diagram corresponding to the eﬀective
vertices of Eq. (4) give the following correspondence
1
κηg = N (N − 1) · 2nQ ,
2

1
κηW = N (N − 1) · (Nc nQ + nL ),
2

(5)

with κηB = κηW B = 0, where Nc = 3 is the number of colours. For a fundamental representation,
the factor N (N − 1)/2 should be replaced by N . The coeﬃcient κηγ of the WZW term for the
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Table 1: Quantum numbers of the vector-like model under the dynamics SU (N ), and the SM gauge symmetries.
R and L are the chirality of the fermion ﬁelds.

SU (N )

SU (3)c SU (2)W

U (1)Y

QL = (Q1 , Q2 )L

3

2

0

QR = (Q1 , Q2 )R

3

2

0

LL = (L1 , L2 )L

1

2

0

LR = (L1 , L2 )R

1

2

0

NL

1

1

0

NR

1

1

0

ηW –γ-γ coupling is calculated from the above ones and gives κηγ = κηW in this toy model. The
number κηW /κηg = 2 for nQ = nL = 1 corresponds to the number of the weak doublets over
that of the quark ﬂavours and plays an important role in the explanation of the diboson excess.
Using the numerical values: nQ = 1, nL = 1, N = 2, Nc = 3, which translates into κηg = 2 and
κηγ = κηW = 4, and Fη = 500 GeV, the production cross-section of the ηWZ particle is 0.615 fb
and its total width 1.12 GeV at LHC with 8 TeV of centre of mass energy for mηWZ = 2 TeV.
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Figure 1 – Cross section times branching ratios on the κηg –κηW /κηg plane for Fη = 500 GeV and κηB = 0. The
shaded region in the right upper area is excluded owing to σ(gg → ηWZ ) · Br(ηWZ → γγ) > 0.5fb. The numbers
N = 4, 5, 6 represent the corresponding values for the vector-like model with nQ = nL = 1.

Using N = 5 and all the other parameters unchanged, increases the couplings by a factor
of 10, therefore κηg = 20 and κηγ = κηW = 40, while the production cross-section and width of
the ηWZ particle are a factor of 100 larger (production cross-section 61.5 fb and total width 112
GeV). The branching fractions are given in Table 2.
These are just indications based on the choice of parameters indicated above. Increasing N
(or decreasing Fη ) will increase the cross-section and allow reaching a value compatible with the
excess.
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Table 2: Decay modes and branching fraction of ηWZ with mass 2 TeV and κηW /κηg = 2.

decay mode BR
gg
83.%
WW
11.2%
ZZ
3.2%
Zγ
2%
γγ
0.4%

4

A more realistic model

The previous section introduced a simple vector-like model allowing to test the idea of a scalar
coupling to the gauge boson via the WZW term at the eﬀective level or the triangle type vertex
at one–loop order in the more fundamental description in terms of fermionic states giving rise to
bound states in a strong type electroweak model. The previous example completely disregarded
many important points which should be analyses in a more complete setup. A more realistic
example of a composite Higgs model is considered in the following and it is based on the model
ﬁrst introduced in 26 and further discussed in 27 . The discussion in this section is based on the
detailed analysis for the diboson excess performed in 28 . The model is based on a conﬁning
gauge theory with four fermions Q and six fermions χ. The Q fermions provide an SU (4)
ﬂavour symmetry which is spontaneously broken into Sp(4) to give a composite Higgs and two
SM singlets as pNGBs. The χ fermions in a 6 of SU (6), spontaneously or explicitly broken
into SO(6). This allows to obtain coloured fermionic bound states which are the top partners
usually introduced in the eﬀective Lagrangian descriptions for the composite Higgs models.
Table 3: Fermionic ﬁelds and transformation under the gauged symmetry group Sp(2Nc )×SU(3)c × SU(2)L ×
U(1)Y , and under the global symmetries SU(4)×SU(6)×U(1).

Sp(2Nc )
Q1
Q2
Q3
Q4
χ1
χ2
χ3
χ4
χ5
χ6

SU(3)c

SU(2)L

U(1)Y

1

2

0

1
1

1
1

1/2
−1/2

3

1

2/3

3̄

1

−2/3

SU(4)

SU(6)

U(1)

4

1

qQ

1

6

qχ

The QQ and χχ mesons, each contain one Sp(4) × SO(6) singlet, σQ and σχ , which are
associated to the spontaneously broken U (1)Q and U (1)χ . One linear combination of these is
Sp(2Nc ) anomaly free, leaving only one pNGB from this sector. The other one is expected to
obtain a large mass from Sp(2Nc ) instanton eﬀects. In addition, QQ contains a boson multiplet
in the (5, 1) under Sp(4) × SO(6). In terms of the SU (2)L × SU (2)R ⊂ Sp(4), it decomposes
into (H, η) in (2, 2) ⊕ (1, 1), and the bidoublet is identiﬁed with the SM-like Higgs while η is
another SM singlet pNGB.
The anomaly coupling coeﬃcients κiG are given in table 4.
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Table 4: Anomaly coeﬃcients of σQ , σχ , and η.

κg
κW
κB

σQ
0
2Nc

σχ
(2Nc + 1)(Nc − 1)
0

2Nc

8
3 (2Nc

+ 1)(Nc − 1)

η
0
√ )
2Nc cos(v/f
2 2
√ )
−2Nc cos(v/f
2 2

The Sp(2Nc ) anomaly breaks U (1)Q × U (1)χ → U (1)σ . The Goldstone Lagrangian of σQ
and σχ is:
2
fQ
fχ2
Lkin,GB =
(6)
∂μ Σ†QQ ∂ μ ΣQQ + ∂μ Σ†χχ ∂ μ Σχχ ,
2
2
where
(7)
ΣQQ = eiσQ /fQ , Σχχ = eiσχ /fχ .
The conserved current (up to the anomaly) of a U (1) transformation ΣQQ → e2qQ α ΣQQ , Σχχ →
e2qχ α Σχχ is j μ ∝ ∂ μ (fQ qQ σQ + fχ qχ σχ ), such that the canonically normalised pNGB corresponding to this U (1) and its orthogonal combination are
σ = cos φσQ + sin φσχ

(8)

σ  = − sin φσQ + cos φσχ

(9)

with tan φ = fχ qχ /fQ qQ .
The composite particle labelled σ is Sp(2Nc ) anomaly-free when qQ = −3(Nc − 1)qχ and thus
remains a pNGB. The one labelled σ  obtains a mass from the anomaly and from Sp(2Nc )
instanton eﬀects. In this model the η particle does not couple to gluons and therefore is not a
good candidate for the excess (too small production cross section). σ can be made massive by
explicit breaking of U (1)σ and can be produced from gluon fusion and has decay channels into
W W and ZZ. σ  is massive even without an explicit breaking term, and it has the required
couplings. Both σ and σ  should be therefore analysed in more detail.
The coeﬃcients κσ /fσ give branching ratios (normalised to the one of Γσ→W W ) of the σ
particle in the range (see 28 for more details):
Γσ→gg
Γσ→W W
Γσ→ZZ
Γσ→W W
Γσ→Zγ
Γσ→W W
Γσ→γγ
Γσ→W W

= 5.1 ↔ 3.3,

(10)

= 0.29 ↔ 0.31,

(11)

= 0.19 ↔ 0.17,

(12)

= 0.021 ↔ 0.033,

(13)

where the ﬁrst number is for Nc = 2 while the second one is obtained in the large Nc limit (with
g3 = 1.033, g2 = 0.628, and sin2W = 0.2319) at 2 TeV.
The production cross section of a scalar resonance at LHC Run 1 is given by:
σR1 (gg → σ) =

 σ 2
κg
(1TeV)2

2

fσ2

0.615 fb

(14)

8.11 fb.

(15)

while at LHC Run 2 is:
σR2 (gg → σ) =

 σ 2
κg
(1TeV)2

2
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fσ2

After checking the bounds on branching fractions, one needs to consider whether the model can
provide a large enough cross section for the diboson excess. From Eqs. (14) and (15), one can see
that the production cross section can be raised by either increasing κσg (which means increasing
Nc ) or by decreasing fσ . The branching ratios are independent of fσ and only mildly depend
on Nc . It turns out that the cross section can be around 10 fb using a low value of fQ and/or
a high value of Nc . Note that Nc ≤ 36 is required in order to maintain asymptotic freedom,
which implies roughly an upper bound fQ < 1.6 TeV if σ is considered the source of the 2 TeV
diboson anomaly.
5

Conclusions

I have discussed the idea that excesses in diboson channels with no or little fermion counterpart
in the ﬁnal state, such as those present in Run 1 data at 2 TeV, can be explained in a simple way
in composite models which typically contain a pseudo Nambu-Goldstone boson with anomalous
couplings to gluons and electroweak gauge bosons. In the eﬀective Lagrangian description the
WZW terms have arbitrary coeﬃcients, but when considering an underlying dynamical model,
these can be calculated bringing precise numbers to be confronted with data. The branching
ratios obtained in these models allow to explain a diboson excess in the hadronic W W and ZZ
channel without contradiction with the present bounds. As soon as the situation concerning
the diboson excesses will be clariﬁed by the new Run 2 analyses, it will be possible to either
pinpoint a particular set of eﬀective couplings (therefore selecting particular models in terms of
constituent fermions and dynamics) or obtain more stringent bounds.
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as well as the DéﬁInphyNiTi - projet structurant TLF; the Labex-LIO (Lyon Institute of Origins) under grant ANR-10-LABX-66 and FRAMA (FR3127, Fédération de Recherche “André
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DIPHOTON SEARCHES IN ATLAS
M. DELMASTRO
on behalf of the ATLAS Collaboration
CNRS/IN2P3, LAPP Annecy-le-Vieux, France

Searches for new resonances decaying into two photons in the ATLAS experiment at the
LHC are described. The analysis is based on pp collision data corresponding to an integrated
√
luminosity of 3.2 fb−1 at s=13 TeV recorded in 2015. Two diﬀerent searches are performed,
one targeted for a spin-2 particle, using Randall-Sundrum graviton states as a benchmark
model, and one optimized for a spin-0 particle. The most signiﬁcant deviation from the
background predictions is observed at a diphoton invariant mass around 750 GeV with local
signiﬁcances of 3.6 and 3.9 standard deviations in the searches optimized for a spin-2 and
spin-0 particle, respectively. The global signiﬁcances are estimated to be 1.8 and 2.0 standard
deviations. The consistency between the data collected at 13 TeV and 8 TeV is also evaluated.
Limits on the production cross-section for the two benchmark resonances are reported.

1

Motivations

New high-mass states decaying into two photons are predicted in many extensions of the Standard Model (SM). The diphoton ﬁnal state provides a clean experimental signature with excellent invariant mass resolution and moderate backgrounds. The spin of the hypothetical particle,
which is assumed to be 0 or 2 in the following, causes signiﬁcant diﬀerences in the kinematics
of the decay photons. These are exploited by applying two diﬀerent selections, with looser selection cuts for a spin-2 resonance search. However, the photon identiﬁcation criteria and the
event pre-selection are common in both searches.
The search for a spin-2 γγ resonance uses the Randall-Sundrum (RS) model 1 graviton as
2 spin-2 graviton excitation (G∗ ) with a dia benchmark. This entails a lightest Kaluza-Klein√
mensionless coupling k/M Pl , where M Pl = MPl / 8π is the reduced Planck scale and k the
curvature scale of the extra dimension. In order to perform the search up to the highest invariant masses where a small number of data events is expected, the shape of the invariant mass
distribution of the main background from production of prompt photon pairs is estimated from
theoretical computations, and the contribution from the reducible background of jets misidentiﬁed as photons is added from data-driven estimates. This analysis is performed in the mass
range 500-3500 GeV and in the k/M Pl range 0.01 to 0.3, searching for an excess modeled by the
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RS graviton resonance shape convoluted with the experimental resolution over the estimated
background diphoton invariant mass distribution.
Spin-0 γγ resonances are predicted in theories with an extended Higgs sector. The search
for a spin-0 resonance uses a restricted kinematic range, taking advantage of the isotropic distribution of the decay products in the centre-of-mass frame of the new particle. The background is
estimated by ﬁtting the diphoton invariant mass distribution to an analytical function, searching
for an excess modeled by a spin-0 resonance convoluted with the experimental resolution. The
search is performed in the mass range 200-2000 GeV where there are enough data to constrain
the background shape and for width values up to 10% of the mass of the hypothesized particle.
2

Analysis overview

A complete description of the searches is found in Ref. 3 . Data were collected by the ATLAS
√
detector 4 in 2015 using pp collisions at a centre-of-mass energy of s = 13 TeV with a bunch
spacing of 25 ns, an average number of pp interactions per bunch crossing of about 13, and a
peak instantaneous luminosity of 5 ·1033 cm−2 s−1 . Events from pp collisions were recorded using
a diphoton trigger with transverse energy thresholds of 35 GeV and 25 GeV for the ET -ordered
leading and subleading photon candidates, respectively. After data-quality requirements, the
data sample corresponds to an integrated luminosity of 3.2 fb−1 ± 5%, where the uncertainty is
derived following a methodology similar to that detailed in Ref. 5 , from a preliminary calibration
of the luminosity scale using van der Meer scans performed in August 2015.
Simulated Monte Carlo (MC) samples are used to optimize the search strategy and to check
the background estimates. Interference eﬀects between signal and background processes are
neglected. Signal samples for the RS graviton model are generated using Pythia8 6 with parton
distribution functions (PDF) NNPDF23LO 7 and the underlying-event tune A14 8 , for diﬀerent
choices of the graviton mass and the parameter k/M Pl , spanning a mass range from 500 GeV to
5 TeV and k/M Pl values from 0.01 to 0.3. The signal in the spin-0 particle search is simulated
using a SM Higgs-like boson produced in pp collisions via gluon fusion and decaying into two
photons, generated with Powheg-box 9,10 interfaced with Pythia8 for the underlying event,
parton showering and hadronization. Other production processes are investigated to assess the
impact of the production mode on the signal modeling. MC samples are produced for diﬀerent
hypotheses of the spin-0 boson mass (mX ) in the range 200 to 2000 GeV and of the decay width
(ΓX ) up to 10% of mX . For the narrow width approximation (NWA), the width of the particle is
set to 4 MeV. To model signals with large decay widths, a function parameterizing the theoretical
line-shape of the resonance is used 11,12 . The Powheg-box implementation of a large-width
spin-0 resonance with SM-like couplings is chosen for this function. The line-shape is modelled
with a Breit-Wigner distribution based on a running-width scheme, including the dependence
of the cross section on the gluon-gluon parton luminosity. In order to reduce modelling eﬀects
from the oﬀ-shell region, the sample generation is restricted to the region mX ± 2ΓX .
Only photon candidates with |η| < 2.37 are considered, not including the transition region
1.37 < |η| < 1.52 between the barrel and end-cap calorimeters. Photon identiﬁcation is based on
shower shapes in the electromagnetic calorimeter 13 , with the tight selection criteria re-optimized
for the conditions expected for the 2015 data. The eﬃciency of the photon identiﬁcation increases
with ET from 85% at ET = 50 GeV to 95% at ET = 200 GeV. For ET > 50 GeV, the uncertainty
on the photon identiﬁcation eﬃciency varies between ±1% and ±5% depending on η and ET .
To further reject the background from jets misidentiﬁed as photons, the photon candidates are
required to be isolated using both calorimeter isolation and track isolation requirements.
The measurement of the electron or photon energy is based on the energy collected in
calorimeter cells in an area of size Δη × Δφ of 0.075 × 0.175 in the barrel and 0.125 × 0.125
in the end-caps. A multivariate regression algorithm 14 to calibrate electron and photon energy
measurements was developed and optimized on simulated events. Corrections are made for the
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energy deposited in front of the calorimeter and outside of the cluster, as well as to account
for the variation of the energy response as a function of the impact point on the calorimeter.
The overall energy scale in data, as well as the diﬀerence in the constant term of the energy
resolution between data and simulation, are estimated with the sample of Z-boson decays to
electrons recorded in 2012 and reprocessed using the same conditions as used for the 2015 data
taking and event processing. At ET values larger than 100–200 GeV, the energy resolution
is dominated by the constant term of the calorimeter energy resolution, which amounts to
0.6% − 1.5% depending on η. In addition to the uncertainties on the energy calibration with the
2012 data 14 , additional uncertainties account for the extrapolation from the 2012 dataset to the
2015 dataset. The uncertainty on the photon energy scale at high ET is typically ±(0.5-2.0)%
depending on η, and the preliminary relative uncertainty on the photon energy resolution for
ET = 300 GeV is between ±80% and ±100% depending on η.
Starting from the triggered events, two photon candidates fulﬁlling the tight identiﬁcation
requirements are required, with ET above 40 GeV and 30 GeV. In the selection used to search for
a spin-2 resonance, the transverse energy of each photon is required to be ET > 55 GeV. With
this selection, 5066 diphoton events with diphoton invariant mass mγγ > 200 GeV are selected in
the data. The search for a spin-0 resonance applies tighter selections which have been optimized
on simulated background and signal samples to enhance the sensitivity to a spin-0 particle. Given
the isotropic distribution of the decay, the transverse energies of the two photons are expected to
be higher than those of photons from background processes. The transverse energy is required to
be ET > 0.4mγγ for the photon with the highest ET and ET > 0.3mγγ for the photon with the
second-highest ET , for a given value of mγγ . This selection improves the expected sensitivity by
more than 20% for masses larger than 600 GeV compared to the initial requirement. With these
requirements, 7391 (2878) events are selected in the data with mγγ > 150 GeV (> 200 GeV).
Methods based on control regions built from events failing the isolation requirement and/or
some of the tight photon identiﬁcation requirements are used to estimate the various sources of
background directly from data. In the ﬁrst method 15 , four regions per photon are constructed,
one region corresponding to the signal selection and the others to candidates failing the isolation
requirement only, failing part of tight identiﬁcation requirement only or failing both. For diphoton candidates, 16 control regions are thus obtained. The inputs to the method are the numbers
of events in the 16 regions and the signal eﬃciencies of the tight identiﬁcation and isolation
requirements. The correlation between these two requirements is assumed to be negligible for
background events. The method allows the simultaneous extraction of the numbers of genuine
diphoton events, photon+jet, jet+photon and dijet background events, and of the eﬃciencies
of the tight identiﬁcation and isolation requirements for photon candidates from misidentiﬁed
jets. Photon+jet events correspond to the cases where the sub-leading photon candidate in ET
is a jet misidentiﬁed as a photon, and vice-versa for jet+photon events. The second method 16
classiﬁes the diphoton candidates passing tight identiﬁcation requirements into four categories
depending on whether both, only the leading, only the sub-leading or none of the photons pass
the isolation cut. The numbers of observed events in data in these categories are related to
the numbers of genuine diphoton, photon+jet, jet+photon and dijet events through isolation
eﬃciencies for signal and background. The eﬃciency for background is estimated in control
regions of the data, using events failing a subset of the tight identiﬁcation requirements. Events
satisfying the tight identiﬁcation are used to estimate the eﬃciency for genuine photons, after
subtracting the background component, whose amount is estimated by comparing the number
of events passing and failing a subset of the tight identiﬁcation requirements, in a control regions
of the data with large track isolation, piso
T > 0.05ET + 10 GeV. Once these eﬃciencies are known,
the sample composition can be extracted by the inversion of a 4×4 matrix.
Both methods can be applied over the full selected kinematic range, or in bins of mγγ ,
thus providing both inclusive and diﬀerential yields. Figure 1 shows the decomposition of the
selected data sample into the contributions from diphoton, photon+jet or jet+photon, and dijet
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Figure 1: The diphoton invariant mass distributions (upper panels) of the data for the spin2 (left) and spin-0 (right) selections and their decomposition in contributions from genuine
diphoton, gamma+jet and jet+jet events as determined using one of the methods described in
the text. The bottom panels show the purity of diphoton events as determined from the two
methods. The total uncertainties are shown, including statistical and systematic components.
All plots from Ref. 3 .
events for both selections and the corresponding purities, deﬁned as the ratio of diphoton events
over the total number of events in the sample. The purity is (94+3
−7 )% for the spin-2 selection
and (93+3
−8 )% for the spin-0 selection. Uncertainties on these purity estimates come from the
statistical uncertainty in the data sample, the deﬁnition of the control region failing the tight
identiﬁcation requirement, the modelling of the isolation distribution and possible correlations
between the isolation variable and the identiﬁcation criteria that are inverted. Both methods
give consistent results within their uncertainties. The estimate of these uncertainties is sensitive
to the small number of events in some of the control regions.
The invariant mass distribution of the diphoton pair for the signal is expected to peak near
the assumed mass of the new particle, with a spread given by the convolution of its intrinsic
decay width with the experimental resolution. For both searches, the invariant mass experimental resolution is modeled with a double-sided Crystal Ball (DSCB) function 3 . For the spin-2
analysis, the signal mass distribution for any value of the mass and k/M Pl is obtained by a convolution of the intrinsic detector resolution, modeled by a DSCB function, with the predicted
mass line-shape distribution at the generator level. The parameters of the DSCB function are
determined from RS graviton signal samples of various masses with k/M Pl = 0.01, corresponding
to a width of 0.014% times the mass. When considering spin-0 resonances with larger natural
widths. The reconstructed line-shapes for a spin-0 signal are well described by DSCB functions.
The parameters of the DSCB ﬁt function are then expressed as analytical functions of the mass
and width of the hypothesized spin-0 resonance.
Two diﬀerent methods are used to estimate the continuous background contribution to the
mγγ distribution. The ﬁrst approach aims at searching for very high masses, where the small
number of data events does not constrain eﬀectively the shape of the invariant mass of the
diphoton background. In this approach, the invariant mass shape of the diphoton background is
predicted using the ﬁxed order Diphox 17 NLO computation. The background from photon+jet
and dijet production is added using control samples in the data. This approach is used for the
spin-2 resonance search, where the search range is 500-3500 GeV in mass. With this approach,
the uncertainty on the mγγ shape of the total background results from the uncertainties on the
shape of each component and the uncertainty on the relative normalization of each component.
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This uncertainty ranges from about ±5% at a mass of 500 GeV to ±35% at a mass of 3.5 TeV.
At masses larger than 1 TeV, the main contribution to the uncertainty comes from the shape of
the irreducible background which in turn mostly arises from the PDF uncertainty. The second
approach is optimized for the mass range in which there are enough data events below and
above the investigated resonance mass. In this approach, used for the spin-0 resonance search,
the mass distribution from data is ﬁtted in the range above 150 GeV and the search range for
the signal is 200-2000 GeV. A family of functions is chosen to describe the shape of the invariant
mass distribution:
k
j
f(k) (x; b, {ak }) = N (1 − x1/3 )b x j=0 aj (log x) ,
(1)
m

, k is related to the number of parameters of the function, b and ak are free
where x = √γγ
s
parameters, and N is a normalization factor. To validate the choice of this functional form and
to derive the corresponding uncertainties, the method detailed in Ref. 18 is used to check that
the functional form is ﬂexible enough to accommodate diﬀerent physics-motivated underlying
distributions. The bias related to the choice of the functional form is estimated as the ﬁtted
“spurious” signal yield in these pseudo-data, which consist only of background events, when
performing a signal plus background ﬁt for various signal mass hypotheses. To be selected for
the analysis the functional form is required to have a ﬁtted “spurious” signal less than 20%
of the statistical uncertainty on the ﬁtted signal yield over the full investigated mass range.
Among the forms fulﬁlling this criteria, the one with the lowest number of degrees of freedom is
preferred. Based on these criteria, the functional form deﬁned in the equation above with k=0
is selected. The uncertainty on the background is estimated from the ﬁtted “spurious” signal.
For a narrow signal hypothesis, it varies from 7 events at 200 GeV to 0.006 events at 2000 GeV.
For larger hypothesized signal widths, the signal is integrated over a wider mass range and the
background uncertainty is larger, from 20 events at 200 GeV to 0.04 events at 2000 GeV, for a
hypothesized signal with a width equal to 6% of its mass.
The numbers of signal and background events are obtained from maximum likelihood ﬁts
of the mγγ distribution of the selected events, for (mX , α) hypotheses where the presence of
a spin-0 resonance of mass mX and width Γ = αmX is probed, or (mX , k/M Pl ) hypotheses
where a spin-2 resonance from the benchmark RS model is probed. Uncertainties on the signal
parameterization, the acceptance and detector eﬃciency correction factors for the signal and
on the description of the background shape are included in the ﬁt via nuisance parameters.
Uncertainties on the signal modelling are constrained with Gaussian or log-normal penalty terms.
Every ﬁt allows for a single signal component.
The whole mass spectrum (starting at 150 GeV for the spin-0 resonance search and at
200 GeV for the spin-2 resonance search) is used for all probed mass hypotheses. The local
p-value (p0 ) for the compatibility with the background-only hypothesis when testing a given
signal hypothesis (mX , α) is based on scanning the q0 (mX , α) test statistic 19 . This p0 -value
is calculated using the asymptotic approximation 19 . Global signiﬁcance values are computed
accounting for the look-elsewhere-eﬀect. A large number of pseudo-experiments is generated assuming the background-only hypothesis and, for each pseudo-experiment, a maximum likelihood
ﬁt is performed with the signal mass, width and rate as free parameters. The corresponding p0 value is computed and the global signiﬁcance is estimated by comparing the minimum p0 -value
observed in data to the distribution derived from the pseudo-experiments.
3

Results

Figure 2 shows the diphoton invariant mass distributions for the selections optimized for the spin0 and spin-2 resonance searches, together with the best background-only ﬁts. The compatibilities
with the background-only hypothesis, quantiﬁed with the local p0 -value, are shown in Figure 3
as a function of the hypothesized resonance mass and width for the spin-0 search, and as a
function of the assumed mass and for various k/M Pl values for the spin-2 search.
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Figure 2: Distribution of the invariant mass of the diphoton candidates for the selections used
in the searches for a spin-2 (left) and spin-0 (right) resonance with the best background-only ﬁt
(top panels). The diﬀerence between the data and this ﬁt is shown in the bottom panels. The
arrows indicate values outside the range shown in the bottom panel. All plots from Ref. 3 .
Both in the spin-2 and spin-0 searches the largest deviation is observed near a mass of
750 GeV. In the spin-2 search, it corresponds to a local excess of 3.6 standard deviations and a
global signiﬁcance of 1.8 standard deviations, for a k/M Pl value of 0.21. The width associated to
k/M Pl = 0.21 at mG∗ = 750 GeV is 48 GeV. In the spin-0 search, it corresponds to a local excess
over the background-only hypothesis of 3.9 standard deviations, for a width of ≈ 45 GeV. The
global signiﬁcance evaluated using the search region of 200 − 2000 GeV in mass and 1% − 10%
in ΓX /mX is 2.0 ± 0.1 standard deviations.
The events selected in the spin-0 search constitute a subset of those selected in the spin2 resonance search, so the two analyses are not independent. The compatibility between the
excesses observed in the two analyses is assessed with a bootstrap statistical procedure, under the
assumption of a common signal. If the spin-0 signal is assumed, the two analyses are compatible
within 0.02 standard deviations. It is 0.9 standard deviations for the RS graviton signal model.
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Figure 3: Compatibility with the background-only hypothesis as a function of the assumed mass
and for various k/M Pl values for the spin-2 resonance search (left), and as a function of the
assumed signal mass mX and relative width ΓX /mX for the analysis optimized for a spin-0
resonance search (right). All plots from Ref. 3 .
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Figure 4: Distribution of the invariant mass of the two photons in the 8 TeV data: (left) for
the selection optimized for the search of a spin-2 particle; (right) for the selection optimized for
the search of spin-0 particle. The data are compared to the best background-only ﬁt. All plots
from Ref. 3 .
Several cross-checks of the events with invariant masses near 750 GeV have been performed
and no problem related to the photon energy measurement or photon identiﬁcation and reconstruction has been found. A comparison of the properties of the events is made between the
events with mγγ in the interval 700-840 GeV and the events in the sideband regions with mγγ
between 600 GeV and 700 GeV or with mγγ larger than 840 GeV, and no signiﬁcant diﬀerence
is observed.
4

Compatibility with 8 TeV data

The 8 TeV pp collision data recorded in 2012, corresponding to an integrated luminosity of
20 fb−1 , are re-analyzed with a photon energy calibration as described in Ref. 14 , which is close
to the calibration used for the 13 TeV data. The selections, including the photon isolation
and identiﬁcation requirements, are the same as in the original publications 20,21 but the spin-0
resonance search is now also performed at higher invariant masses, covering the region around
750 GeV. The signal and background are modeled following the same methods as described above
and used for the 13 TeV data. The treatment of systematic uncertainties takes into account the
correlations between the two datasets from the common photon energy calibration procedure.
Figure 4 shows the invariant mass distributions for the two selections. In the search optimized
for a spin-2 resonance, no signiﬁcant excess is observed above the background expectation for
the signal hypothesis giving the largest deviation from the background-only hypothesis in the
13 TeV data. In the search optimized for a spin-0 resonance, the 8 TeV data show an excess
corresponding to 1.9 standard deviations for the hypothesis of a signal of mass 750 GeV and
width ΓX /mX = 0.06, for which the largest deviation over the background-only hypothesis is
observed in the 13 TeV data. The consistency of the excess near an invariant mass of 750 GeV
between the 8 TeV and 13 TeV datasets is estimated assuming a common signal model. For
a particle of mass 750 GeV produced as an s-channel resonance, the expected cross section
increases by a factor 4.7 (2.7) for a gluon-gluon (light quark-antiquark) initial state, as estimated
with the MSTW2008NLO or NNLO PDF sets 22 . The consistency is quantiﬁed by adding an
extra modiﬁer to the predicted cross-section ratio, which should be one if the two datasets are
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consistent, and treating this modiﬁer as the only parameter of interest in the measurement. The
best-ﬁt value of this modiﬁer corresponds to a smaller cross section at 8 TeV than expected from
the 13 TeV excess. For the analyses optimized for the spin-0 resonance search, assuming a scalar
resonance produced by gluon fusion with ΓX /mX = 0.06, the diﬀerence between the 8 TeV and
13 TeV results corresponds to a statistical signiﬁcance of 1.2 standard deviations if gluon-gluon
production is assumed and 2.1 standard deviations for quark-antiquark production. For the
spin-2 analyses, assuming k/M Pl = 0.21, the diﬀerence corresponds to 2.7 standard deviations
for gluon-gluon production and 3.3 standard deviations for quark-antiquark production.
5

Summary

Searches for new resonances decaying into two photons in the ATLAS experiment at the LHC are
presented, using pp collision data corresponding to an integrated luminosity of 3.2 fb−1 recorded
√
in 2015 at s = 13 TeV. Analyses optimized for the search for spin-2 Randall-Sundrum graviton
resonances and for spin-0 Higgs-like resonances are performed. Over most of the diphoton mass
range, the data are consistent with the background-only hypothesis. The largest deviation from
the background-only hypothesis is observed in a broad region near a mass of 750 GeV, with
local signiﬁcances of 3.6 and 3.9 standard deviations in the searches optimized for the spin-2
and spin-0 resonances, respectively. The global signiﬁcances are estimated to be 1.8 and 2.0
standard deviations. The results of both analyses are consistent assuming either of the two
benchmark signal models. No signiﬁcant diﬀerence is observed in the properties of the events
with a diphoton mass near 750 GeV compared to those at higher or lower masses.
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 (750 )

I(J P ) =?(0?)
J needs conﬁrmation

000

OMITTED FROM SUMMARY TABLE
Needs conﬁrmation.

VALUE (GeV)

EVTS

 MASS

DOCUMENT ID

750 ± 30 OUR AVERAGE
• • •

VALUE (GeV)

CL%

<100

95

• • •

Γ1
Γ2

TECN

COMMENT

pp → 

ATLAS, CMS

We do not use the following data for average, ﬁts, limits, etc. • • •

 WIDTH

DOCUMENT ID

TECN

ATLAS, CMS

COMMENT

pp → 

We do not use the following data for average, ﬁts, limits, etc. • • •

Mode
γγ
γZ, ZZ, jj

 DECAY MODES

Fraction (Γi/Γ)
seen
expected

We summarise the main experimental, phenomenological and theoretical issues related to the
750 GeV digamma excess.

√
The ﬁrst LHC data about pp collisions at s = 13 TeV agree with the Standard Model
(SM), except for a hint of an excess in pp → γγ peaked at invariant mass around 750 GeV.1 We
denote the new resonance with the symbol, , used in archaic greek as the digamma letter and
later as the number 6 ≈ M /Mh , but disappeared twice. New data will tell if the  resonance
disappears or is conﬁrmed. In the meantime, the  excess attracted signiﬁcant theoretical
interest.2–320a Indeed, unlike many other anomalies that disappeared, the γγ excess cannot
be caused by a systematic issue, neither experimental nor theoretical. Theoretically, the SM
background is dominated by tree-level q q̄ → γγ scatterings, which cannot make a γγ resonance.b
Experimentally, one just needs to identify two photons and measure their energy and direction.
The γγ excess is either the biggest statistical ﬂuctuation since decades, or the main discovery.
1

Data

During the Moriond 2016 conference CMS presented new data taken without the magnetic ﬁeld;
ATLAS presented a new analysis with looser photon selection cuts (called ‘spin 2’ analysis to
distinguish it from the earlier ‘spin 0’ analysis); furthermore both collaborations recalibrated
a
Ref.225 proposed “a theory of ambulance chasing” and predicted “that the total number of papers on the
topic will not exceed 310 papers by the June 1. 2016”. Full lists count 410 papers (see InSpires or David Andre).
The 4.2σ excess is mostly due to an increased rate of papers after the announcement of new data at the Moriond
2016 conference. Here and in the rest of the paper we adopt the Gaussian approximation to statistics.
b
See302 for a attempt of ﬁnding a Standard Model interpretation.
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photon energies in a way optimised around 750 GeV rather than around Mh = 125 GeV. As a
result, the statistical signiﬁcance of the γγ excess increased slightly, both in CMS and in ATLAS.




  







   

 







  

















 







 

√
Figure 1 – Left: γγ spectra measured by ATLAS (blue) and CMS (red) at s = 8 TeV (lighter colors) and 13 TeV
√
(darker). Right: (warning: adult content) spectrum obtained summing ATLAS and CMS counts at s = 13 TeV.

Fig. 1a shows the γγ spectra: we consider the ‘spin 0’ ATLAS analysis and the sum of
CMS photon categories. Both ATLAS and CMS ﬁnd the most statistically signiﬁcant γγ excess
around 750 GeV. Their consistency can be seen from the peak in ﬁg. 1b where we summed
ATLAS and CMS event counts.c The width of the resonance ranges between 0 and 100 GeV,
and can be larger (‘broad’) or smaller (‘narrow’) than the experimental resolution of about 6−10
GeV. The best-ﬁt width is Γ ∼ 45 GeV ∼ 0.06M . The total rates in the two cases, narrow and
broad, are:
√
√
s = 8 TeV
s = 13 TeV
σ(pp →  → γγ)
narrow
broad
narrow
broad
(1)
CMS
0.63 ± 0.31 fb 0.99 ± 1.05 fb 4.8 ± 2.1 fb 7.7 ± 4.8 fb
0.21 ± 0.22 fb 0.88 ± 0.46 fb 5.5 ± 1.5 fb 7.6 ± 1.9 fb
ATLAS
ATLAS and CMS do not perform a combined analysis. Naı̈ve combinations of Higgs data gave
results close to the oﬃcial joint combination, so ﬁg. 2 shows the naı̈ve global ﬁt for σ(pp →
√
 → γγ) at s = 8, 13 TeV. The local excess is about 4σ. The ‘look elsewhere eﬀect’ reduces
the global statistical signiﬁcance by about 1σ, assuming that experiments searched for an excess
in 100 similar other places. We don’t need to address such details: new data will decide if 
will reach the SM scalar h in the Particle Data Group or if  will instead reach N -rays in the
cemetery of anomalies.
2

Widths

The cross section for single production of a boson  with spin J can be written in the narrowwidth approximation in terms of its decay widths into partons ℘, Γ℘ = Γ( → ℘), as
σ(pp → ) =
c

Γ℘
2J + 1 
C℘
.
s
M
℘

(2)

We leave to the intelligence of the reader to evaluate the possible statistical meaning of this unusual procedure.
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Figure 2 – Combination of pp → γγ rates measured by ATLAS and CMS at 750 GeV. The diagonal lines show the
√
ratio of s = 8 to 13 TeV pp →  cross sections predicted for each parton: we see that data favours production
from gluons or heavy quarks.

A resonance with spin J = 1 is excluded because it cannot decay into γγ (Lee-Yang theorem).
The luminosity factors C℘ of the main partons are10
√
s
Cbb̄ Ccc̄ Css̄ Cdd¯ Cuū Cgg
8 TeV 1.07 2.7 7.2 89 158 174 .
13 TeV 15.3 36 83 627 1054 2137
QCD corrections enhance the cross section by Kgg  1.5 and Kqq̄  1.2.10, 246 Some authors
√
also consider SM vectors as partons, e.g. Cγγ ∼ 10 (60) at s = 8 (13) TeV.141, 29, 10, 178, 282 The
diagonal lines in ﬁg. 2 shows the ratio of cross-section σ13 /σ8 predicted by the various partons:
data disfavor the partons that give the smallest enhancement (light quarks and SM vectors),
favouring  production from heavy quarks or gluons — and an even larger σ13 /σ8 enhancement
would give a better ﬁt.d
Fig. 3 shows the  widths that reproduce the γγ excess. In the left (right) panel we assumed
the production process with the largest (smallest) partonic luminosity, namely gg (bb̄). The main
lesson is that there is a minimal value of Γγγ , obtained assuming that  has a small width and
is dominantly produced from gg: restricting ﬁg. 2a along the gg diagonal line one ﬁnds
σ(pp →  → γγ) = (2.8 ± 0.7) fb
such that
(2J + 1)

Γγγ
s
=
σ(pp →  → γγ) = (3.8 ± 0.9) 10−7
M
Kgg Cgg

(3)
(4)

d
This can be achieved if pp collisions produce some heavier particle (e.g. a heavy vector with mass ∼ 1.5 TeV)
that decays into  and something invisible,7, 10, 46, 69, 62, 298, 317 with a phase space almost closed in order to
reproduce the lack of extra particles and transverse momentum in the γγ excess events. Such kinematics can
be used to fake a large  width.107 A large  width can be faked in other ways: by having two or more
nearby narrow resonances (for example the scalar and pseudo-scalar components of a SU(2)L doublet splitted
by v 2 /M ∼ 40 GeV, where v is the Higgs vev),10, 174 or by assuming that  decays into pairs of light particles
with mass m <
∼ GeV, that decay into two or more photons collimated within an angle θ ∼ m/M , such that
they appear in the detector as a single γ.42, 56, 72, 189, 222, 298 This latter possibility allows to get a large tree-level
Γ( → γγ−like) and can be tested by better studying the γ events (multiple γ traveling in the material before
the electromagnetic calorimeter give more γ → e+ e− conversions than a single photon204 ); furthermore it can
lead to a displaced vertex, and to no decays into other electroweak vectors.
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in agreement with the blue region in ﬁg. 3a. A larger Γγγ is needed if  has a larger width
−4
(yellow regions) and/or is produced from other partons. For example, one needs Γγγ /M >
∼ 10
(green regions) if Γ/M ∼ 0.06 as favoured by ATLAS. Finally, reproducing σ(pp →  → γγ)
assuming that production from partonic photons dominates (a possibility disfavoured by data
√
at s = 8 TeV) needs the largest Γγγ /M ∼ 10−3 .
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Figure 3 – Global ﬁt of the width into γγ, gg (left) and γγ, bb̄ (right) assuming that diphoton is a scalar with
minimal width (blue regions) or Γ/M = 0.06 (green regions) or a generic width (yellow regions).

The global ﬁts in ﬁg. 3 take into account the experimental bounds on other σ(pp →  → f )
with ﬁnal states f , as reported in table 1.

Table 1: Bounds at 95% conﬁdence level on σ(pp →  → f ) cross sections for various ﬁnal states f . We here
assumed Γ/M ≈ 0.06.

ﬁnal
state f
e + e − , μ+ μ −
τ +τ −
Zγ
ZZ
Zh
hh
W +W −
tt̄
invisible
bb̄
jj

√
σ at s = 8 TeV
observed expected
< 1.2 fb
< 1.2 fb
< 12 fb
< 15 fb
< 11 fb
< 11 fb
< 12 fb
< 20 fb
< 19 fb
< 28 fb
< 39 fb
< 42 fb
< 40 fb
< 70 fb
< 450 fb < 600 fb
< 0.8 pb
—
<
<
∼ 1 pb
∼ 1 pb
<
—
∼ 2.5 pb
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√
σ at s = 13 TeV
observed expected
< 5 fb
< 5 fb
< 60 fb
< 67 fb
< 28 fb
< 40 fb
< 200 fb < 220 fb
< 116 fb < 116 fb
< 120 fb < 110 fb
< 300 fb < 300 fb
2.2 pb

1.8 pb

3

Eﬀective Lagrangian

So far, σ(pp → ) and  decays have been described simply in terms of  widths. In order to
compute extra related processes we need to make extra theoretical assumptions. However the
Lagrangian interactions of  diﬀer — even in their dimensionality — depending on the unknown
Lorentz and gauge quantum numbers of :
⎞
⎞ ⎛
⎛
⎞
spin 0
SU(2)L singlet
CP-even
⎟
⎜
⎜
SU(2)L doublet⎟
? ⎜spin 1⎟
⎟
⎜
=⎝
× ⎝ CP-odd ⎠ · · ·
×
spin 2⎠ ⎝ SU(2)L triplet ⎠
CP-violating
···
···
⎛

(5)

We proceed assuming that  is a neutral singlet with spin 0, either scalar or pseudo-scalar.e
Then, the renormalisable interactions of  are

L4 = LSM +

(∂μ )2
− V (, H) ,
2

(6)

where
V (, H) =

m2 2
 + κ m 3 + λ 4 + κH m (|H|2 − v 2 ) + λH 2 (|H|2 − v 2 ).
2

(7)

This does not give an acceptable  → γγ, so we include dimension 5 non-renormalizable interactions, which are a good approximation to a generic unknown more complete theory with
extra particles that mediate  → γγ, provided that such extra particles are much heavier than
M . For sure they are much heavier than Mh , so we write SU(2)L -invariant eﬀective operators.
Getting rid of redundant operators, the most generic eﬀective Lagrangian is


g2
g 2 a a μν
g2
cgg 3 Gaμν Ga μν + cW W 2 Wμν
L5even =
W
+ cBB 1 Bμν B μν + cψ H ψ̄L ψR + h.c.
Λ
2
2
2

2
)
(∂
c
μ
3
+cH |Dμ H|2 − cH (|H|4 − v 4 ) +
,
(8)
Λ
2
for CP-even , while



g2
g 2 a a μν
g2
c̃gg 3 Gaμν G̃a μν + c̃W W 2 Wμν
W̃
L5odd =
+ c̃BB 1 Bμν B̃ μν + c̃ψ iH ψ̄L ψR + h.c. . (9)
Λ
2
2
2
in the CP-odd case. Operators with higher dimension have been listed in282, 286 and implemented
in MadGraph.321 Couplings to SM fermions ψL,R are restricted by ﬂavour bounds, which imply
that  can have large couplings only to pairs of mass eigenstates t, b, c, . . .
Deﬁning cγγ = cBB + cW W , the above eﬀective Lagrangian leads to the decay widths
Γγγ =

πα2 M3 2
(cγγ + c̃2γγ ) ,
Λ2

Γgg = KΓgg

8πα32 M3 2
(cgg + c̃2gg ) ,
Λ2

(10)

e
A spin 2 graviton is disfavoured because it couples universally to the conserved energy momentum tensor,
such that σ(pp →  → e+ e− + μ+ μ− ) = σ(pp →  → γγ), but no peak is seen in leptons: bounds are reported in
table 1.10 A spin 2 resonance can be resurrected by assuming that it couples to γ more strongly than to leptons;
however this zombie has gauge-dependent cross sections enhanced by inverse powers of M (in eﬀective theories
one can restrict to regions of the parameter space where unphysical terms are small). Angular distributions allow
to discriminate spin 0 from spin 2.48, 182, 258, 262, 196, 319 Bound states with spin 2 which have nothing to do with
gravity can couple diﬀerently to diﬀerent particles, and can have odd parity (while a graviton is even), leading to
diﬀerent angular distributions, which are as motivated as spin 3 bound states.232

411

(KΓgg = 1.35 when the other couplings are renormalised at μ̄ = M ) together with other decays
modes with characteristic rates
M3 2
πα2 M 3
ĉ ,
ΓZZ = 2 4 4 c2ZZ + c̃2ZZ + Γhh ,
Γhh =
128πΛ2 H
Λ sW cW
2πα2 M 3
2πα2 M3 2
ΓγZ = 2 2 2 c2γZ + c̃2γZ , ΓW W =
(cW W + c̃2W W ) + 2Γhh ,
sW cW Λ
Λ2 s4W
where cγZ = s2W cBB − c2W cW W , cZZ = s4W cBB + c4W cW W and ĉH = cH + 2κH Λ/M . We
neglected terms suppressed by MW,Z,h /M , computed in.282
Experiments only set upper bounds on these extra decay modes. The bounds are satisﬁed
assuming, for example, that  coupes to hypercharge only. A  coupled to SU(2)L vectors only
is instead disfavoured by bounds on  → W W, ZZ, especially if  is broad. The limiting values
are
ΓZγ /Γγγ
ΓZZ /Γγγ
ΓW W /Γγγ
operator
cW W only 2/tan2 θW ≈ 7 1/tan4 θW ≈ 12 2/sin4 θW ≈ 40
.
0
cBB only 2 tan2 θW ≈ 0.6 tan4 θW ≈ 0.08
Fig. 4 shows the best-ﬁt region in the (cW W /cBB , ĉH /cBB ) plane. Future observations of extra
decay modes will over-constrain the ﬁt. In particular, the  width into γZ or the width into
ZZ can be ﬁne-tuned to zero, but not both:f the diphoton cannot be only a diphoton.
 


 (     )/(  )







  







  



  /

  /











  %


-





 









  %




-





 /

 









 /

Figure 4 – Best-ﬁt regions at 68, 90% C.L. (green regions) for the coeﬃcients of the operators that control 
decays, assuming that  is narrow (left) or broad (right) and produced as gg → . We also show isocurves of
Γ( → f )/Γ( → γγ) for f = ZZ (red), f = γZ (green dashed), W W (blue dotted), hh (black dot-dashed).

Concerning the decays into Higgs components (the physical h, and the 3 Goldstones eaten by
the W ± and the Z), they can be equivalently described in terms of a mixing angle θh between
the Higgs mass eigenstate h and the diphoton
tan 2θh =

2v(m κH + cH v 2 /Λ)
.
m2 − m2H

The experimental bound Γ( → ZZ) <
∼ 20 Γ( → γγ) implies that such angle is small

−6
| sin θh | <
∼ 0.015 Γ( → γγ)/10 M .
f

(11)

(12)

A resonance that apparently decays only to γγ is possible if one or both photons actually are collimated jets
of photons: models that realise this have been presented in footnote d.
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4

The everybody’s model

Many renormalizable models can realise one or more of the eﬀective operators: for example
couplings to fermions can be mediated at tree level by one extra Higgs doublet or by extra
vector-like fermions. A diﬀerent class of models attracted most attention: those where the new
particles that mediate  → γγ (the only process mandated by data) also mediate gg → . Such
renormalizable models are obtained adding to the SM a neutral scalar  and extra charged
fermions or scalars Q in order to mediate the eﬀective  couplings to vectors in the following
way:







(13)






The role of Q cannot be played by SM particles, because  would also decay into them at
tree level, violating the bounds in eq. (1). For example, a coupling of  to top quarks would
contribute as Γγγ ∼ 10−5 Γtt̄ .
The resulting decay widths are
Γgg
α2 2
2
= 33 Xgg
∼ 7.2 × 10−5 Xgg
,
M
2π

Γγγ
α2
2
2
= em3 Xγγ
∼ 5.4 10−8 Xγγ
M
16π

(14)

where Xgg ∼ N yM /MQ and Xγγ ∼ N q 2 yM /MQ are loop functions that only contain modeldependent order one factors: the multiplicity N of states Q, their color or electric charge q,
the strength y of their coupling to , and their mass. We do not report here the well known
expressions for the loop factors, see e.g.10 If  is a pseudo-scalar, the fermion loop is resonantly
enhanced when MQ = M /2.233, 251, 60 A useful general result holds if  is a scalar much lighter
than Q: the  coupling to vectors are determined by the contribution ΔbQ of particles Q to the
gauge beta functions as
 ℘ αi
MQ ()
Leﬀ =
Δbi
(15)
(F i )2 ln
8π μν
MQ
i,Q

where MQ () is the Q mass for a generic vev of . It can be computed in any given model, and
expanding it at ﬁrst order in , ln MQ ()/MQ  /vQ , gives the desired  coupling to vectors
in terms of the model-dependent constant vQ . The main message is that
order one charges, multiplicities and couplings in eq. (14) can reproduce the value
of Γγγ /M ∼ 10−6 suggested by the measured σ(pp →  → γγ) assuming that the
diphoton is narrow.
The conclusion drastically changes if instead the diphoton is broad. ATLAS gives a ∼ 1σ hint
in favour of Γ/M ∼ 0.06. Such a large width, by itself, would not be a problem: it can be
obtained as a tree level two-body decay with a order one coupling, analogous to the top Yukawa
coupling. The bounds on  decays of table 1 allow for a large  decay width into jets and/or
invisible channels, such as neutrinos or Dark Matter. However, if  is broad, larger values of
Γγγ /M ∼ 10−3−4 are needed to reproduce σ(pp →  → γγ). This is the problem: according to
eq. (14), in order to reproduce such a large Γγγ , y and/or q and/or N need to be large. Apart from
plausibility issues, all these possibilities lead to some coupling becoming non-perturbative and
hitting a Landau pole at energies not much above the diphoton mass.90, 105, 116, 10, 156, 193, 200, 202
A large electric charge q ∼ 3 or N  1 states with q ∼ 1 imply a fast running of the hypercharge

413

gauge couplingg and of the strong coupling (if they are colored); a large Yukawa or a large scalar
quartic renormalize themselves to larger values at higher energy; a large scalar cubic has the
same problem, once vacuum stability bounds are taken into account.193
The Landau pole can be delayed or avoided if some extra comparably strong interaction
is present. For example, in the Standard Model the top Yukawa coupling yt ≈ 1 does not hit
a nearby Landau pole because the strong gauge coupling g3 ∼ yt keeps the running yt under
control, providing a RGE ﬂow with an infra-red ﬁxed point. Something similar can allow a
larger  width, in models where N states with q ∼ 1 lie in the fundamental of a new gauge
group such as SU(N ).193
While it’s premature to build models based on a ∼ 1σ hint in favour of a large width, models
with a new strong interaction have been explored because of their own interest.
5

Composite diphoton

The above situation prompted many authors to consider strongly-coupled models, where the
diphoton is a composite resonance.
Ref.s55, 219, 103, 220, 293 explored the simplest possibility that  is a QCD bound state of heavy
quarks Q̄Q with mass MQ ≈ 12 750 GeV. At this energy α3 ≈ 0.100 is relatively small, such that
the QCD binding energy is small: only a small fraction of the produced Q̄Q pairs manifests as a
750 GeV resonance, as well as inducing extra features in the γγ spectrum.103, 316 The γγ excess
can be reproduced if uncertain QCD factors are favourable, if Q decays with a life-time longer
than the life-time of the bound state, and into a ﬁnal state not subject to strong bounds.
These diﬃculties can be alleviated adding a new strong interaction that conﬁnes just below
MQ .10, 93, 254, 288 In the limit where the QQ̄ potential can be approximated as V (r) = −αeﬀ /r
where αeﬀ is some eﬀective constant larger than α3 , the quarkonium-like resonances have mass
2 /8n2 ). The lightest resonance with n = 1 is identiﬁed with  and its decay
Mn = 2MQ (1 − αeﬀ
widths are


Γγγ
αeﬀ 3
q4N 2 3
2α2
=
,
Γgg = 4 32 Γγγ
(16)
αem αeﬀ = 10−6 N q 4
M
4
0.4
9q αem
having assumed that the particles Q are N color triplets with charge q. The slightly heavier
(n)
resonances with n > 1 have smaller widths, Γγγ ∝ 1/n3 , giving a characteristic pattern. However, since 3 ⊗ 3̄ = 1 ⊕ 8, models based on a new strong interaction predict that each neutral
resonance is accompanied by a quasi-degenerate color octet resonance. QCD repulsion reduces
its binding energy, making its production cross sections less problematic.
Many authors explored the possibility that  is a bound state of a new strong interaction.
There are three main classes of models:
1. Models where H and  are composite.212, 304 This can be realised in simple fundamental models, where a new TechniColor (TC) gauge interaction (for example with
gauge group SU(N )) becomes strong around the weak scale, and TC quarks are chiral
under SU(2)L . While the diphoton is totally natural, these models have big problems in
reproducing higgs, electro-weak and ﬂavor data.
2. Scenarios where H and  are partially composite10, 80, 26, 172, 320 postulate chiral
eﬀective Lagrangians with the needed properties that allow to bypass the TC problems,
ignoring the issue of ﬁnding a fundamental dynamics that realises them. The lightness of
the Higgs is interpreted assuming that it is the pseudo-Goldstone boson of an accidental
g
This can be experimentally tested trough high-energy tails of pp → + − distributions at LHC,205 which
probe the SM electroweak couplings renormalised at m ∼ 2 TeV, and trough precision measurements around
the Z-peak at a future e+ e− collider.
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global symmetry broken by unknown dynamics, and often the pattern of symmetry breaking gives extra light singlets, that can be identiﬁed with . Such models tend to give
 → tt̄ decays.
3. Models where  is composite2, 6, 10, 19, 31, 38, 70, 158, 191, 214, 245, 257, 280, 287, 311 This can be
realised in simple fundamental models where a new TCh gauge interaction becomes strong
around the weak scale, and the TC particles are not chiral under the SM gauge group,
that is thereby left unbroken by the TC dynamics. These models use an elementary Higgs
doublet, like the SM, and are thereby equally compatible with electro-weak, higgs and
ﬂavor data.
Roughly speaking, the ﬁrst class of models are dead, the second class are never born, so we
focus on the third class. In order to obtain both  → γγ and gg →  the TC particles Q must
be both colored and charged. Then Q̄Q necessarily contains SM singlets, that can be identiﬁed
with , but also color octets, subject to strong LHC bound.289 If MQ >
∼ ΛTC such models realise
the quarkonium-like scenario of eq. (16), which should be accompanied by a quasi-degenerate
color octet. More plausible realisations thereby identify  with a bound state that is much
lighter than the others. The main possibilities are:
•  as TCη. If the TC dynamics breaks an accidental global symmetry, a set of Q̄Q pseudoscalar bound states remains light, being the TC-pions. Some of them are neutral TCη.
Their couplings to SM vectors V, V  are given in terms of the TC-pion decay constant fTC
and of the gauge quantum numbers of the TC particles Q as
κV V 
cV V 

,
κV V  = N Tr (T T V T V ).
(17)
= 2
Λ
8π fTC
where T V are the generators of the SM gauge
√ group and T is the chiral symmetry generator associated to  (for example T = 1I/ 2N corresponds to the TCη  state that gets
a mass of order ΛTC from TC anomalies). So


Γγγ
α2 κ2γγ M2
120 GeV 2
−6
κ
= em3
=
10
.
(18)
γγ
2
M
64π fTC
fTC
Measuring other  → V V  decays would allow to infer the techni-particle content Q.
•  as TCσ or dilaton. Another state that can be especially light is the scalar pseudoGoldstone boson of scale invariance.10, 16, 24, 44, 159, 243, 278 Scale invariance is a good symmetry if two conditions are satisﬁed. a) no TC particles have masses around ΛTC , unlike
in QCD. b) the TC-strong dynamics is in a ‘walking’ regime, unlike the QCD dynamics
where α3 ‘runs’ to non-perturbative values. These conditions imply an appropriate content
of light TC particles Q.
From a low-energy perspective, the light TC-dilaton is the σ ﬁeld sometimes explicitly
included in eﬀective chiral Lagrangians.10, 243 Its coupling to SM vectors is dictated by
eq. (15) such that


Γγγ
120 GeV 2
= 10−6 Δbem
(19)
M
fTC
where Δbem is the contribution to the running of the electromagnetic coupling from techniparticles Q.
Coming back to the issue of a large  total width, Γ ∼ 0.06M can be realised adding extra 
decays to SM particles or into other techni-pions, which can include Dark Matter candidates.
However, a large Γ needs a large Γγγ ∼ 10−3−4 M : a look at all expressions for Γγγ in composite
 models shows achieving such a large Γγγ remains diﬃcult.
h
Diﬀerent authors use diﬀerent names such as ‘dark’, ‘hyper’, ‘hidden’, ‘big’ to distinguish the new gauge
interaction from TechniColor. Since there is no unique name, we use the old-fashioned name Techni Color.
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6

What next?

1) Does  have spin 0, 2, or more? 2) Is  a SU(2)L singlet or doublet or something else? 3) Is
 produced through gg, q q̄ or weak vector collisions? 4) Is  narrow or broad? How large are
its couplings and to which particles does  couple? 5) Is  CP-even or CP-odd or its couplings
violate CP? 6) Is  elementary or composite? 7) Is  a cousin of the SM scalar? 8) Does 
exist?
In the case of the SM scalar, these kind of questions had ‘a similar potential for surprise
as a football game between Brazil and Tonga’. In the case of  they are as open as a match
between Brazil and Gemany. Many works explored how to ask these questions to nature and
get answers.43, 73, 93, 164, 209, 215, 267, 275, 282, 283, 309, 296, 310 The main ideas are summarised below.
1) The spin can be identiﬁed in the following ways:
1a) spin 1 and half-integer spin are already excluded by the observation of  → γγ.
1b) from angular distributions, as well known.
1c) a particle with spin 2 or higher can only be a bound state, that should come with
other ones.
We will focus on spin 0.
2) The weak representation of  can be identiﬁed in the following ways:
2a) if  is not a neutral singlet, its extra charged components must be around 750 GeV.
Find them.
2b) identifying the production mode: a singlet can couple at dimension 5 to all SM
particles, while a doublet is more likely to be produced from quarks, to which it may
have renormalisable couplings.
2c) measuring the pT spectra in  associated production, in view of the diﬀerent dimensionalities of the eﬀective couplings to quarks (dimension 5 for singlet  and 4 for
doublet) and gauge bosons (dimension 5 for singlet and 6 for doublet).
3) The initial state that produces  can be identiﬁed in the following ways:
√
3a) measuring how σ(pp → ) depends on energy; data at s = 8 vs 13 TeV already
disfavour production from light quarks or photons.
3b) any partonic ℘ →  production process implies a corresponding  → ℘ decay. Find
it.
3c) the rapidity distribution and the transverse momentum spectrum of the diphoton
system retain features of the initial parton state.113
3d) from the amount of extra jets from initial-state radiation in pp → , see table 2.
3e) production from b quarks implies σ(pp → b) ≈ 6% σ(pp → ) within the eﬀective
theory.
3f )  production in association with a gauge or Higgs boson is a useful discriminator,
see table 2. In particular, no vector bosons accompanying  are expected from gluon
initial states, and no W from b initial states. Ratios of W , Z, and h provide
additional handles to identify the production process.
3g) if  is a singlet produced from quarks, the q̄qH operator implies a sizeable threebody decay width, Γ( → q q̄H) ∼ 1% × Γ( → q q̄) where H = {h, Z, W ± }.
4) The  couplings can be measured in the following ways:
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4a) If  is broad enough that its total width can be measured, such that the couplings
can be reconstructed from the branching ratios.
4b) If  is broad, it might even be possible to measure interference with SM cross sections.
4c) SU(2)L -invariance relates diﬀerent decay widths, allowing to disentangle the eﬀective
operators.
4d)  couplings to DM can be accessed from missing energy signals in the usual ways.
4e) Associated processes such as pp → F j or pp → F V probe the energy dependence of
the couplings.
4f ) Observation of pp → , would imply relatively large couplings: either 3 cubics,
or of  to the particles Q that mediate  → γγ (this eﬀect can be computed by
expanding eq. (15) to order 2 ):





















5) The CP parity of  can be identiﬁed in the following ways:
5a) From angular distributions of  → γ ∗ γ ∗ → + − + − ; however its rate is 3 orders
of magnitude below the γγ rate.
5b) From  → γγ using γ → e+ e− conversions in the detector matter; however the angle
between the e± pairs is very small.
5c) From the angular distribution of pp → jj events.
5d) If  → ZZ exists, the CP parity of  can be measured from angular distributions in
leptonic Z decays and in pp → Z.
5e) If  → Zγ exists, something can be done combining 5a) with 5d).
5f ) If  → hh exists, it implies that  is a scalar.
5g) If  → hZ exists, it implies that  is a pseudo-scalar, and that the eﬀective theory
approximation fails, given that low-dimension operators do not induce such decay.

7

Connection with Dark Matter, axions, vacuum stability, baryogenesis...

Possible connections of  with other open issues have been investigated.
Various authors explored the possibility that the diphoton is the mediator that couples
Dark Matter to SM particles.3, 4, 49, 66, 81, 101, 124, 149, 171, 234, 242, 279, 305, 308, 318 The freeze-out DM
relic abundance can reproduce the observed cosmological DM abundance for natural values of
the parameters, as it is customary for weak-scale particles. In particular, if the diphoton decays
into Dark Matter, one needs a DM mass around 100-300 GeV, depending on the diphoton width.
DM direct detection is somewhat below present bounds if the diphoton is a scalar, or suppressed
by non-relativistic factors if the diphoton is a pseudo-scalar.
Adding to the SM ﬁeld an axion allows to understand the smallness of the CP-violating θ
angle of QCD. However the axion must be ultra-light and coupled ultra-weakly: it cannot be
identiﬁed with . Nevertheless, some authors tried to identify the  resonance with an axionlike state, by building models where it can be heavy and signiﬁcantly coupled.9, 112, 120, 189, 218, 265
For example265 tries to realise a Nelson-Barr-like model at the weak scale.
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Table 2: Predictions for the associated production of the resonance , assuming the eﬀective couplings of section 3,
whose validity is far from guaranteed. We assumed the standard cuts ηj < 5, pT j > 150 GeV, ΔRjj > 0.4 on jets,
and ηγ < 2.5, pT,γ > 10 GeV on photons.



 couples to



s = 13 TeV
bb̄
cc̄
ss̄
uū
dd¯
GG
σj /σ
9.2%
7.6% 6.8% 6.7% 6.2%
27.%
6.2%
0
0
0
0
0.32%
σb /σ
1.4%
1.0% 0.95% 1.2% 1.0%
4.7%
σjj /σ
σjb /σ
1.2% 0.18% 0.19% 0.34% 0.31% 0.096%
0.31% 0.17% 0.18% 0.34% 0.31% 0.024%
σbb /σ
σγ /σ
0.37% 1.5% 0.38% 1.6% 0.41%  10−6
σZ /σ
1.1%
1.1% 1.3% 2.0% 1.9% 3 10−6
−5
σW + /σ
5 10
1.7% 2.4% 2.6% 4.1%  10−6
σW − /σ
3 10−5 2.3% 1.2% 1.0% 1.7%  10−6
σh /σ
1.0%
1.1% 1.2% 1.9% 1.8% 1 10−6

√

The addition of  can eliminate the instability of the SM vacuum65, 97, 102, 314 in two diﬀerent
ways: a) by providing a tree-level threshold corrections that increases the Higgs quartic λH ;
b) the extra charged particles that mediate  → γγ modify the RGEs, such that g2,Y and
consequently λH become larger at large energy.
The electro-weak phase transition, extended including , could become of ﬁrst order leading
to gravitational waves and baryogengesis.166, 168, 235, 271, 294, 314, 315 Other works discussed connections with neutrino masses,135, 161, 171, 253 ﬂavor,71, 119, 128, 274 inﬂation,65, 123, 131 extra dimensions,33, 48, 110, 57, 92, 177, 196, 236, 249, 252, 262 and string/-theory.64, 89, 117, 120, 142, 134, 163, 221, 248, 255
8

Who ordered that?

After that experiments will answer the questions of section 6, clarifying what  really is, it will
be possible to understand which role  plays in particle physics.
In the meantime, various authors started to explore the possibility that  has something to
do with the origin of the electro-weak scale, trying to identify  with one or another supersymmetric particle: sneutrino,10, 52, 91 extra scalar or pseudo-scalar Higgs,10, 109, 129, 297 extra NMSSM
singlet,10, 224, 106, 129, 145, 180, 197, 273 sgoldstino16, 18, 27, 98, 190, 240, 244 (its rate in γγ implied by gaugino masses seems too small), stopponia,293 sbino45 or else.58, 99, 140, 217 In this context, extra full
SU(5) multiples around the weak scale can enhance the γγ rate.84, 99, 145, 273, 300 Connections
with other solutions to the hierarchy problem have been also explored, such as composite or
partially composite Higgs or extra dimensions.
A related theoretical issue is the naturalness of the extra charged particles introduced to
mediate  → γγ. Even if they are fermions, they have no chirality reason to be around the
weak scale, unlike the SM fermions.i Supersymmetry and other solutions to the hierarchy problem imply extra charged particles at the weak scale. Indeed, such extensions of the SM tame
quadratically divergent corrections to the Higgs mass at the price of introducing a lot of new
physics at the weak scale.
However, such new physics has not been observed, and bounds relegate solutions to the
hierarchy problem to ﬁne-tuned corners of their parameter space. Some authors, following
the point of view that quadratic divergences give no physical eﬀects, explored models where
i
Unless an enlarged gauge symmetry broken around the weak scale, such as SU(3)L ⊗ U(1) ⊗ SU(3)c 74, 76, 111
or SU(3)L ⊗ SU(3)R ⊗ SU(3)c ,78 provides an extended set of charged chiral fermions.
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no physical correction is unnaturally large and tried to build extensions of the SM where a
hierarchically small weak scale is induced by some new dynamics. Ref.s.59, 78, 131, 314 explored
the possibility that  is (a manifestation of) such dynamics: the smoking gun of this scenario
would be observing that  couples to all particles proportionally to their masses. In this context,
broken scale invariance can justify extra charged particles, which cannot be much above the weak
scale in order to avoid unnaturally large physical corrections to the Higgs mass.
Alternatively,  could play no fundamental role. Even so, it might have far reaching implications. For example, if  will turn to be the most irrelevant object — an elementary scalar
with mass not protected by any symmetry doing nothing expect giving a little bump at LHC —
it would contradict ant*ropic interpretations to the naturalness problem.
9

Conclusions

If  → γγ is real, we expect to see also  → γZ and/or  → ZZ and extra charged particles.
All the rest is model-dependent. Today the diphoton excess could be everything, including
nothing. Hopefully we are seeing the tip of an iceberg and, altought it’s too early to infer
what lies behind, new features will emerge thanks to new data, eliminating the wrong ideas and
bringing us closer to the right theory.
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7.
DM Cosmology

Dark Matter Overview: Collider, Direct and Indirect Detection Searches
Farinaldo S. Queiroz
Max-Planck-Institut für Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany

The complementarity of direct, indirect and collider searches for dark matter has improved our
understanding concerning the properties of the dark matter particle. We will review the basic
concepts that these methods rely upon and highlight what are the most important information
they provide when it comes down to interpret the results in terms of Weakly Interacting
Massive Particles (WIMPs). Later, we go over some of the latest results emphasizing the
implications to dark matter theory in a broad sense. Lastly, we point out recent developments
and prospects in the ﬁeld.

1

Introduction

It is well known that dark matter accounts for about 85% of the matter content of the universe
and roughly 27% of the entire energy density. Moreover, it is common knowledge that dark matter played an important role in the expansion history of the universe, specially in the formation
of structures we observe today such as galaxies and cluster of galaxies. The presence of dark
matter has been ascertained through its gravitation eﬀects by several observations as shown in
Fig.1. Unfortunately we dispose of no solid evidence for dark matter based on its interaction
with ordinary matter that collider, direct detection and indirect detection methods reply upon.
Thus, the puzzling question is: What is the nature of dark matter? We know dark matter is out
there, but what kind of particle is dark matter made of? In more speciﬁc terms, we would like
to know at some point the spin, mass and quantify the interaction strength of the dark matter
particles with the standard model ones if any. Those are all open questions which might take
a very long time to be answered even if a robust dark matter signal is observed today 1 . As
Max Planck (1858-1947) once said “An experiment is a question which science poses to Nature,
and a measurement is the recording of Nature’s answer”, and indeed we have recorded many
important answers along the past decades that helped us rule out what dark matter particles
mostly likely cannot be, as well as identify some properties dark matter particles could have
that would yield a signal within reach of current and planned experiments, while simultaneously
ﬁtting the observations.
A variety of observations going from structure formation to Cosmic Microwave Background
data helped us infer some properties of the dark matter particles: (i) Structure formation tell
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Figure 1 – Collection of the ﬁve most important evidences for dark matter: structure formation, galaxy rotation
curves, cluster collisions, Cosmic Microwave Background (CMB) and Gravitational lenses.

us that dark matter particles could not have had a large free-streaming during the period of
structure formation which took place around 1012 sec or so 2 . Hence if dark matter particles
belonged to a thermal history throughout the universe expansion, they cannot be very light
( 1 keV ); (ii) additionally, searches for electrically charged stable particles have occurred with
null results, which resulted into stringent limits on models often called charged or milicharged
dark matter 3 , which lead us to believe that dark matter is eﬀectively electrically neutral; (iii)
Among other observations, the precise measurement of the power spectrum of the cosmic microwave background radiation infers that the cold dark matter component of the universe should
account for 27% of the energy budget of the universe 4 . This is very important because large
regions of parameter space from a multitude of models have been ruled out since they predict
overabundant dark matter; (iv) We do observe gravitational eﬀects of the dark matter in our
universe today, so dark matter particles should be stable at cosmological scales. It means that
their lifetime should be much larger than the age of the universe (∼ 4 × 1017 sec). Though much
stronger constraints can be derived using gamma-ray, neutrino and cosmic-ray data 5,6,7,8,9 ; (v)
Cluster collisions indicate that dark matter particles are not strongly interacting particles 10 . Actually the constraint from these collisions are rather loose leaving room for strongly interacting
scenarios 11,12 .
Anyways, if one could wish for a dark matter candidate easy to be incorporated in particle
physics models, and able to address the ﬁve Nature’s answers above, plus predicting signals
within sensitivity of current or future experiments, which candidate would that be? The answer
is WIMPs (Weakly Interacting Massive Particles). I would not dare to say they are the best
dark matter candidates, but they are without shadow of a doubt the most popular, and are the
focus of this brief review. The question in order is, how do we search for these particles? The
three main methods to search for WIMPs are known as: collider, direct and indirect detection
which we will review below and highglight some recent developments.
2

Collider Searches

Since dark matter particles are assumed to be electrically neutral and cosmologically stable,
at colliders they are simply refereed as missing energy. Some sort of heavy neutrinos. Hence,
collider searches for dark matter are based on the detection of the visible counterpart of the
signal, such as a jet and charged leptons. An important aspect regarding collider searches
for dark matter that needs to be stressed is the fact that colliders generally speaking oﬀer a
complementary and important probe for dark matter, but they cannot determine if what they
see is the dark matter of the universe, since any neutral particle that decays outside the detector
can be seen as missing energy. Only direct and indirect detection methods provide a way to
conﬁrm whether a potential signal is truly due to dark matter. Fig.2 illustrates what is often
referred as mono-X searches, which accounts for mono-Z,mono-H, mono-jet searches for dark
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matter. They all have their virtues and setbacks when comes down to probing the parameter
space of dark matter models.

Figure 2 – Mono-X searches for dark matter exhibited for the case of s-channel vector mediators.

The common approach in this endeavour is to use eﬀective operators to describe the interaction between the dark matter particle and fermions. In the case of Dirac and Majorana fermions
mediated by a vector boson, as shown in Fig.2, the relevant operators are,
Dirac Fermion:

1
χ̄γμ χq̄γμ q
Λ2

Majorana Fermion:

+

1
χ̄γμ γ5 χq̄γμ γ5 q,
Λ2

1
χ̄γμ γ5 χq̄γμ γ5 q.
Λ2

The use of eﬀective operators makes the interpretations among collider, direct and indirect
detection observables fairly simpler than in the context of simpliﬁed dark matter models or UV
complete theories. However, its simplicity comes at a price, which is the loss of resonance eﬀects
and overestimated limits in the regime which the momentum transfer is larger than the mediator
mass. Let me explain better. Ignoring the width in the propagator for now, in the case of vector
currents, the simpliﬁed lagrangian L ⊃ [gχ χ̄γμ χ + gq q̄γμ q]Z  in the limit MZ   Q, where Q is
the momentum transfer, results into a signal amplitude proportional to,
gq gχ
gq gχ
∼ 2
MZ2  − Q2
MZ 



1+

Q2
MZ2 



.

(1)

That said one can diﬀerentiate three regimes:
(i) Eﬀective ﬁeld theory is valid: In the eﬀective ﬁeld theory approach one can match the
M
unknown scale to the mediator mass, with Λ = √gqZgχ . So that Λ encompasses the couplings and
the mediator mass as well as the quantum number of χ under the new gauge group which Z  is
originated from. This matching is valid when MZ   Q. For the LHC at 13TeV, it means that
the eﬀective theory approach is robust for mediators as heavy as 10TeV 13 .
(ii) Eﬀective ﬁeld underestimates observables:
When MZ  ∼ Q, the Z  is produced at the resonance leading to large production rates. In
this regime the use of eﬀective theory yields underestimated limits. Note that in many particle
physics models, mainly those related to vector mediators, the right relic abundance is obtained
through resonance eﬀects. Therefore, the eﬀective ﬁeld theory approach actually fails twice.
(iii) Eﬀective ﬁeld theory breaks down:
When Q > MZ  , the eﬀective ﬁeld theory approach breaks down, overestimating the signals
and bounds.
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Thus, one has to carefully interpret LHC data to constrain dark matter models through
eﬀective operators. To avoid misuse, missing transverse energy searches from the LHC are
planned to be interpreted in terms of simpliﬁed dark matter models. See 14 for more details. Keep
in mind that, in a given particle physics model, specially those that rely on s-channel production
mechanisms, mono-X searches often do not provide the most eﬃcient way to probe dark matter
models. Instead, dijet and dilepton resonance searches give rise to the most restrictive bounds.
For recent and extensive discussions on the topic see 15,16,17 . I will now discuss dark matter
searches that are subject to larger uncertainties, namely direct and indirect detection.
3

Direct Detection

Since the presence of dark matter in our galaxy is inferred through its gravitational eﬀects by a
multitude of observations, direct detection experiments hope to observe scattering between the
dark matter particles and nuclei targets which are placed in underground laboratories to shield
the detector from cosmic-rays induced events. These searches for dark matter are based on
measuring the energy deposited by a dark matter particle in the scattering process with nuclei
as it is schematically shown in Fig.3. The dark matter- nuclei scattering rate can be written as,
Scatt. Rate







dR
(E, t) =
dE

N umber density



ρχ
mχ

N

T

T arget Dependence



veloc. distribution
vmin

dσ
(v, E)
dE
  

v







−
fE (→
v , t)

−
d3 →
v,

(2)

Dif f. Cross Section

where NT is the number of target nuclei per kilogram of the detector, ρχ the local dark matter
−
v the velocity of the dark matter
density (ρχ = 0.3 GeV /cm3 ), mχ the dark matter mass, →
−
v , t) velocity distribution of the dark matter in the frame of
particle relative to the Earth, fE (→
the Earth,
 i.e. the probability of ﬁnding a dark matter particle with velocity v at a time t, and
vmin = mN E/(2μ2 ) is the minimum dark matter speed which can cause a recoil of energy
detectable by a given experiment, with μ = mχ mN /(mχ + mN ) being the dark matter-nucleus
reduced mass (mN is the nucleus mass), dσ/dE(v, E) the diﬀerential cross-section for the dark
matter-nucleus scattering as follows,
dσ
mN
= 2 2 (σSI F 2 (q) + σSD S(q)),
dE
2μ v

(3)

with F 2 (q), S(q) being the spin-independent and spin-dependent form factors respectively listed
in 18 .
The key aspect of direct detection searches for dark matter is not the measurement of the
recoil energy itself but the how the energy is deposited. In Fig.3 ( adapted from 19 ), I show
how one could separate signal from background using ionization yield as used in Germanium
detectors, e.g. SuperCDMS 20 , charge/light x recoil energy collection as done in experiments
such as XENON1T and LUX which use liquid XENON 21,22 and charge/light ratio x pulse shape
as performed in liquid Argon detectors as Darkside 23 . Hence, using discriminating variables one
can disentangle signal from background and concretely search for dark matter scatterings. Be
aware that there are important basic concepts (and/or assumptions) built-in those searches,
namely:
• There is a smooth halo of dark matter particles in our galaxy described by a Maxwell
Velocity distribution.
• Due to the rotation of the Galactic Disk the solar system experiences an eﬀective WIMP
Wind, which lead to an annual Modulation due to Earths orbital motion.
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• The nucleus is treated as a hard sphere described by the Helm form factor 18 .
• The scattering is elastic.
There are multiple studies where the impact of diﬀerent velocity distributions , form factors
and ineslatic scatterings are analysed. However, both cosmological simulations including baryons
and lattice QCD studies seem to tell us that the dark matter-scattering process is well described
by a Maxwellian velocity and Helm form factor 24,25,26 . The elasticity of the scattering has
something do with the particle physics model in the case where excited dark matter states exist
27 though.

Figure 3 – Left: Illustrative dark matter-nucleus scattering which direct detection experiments are based on.
Right: Possible signal-background discriminating variables used in Germanium, liquid XENON and liquid ARGON
detectors.

In summary, if a signal (e.g. annual modulation and/or excess of nuclear recoil events) is
observed, we can related the scattering cross section and mass of the dark matter particle to its
local density. For this reason direct detection can truly discover the dark matter particle that
permeates our galaxy.
4

Indirect Detection

Dark matter particles that populate our universe in galactic and extragalactic scales may selfannihilate and produce a ﬂux of gamma-rays, cosmic-rays, neutrinos, anti-matter which can
appear as an excess over the expected background. The ﬂux originated from dark matter
annihilation should be proportional to the number density squared of particles, i.e. ρ2χ /m2χ , to
the annihilation cross section σv, to the element of volume of the sky observed accounted by Ω,
and the number of particles of interest produced in the annihilation (dN/dE). Hence, it can we
written as,
Dif f.F lux
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where Ω is actually the solid angle of the region of interest, dN/dE is the energy spectrum (e.g.
−
the number of photons produced per annihilation in case of gamma-rays), and ρ(→
r (s, Ω)) is the
dark matter density which should integrated over the line of sight (l.o.s) from the observer to
the source, which is often assumed to be described by either a NFW,
ρ(r) ∝
or Einasto proﬁle,
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(6)

where rs = 20 kpc is the scale radius of the halo, and α = 0.17.
From Eq.4 we see that indirect detection is sensitive to the dark matter density distribution,
annihilation cross section and mass. These are complementary information to collider and direct
detection searches. For example, if a signal is seen in direct detection and the mass and scattering
cross section are inferred with a certain precision we can use this information to determine the
dark matter density proﬁle through indirect detection. Note that, the task to pinpoint the dark
matter quantum numbers is much more diﬃcult, since in a particle physics model, the direct and
indirect detection observables are not necessarily strongly correlated. Even after including some
collider input, the nature of dark matter may remain unknown. Only in cases where there are
strong correlations between the parameters that set the collider, direct and indirect detection
observables the nature of dark matter particle can be unveiled.
Anyhow, indirect search for dark matter has evolved tremendously due to the amount of
data at our disposal. Today, we have a much better understanding of cosmic-ray propagation 28 ,
better handle on the energy spectrum with the inclusion of electroweak and QCD corrections
29,30,31 , and the catalog of gamma-ray sources has vastly enlarged as an example. After reviewing
basic aspects of indirect dark matter detection we will brieﬂy discuss recent signals which have
been attributed to dark matter annihilations or decays.
4.1

Gamma-ray Excesses

Due to the dim signal expected from dark matter annihilation and sizeable uncertainties in the
astrophysical background, indirect detection searches for dark matter give rise to a multitude
of excesses which later led to a better understanding of the associated background. Nowadays,
we have two excesses in the gamma-ray band, which have been attributed to dark matter annihilation. One observed in the galactic center 32,33 and other in the recently discovered dwarf
galaxy known as Reticulum II 34 . Both excesses can be explained by the same dark matter
particle annihilating into b̄b quarks with σv ∼ 10−26 cm3 s−1 , mχ ∼ 30GeV. Which is an intriguing coincidence. Although, due to the large uncertainties concerning the dark matter content
in this dwarf galaxy is unclear whether the Reticulum II anomaly is actually supporting the
galactic center excess 35 . Moreover, the dark matter properties that can accommodate these
excesses should also give rise to observable gamma-ray signals in other dwarf galaxies for instance. Current results from Fermi-LAT collaboration already rules out most of the region in
the annihilation cross section vs mass plane that can accommodate the excesses 36 . With the
discovery of nearby dwarf galaxies and better statistics, dwarf galaxies are the most promising
method to test whether those signals are actually arising as a result of dark matter annihilation. In the foreseeable future we should start seeing excesses in dwarf galaxies, otherwise the
upcoming limits based on a stack of dwarf galaxies will place severe limits on the dark matter
interpretation of the galactic center excess as shown in Fig.4.1. From a more optimistic view
though, we might actually be on the verge of a dark matter discovery.
4.2

keV Line Emission

A 3.5 keV line emission has been observed in both stack of 73 clusters of galaxies 37 , galactic
center 38 , in the M31 galaxy and the Perseus galaxy cluster using using data from the XMMNewton satellite 39 . Both teams argue that we there should be no atomic transitions in thermal
plasma at this energy, thus such x-ray emission should have an exotic origin such as from dark
matter decay with a lifetime of 6 − 8 × 1025 sec and mass of 7 keV, as naturally predicted in
sterile neutrino models 40,41 . However, 38 disputed these observations with the suggestive title
“dark matter searches going bananas” in reference to a possible unaccounted potassium x-ray
emission that could absorb the signal. Instead of getting into the debate driven by the authors,
let me comment on the facts. In 38 , the authors focused on the 3-4keV energy range, adopted a
public version of the tool used to model the line emission, diﬀerently from the previous papers.
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Figure 4 – 10 Years limit projections from the observation of dwarf galaxies using Fermi-LAT. Taken from
http://fermi.gsfc.nasa.gov/science/mtgs/symposia/2015/program/monday/session1/JRacusin.pdf

As similarly occurs at colliders, when an experiment such ATLAS observes a strong signal,
e.g. the diphoton excess, the event should be checked (seen) by CMS and vice-versa. In the
context of indirect dark matter, what we do is to look at a diﬀerent target, since the same dark
matter producing the 3.5 keV line in clusters should be present in dwarf galaxies for instance.
That is exactly what the groups have done. They both looked at the Draco dwarf galaxy since
it is a classical target for dark matter searches. In 42 they reported null result from Draco,
however they aﬃrm that to be consistent with the 3.5 keV line observed in the stack of galaxy
clusters at 95% C.L. In 43 , on the order hand, the authors concluded that the non-observation of
a x-ray line in Draco actually excludes the 3.5 keV line at 99% C.L. Moreover, in 44 the authors
re-analysed the x-ray emission lines claimed in 38 , and concluded that in fact the 3.5 keV feature
can indeed be absorbed and there is no need to invoke new physics eﬀects. Unfortunately, there
is not enough x-ray data from other dwarfs so that one could perform a stacked analysis to bring
the hammer down on this debate. Future observations of Astro-H are expected to clarify the
nature of the x-ray line emission.
After discussing debatable indirect detection signals for dark matter, it is about time to
discuss indirect detection detection in more solid grounds. In particular, I will focus on the
observation of dwarf galaxies using Fermi-LAT as a method to probe gamma-ray and neutrino
lines from dark matter annihilation.
4.3

Gamma-ray Limits on Neutrino Lines From Dark Matter Annihilation

Dark matter particles might self-annihilate into standard model particles such quarks, charged
leptons and neutrinos. Quarks and charged leptons produce a signiﬁcant amount of continuous
gamma-ray emission after ﬁnal state radiation and hadronization processes are accounted for,
which does not occur for ﬁnal state neutrinos. Thus, if you have a pair of dark matter particles,
in the WIMP mass regime, annihilating purely into neutrinos, which detector would you use to
search for this dark matter particle? Probably the ﬁrst thing that comes to mind is IceCube,
Super-K etc. Nevertheless, monochromatic neutrinos from dark matter annihilations are always
accompanied by a gamma-ray spectrum generated by electroweak corrections. Thus we can use
gamma-ray telescopes to probe this dark matter particle. It turns out as displayed in Fig.5 that
actually gamma-rays for masses above 200 GeV result into the strongest limits 45 . It is known
that ﬁnal state tau leptons produce a harder gamma-ray spectrum than electrons. Therefore,
the electron-neutrino and tau-neutrino ﬁnal states yield diﬀerent gamma-ray spectra, since a
electron-neutrino is converted to a electron via W exchange, whereas a tau-neutrino is converted
to a tau lepton via W exchange (left side of Fig.5). In other words, if we ever reach this level
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of precision to discriminate the diﬀerence between the νe,μ the ντ curves, gamma-rays oﬀer a
promising avenue to distinguish ﬁnal state neutrino ﬂavors, which is something not possible at
neutrino detectors. Note that this result does not undervalue the role of neutrino telescopes
as far as detecting dark matter annihilations into neutrinos is concerned, since only them are
capable of determining whether the signal is truly a neutrino line. What this result is showing us
is that if a neutrino line is observed in Icecube/Super-K in the mass range of interest, gamma-ray
telescopes should also see the corresponding gamma-ray counterpart. There are caveats though,
for instance if the annihilation produces light species which then decay into neutrinos. Anyway,
leaving such particular cases aside, Fig.4.3 shows that have already entered into a new era where
gamma-ray detectors are actually more sensitive than neutrino detectors to neutrino lines from
dark matter annihilation.
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which can be probed with Fermi-LAT, H.E.S.S. and CTA. Notice that in principle, one could distinguish the
neutrino ﬂavors using gamma-rays.

Another interesting outcome of the inclusion of electroweak corrections has to do with
gamma-ray line searches as I discuss below.
4.4

Extending Fermi-LAT and H.E.S.S. Limits on Gamma-ray Lines

Knowing that the Fermi-LAT energy limit is 500GeV. Is Fermi-LAT sensitive to a 2 TeV dark
matter particle annihilating into two photons? At ﬁrst sight no. Although, gamma-rays may
also radiate W ± gauge bosons which then decay and generate gamma-rays at lower energies,
below 500 GeV, i.e. within Fermi-LAT sensitivity. Thus one can derive new limits, though not as
restrictive as those coming from spectral line analysis, on a mass region previously not probed by
Fermi-LAT in the context of gamma-ray line searches. The same idea can be applied to H.E.S.S.
instrument, whose energy limit extends up to 20TeV. In Fig.6, along with the unitary bound
taken from 47 , I show that both Fermi-LAT and H.E.S.S. limits can be extended to masses much
larger than their energy limit using gamma-ray observations of dwarf galaxies for Fermi-LAT,
and Galactic Halo for H.E.S.S.. In particular, these are the ﬁrst limits on gamma-ray lines from
dark matter annihilation for masses above 20TeV. For more details see 46 .
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Baryon number violation appears in many contexts. It is a requirement for baryogenesis and
is a consequence of Grand Uniﬁed Theories (GUTs), which predict nucleon decay. Nucleon
decay searches provide the most direct way to test baryon number conservation and also serve
as a unique probe of GUT scale physics around 1014−16 GeV. Such energies cannot be reached
directly by accelerators. However, they can be explored indirectly at large underground water
Cherenkov (WC) experiments, which due to the size of their ﬁducial volume are highly sensitive
to nucleon decays. We review searches for baryon number violating processes at the state of the
art WC detector, the Super-Kamiokande. Analyses of the typically dominant non-SUSY and
SUSY nucleon decay channels such as p → (e+ , μ+ )π 0 and p → νK + , as well as more exotic
searches, will be discussed. Presented studies set the world’s best limits, which circumvent
the allowed parameter space of theoretical models.

1

Motivation

Baryon number (B) is a global accidental symmetry of the Standard Model (SM) and ensures
that the lightest baryon (proton) is stable. However, not only is it violated by non-perturbative
/ is a required condition for explaining
eﬀects within the SM itself [1], baryon number violation (B)
the observed matter - anti-matter asymmetry of the universe [2]. More so, various theoretical
arguments as well as reductionism hint at the SM being an incomplete theory and that there
exists a more unifying underlying account. Such an account could be provided by Grand Uniﬁed
Theories (GUTs) [3, 4, 5], like SU (5) and SO(10), which unite the three SM gauge groups
together GGU T ⊃ SU (3)C ⊗ SU (2)W ⊗ U (1)Y and oﬀer an explanation for charge quantization
as well as coupling uniﬁcation. With quarks and leptons appearing within a common GUT
/ In the
representation, one can transform into another, giving rise to nucleon decay (explicit B).
more fundamental domain of quantum gravity, it is expected [6] that global symmetries, such as
B, are violated in general. The presence of nucleon decay could also have profound consequences
for the future fate of the universe [7]. For a topical review of B-violation as well as nucleon
decay predictions see Ref. [8] and Ref. [9], respectively.
While there is no convincing evidence of B-violation thus far, testing B remains a high
priority. Nucleon decay can provide not only one of the most striking signatures of B-violation,
but it also oﬀers a unique way of testing Grand Uniﬁed Theories. With the uniﬁcation scale
being around 1015±1 GeV, Grand Uniﬁed Theories cannot be probed directly by accelerators.
However, they can be examined indirectly with large underground water Cherenkov experiments,
which due to the size of their ﬁducial volume are highly sensitive to nucleon decays. Below, we
review the nucleon decay search results from the current state of the art WC experiment, the
Super-Kamiokande (SK, Super-K).
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2

The Super-Kamiokande Experiment

Super-Kamiokande is a 50 kiloton WC detector (22.5 kiloton ﬁducial volume) located beneath a one-km rock overburden (2700 m. water equivalent) within the Kamioka mine in Japan.
The SK detector is composed of an inner (11,146 inward-facing 20-inch PMTs, providing 40%
photo-coverage) and an outer (1,855 8-inch outward-facing PMTs) detector, which are optically
separated. Cherenkov radiation [10], produced by charged particles traveling through water, is
collected by the PMTs and is used to reconstruct the physics events.
Data collected by Super-Kamiokande (SK) during the periods of SK-I (May 1996-Jul. 2001,
1489.2 live days), SK-II a (Jan. 2003- Oct. 2005, 798.6 live days), SK-III (Sep. 2006-Aug. 2008,
518.1 live days) and the ongoing SK-IV b experiment (Sep. 2008-present, > 1500 live days)
corresponds to a combined exposure of more than 250 kiloton·yrs. Details of the detector
design, performance, calibration, data reduction and simulation can be found in Ref. [11, 12].
The experiment allows one to study a wide variety of physics topics in the MeV - TeV energy
range, including those related to solar and atmospheric neutrinos (oscillations, tests of Lorentz
invariance, day-night asymmetry, sterile neutrino, indirect dark matter searches), supernovae
relic neutrinos as well as nucleon decay.
3

Nucleon Decay Searches

For nucleon decay analyses, only events for which all of the observed Cherenkov light was
fully contained within the inner detector are considered. The observed Cherenkov rings are
classiﬁed either as showering (“e-like”, for e± and γ) or non-showering (“μ-like”, for μ± ). We
do not distinguish between signal channels with a ν and ν in the ﬁnal state, since neither of the
neutrinos is observable.
In the signal Monte Carlo (MC) simulations, the eﬀects of Fermi momentum, nuclear binding
energy as well as nucleon-nucleon correlated decays are taken into account [13]. The atmospheric
neutrino background interactions are generated using the neutrino ﬂux calculations of Honda
et. al. [14] and the NEUT simulation package [15], which uses a relativistic Fermi gas model.
The SK detector simulation software is based on the GEANT-3 [16] package. Background MC
corresponding to a 500 year detector exposure-equivalent is generated for each SK period.
3.1

p → e+ π 0 and p → μ+ π 0

The p → e+ π 0 channel is often the most dominant nucleon decay mode in GUTs, with
typical lifetime predictions of 1029−36 yrs. Previous searches for this channel have already
excluded minimal SU (5) [17, 18, 19, 20]. Within some models (e.g. ﬂipped SU (5) [21]), a
similar channel, p → μ+ π 0 , can also appear with a signiﬁcant branching ratio.
Since e+ , μ+ (→ e+ νν) as well as π 0 (→ γγ) produce visible Cherenkov rings, one can fully
reconstruct the invariant mass and momentum of the parent proton. Figure 1 displays the signal
MC, background MC and data (306 kiloton·yrs of exposure), after all the event selection criteria
have been applied. The signal region consists of two portions, a “lower box” (free protons) and an
“upper box” (bound protons), separated in the analysis for improved sensitivity. For p → e+ π 0 ,
the average signal eﬃciency as well as the total expected background within the selected region is
38.7% and 0.61 events, respectively. For p → μ+ π 0 , it is 34.6% and 0.87 events, respectively. No
data events pass the selection for p → e+ π 0 , while two events pass for p → μ+ π 0 . The Poisson
probability of observing two such events for a given exposure is 23%. Since both events also
display background-like features, they are judged as coming from atmospheric-ν background.
Hence, the 90% conﬁdence level (C.L.) lower lifetime limits of 1.7 × 1034 yrs. and 7.8 × 1033 yrs.
are placed on the p → e+ π 0 and p → μ+ π 0 channels [22], respectively.
a
b

An accident caused SK-II photo-coverage to be reduced to 20%. Full photo-coverage was restored in SK-III.
Electronics have been upgraded in SK-IV.
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Figure 1 – Reconstructed invariant mass vs. total momentum for p → e+ π 0 [left] and p → μ+ π 0 [right]. The left
panels show signal MC, where light blue corresponds to free protons and dark blue to bound protons. The middle
panels show atmospheric-ν MC and the right panels show data. From Ref. [22].

The analyses for the other p → l+ + m0 and n → l− + m+ searches are conducted in a similar
manner. Here, l± (e± , μ± ) represents a charged lepton, while m0 (ω 0 , η, ρ0 , K 0 ) and m+ (π − , ρ− )
denote a neutral and a charged meson, respectively. No signiﬁcant signal excess is observed in
any of these channels, resulting in the 90 % C.L. lower lifetime limits of around 1032−33 years
[13, 23].
3.2

p → νK +

The introduction of supersymmetry (SUSY), which is theoretically well motivated, allows
one to make GUT coupling uniﬁcation precise. New operators come into play and typically the
dominant SUSY GUT mode is p → νK + , with lifetime predictions around 1029−36 yrs. Previous
searches for this channel have already excluded minimal (TeV-)SUSY SU (5) [24]. Since neutrino

Figure 2 – Results for three diﬀerent p → νK + search methods. promt-γ tagging [left], μ+ momentum [center]
and visible energy for π + [right]. The signal MC, atmospheric ν MC and data are shown in blue, red, and black,
respectively. From Ref. [25].

and the kaon are invisible (kaon below Cherenkov threshold) in this mode, reconstruction of the
parent nucleon is not possible. However, analysis can be done on the kaon decay products,
coming from the K → μ+ ν (Br. 64%) and K → π + π 0 (Br. 21%) channels. Three diﬀerent
analyses are performed at SK. The ﬁrst search is done in the muon channel, where a prompt-γ,
which could appear from nuclear de-excitation after the proton has decayed, is tagged. The
second search is also done in the muon channel, where a spectral χ2 ﬁt to the μ+ momentum is
performed. The third search is done in the pion channel, where the π 0 (→ γγ) is reconstructed
and the visible energy from π + is analyzed. Figure 2 displays the signal MC, background MC
and data (260 kiloton·yrs exposure), after all the event selection criteria have been applied.
The average eﬃciency and background for the three searches is 7.9% and 0.39 events, 33.7%
and 579.4 events and 8.2% and 0.56 events for the prompt-γ, μ-spectrum and the pion search,
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respectively. No signiﬁcant excess is observed and a 90% C.L. lower lifetime limit of 6.6 × 1033
yrs. is placed on this channel [25].
3.3

n−n

For this mode, ΔB = 2 and it parametrizes the scale of U (1)B−L symmetry breaking. The
process is naturally connected with baryogenesis as well as neutrinos, since Majorana neutrinos
and the see-saw mechanism require ΔL = 2. Since the eﬀective operator corresponding to this
process has dimension nine, n − n can be viewed as a probe of intermediate 103 − 1011 GeV scale
physics [26]. When the resulting n is captured by a p or n, a variety of mesons (predominantly

Figure 3 – Reconstructed invariant mass vs. total momentum for n − n. The signal MC, atmospheric ν MC and
data are displayed on the left (red), center (blue) and right (black) panels, respectively. From Ref. [27].

pions) are released. This can be used to reconstruct the invariant mass and momentum of the
original “di-nucleon” np or nn systems and perform a search analysis similar to p → e+ π 0 .
Figure 3 displays the signal MC, background MC and data (91.5 kiloton·yrs exposure), after all
the event selection criteria have been applied. The eﬃciency and expected background for this
search is 12.1% and 24 events, respectively. No signiﬁcant excess is observed and a 90% C.L.
lower lifetime limit of 1.9 × 1032 yrs.c is obtained [27].
3.4

np, nn, pp → mesons

Similar to n − n, di-nucleon decays of np, nn and pp are ΔB = 2 processes and can provide novel insights beyond the single nucleon decay searches. The di-nucleon decay channels
np → π + π 0 , nn → π 0 π 0 and pp → π + π + allow testing models with an extended Higgs sector
and suppressed proton decay [28]. Within the context of supersymmetry, the di-nucleon decay
mode pp → K + K + can provide the most sensitive experimental probe of the R-parity violating
coupling λ112 [29, 30]. Due to complicated systematics, associated with the ﬁnal state mesons
and their nuclear interactions, as well as the resulting convoluted multi-ring signatures, the
analyses for the di-nucleon decays to mesons are done using a boosted decision tree (BDT) [31].
This allows one to get a far better discrimination between signal and background than by solely
applying the event selection criteria. We illustrate this with a pp → K + K + search in SK-I [32].
Unlike p → νK + , the kaons in pp → K + K + are above Cherenkov threshold and produce
visible rings. Subsequently, the kaons decay, primarily through the K + → μ+ ν, π + π 0 channels.
The two resulting kaon vertices are spatially separated by ∼ 2 meters. After the pre-selection
criteria have been applied, the remaining events are processed with BDT. The ﬁnal BDT output
is displayed
√ in Figure 4. The cut on the ﬁnal BDT output variable is chosen at 0.12, maximizing
the (Sig./ Sig. + Bkg.) ratio. Events to the right of the cut are taken to be signal candidates.
With (without) BDT, one achieves the ﬁnal signal eﬃciency of 12.6% (21.9%) and an expected
total SK-I background of 0.3 (33.9) events. The data is found to be consistent with background
and a 90% C.L. lower lifetime limit of 1.7 × 1032 yrs.d is placed. This lifetime limit can be
translated [30] into a limit on the λ112 SUSY R-parity violating coupling, resulting in |λ112 | <
7.8 × 10−9 [32].
c
d

This result can be converted into a limit for n − n oscillations in vacuum, yielding lifetime of around 108 s.
The lifetime limits for di-nucleon decays are calculated per 16 O nucleus.
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Figure 4 – Final output of the boosted decision tree for pp → K + K + search. Events to the right of the cut at
0.12 are considered signal candidates. From Ref. [32].

Similarly, no signiﬁcant signal excesses are observed in the di-nucleon np → π + π 0 , nn → π 0 π 0
and pp → π + π + decay searches, resulting in the 90% C.L. lower lifetime limits of around 1032
yrs. for all three modes [33].
3.5

Spectral Searches

Due to a large theoretical uncertainty in the nucleon decay predictions, it is important to
study a variety of channels. Since e-like and μ-like single-ring atmospheric-ν background is well
understood, an array of modes producing such signatures can be readily analyzed. These include
p → (e+ , μ+ )νν, p → (e+ , μ+ )X e , np → (e+ , μ+ , τ + )ν and n → νγ channels. The trilepton
p → (e+ , μ+ )νν decays can appear within Pati-Salam models, with some [34] predicting their
lifetime to be around 1030−33 yrs.
The search for all these channels is performed by applying a spectral “pull-method” χ2 ﬁt
[35] to the e-like and the μ-like single-ring momenta, after the event selection. Figure 5 displays
the best-ﬁt result for the atmospheric-ν background MC, data (273.4 kiloton·yrs exposure) and
the 90% C.L. allowed amount of nucleon decay signal (×10) after the ﬁt. For these searches,
the average signal eﬃciency is ∼ 95% for the e-like modes and ∼ 80% for the μ-like modes, with
the latter being lower due to the decay-electron detection eﬃciency f . With no signiﬁcant excess
observed in either search, 90% C.L. lower lifetime limits of around 1032 yrs. are placed on all of
the above channels [36, 37].
4

Summary and Outlook

Baryon number violation is motivated by various theoretical considerations and can be tested
by nucleon decay searches. Large underground water Cherenkov detectors are highly sensitive
to nucleon decays. We have reported on results for an extensive array of nucleon decay searches
carried out at the current state of the art WC experiment, Super-Kamiokande. No signiﬁcant
signal excess has been found in any of the analyzed channels. These results, which correspond
to the world’s best lifetime limits, are summarized in Table 1.
The majority of the limits are already in the 1032 yrs. range, signifying that even some of the
more baroque types of theoretical models are constrained. The projected gadolinium dissolution
in the SK detector will allow us to further reduce the nucleon decay background and thus improve
on the search sensitivity. Future experiments, such as Hyper-Kamiokande and DUNE/LBNF,
are expected to improve the presented results by up to an order of magnitude. Since the majority
e

Here, X denotes a massless and invisible particle.
The decay-electron detection eﬃciency is improved in SK-IV by 20% compared to other SK periods, due to
upgraded electronics.
f
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Figure 5 – [top] Reconstructed momentum distribution, with the SK data (black dots) and the best-ﬁt result for
the atmospheric-ν background MC (solid line) displayed. The corresponding residuals are shown below, after the
ﬁtted background has been subtracted from the data. [bottom] The 90% conﬁdence level allowed nucleon decay
signal multiplied by 10 (hatched histograms), from the signal and background MC ﬁt to data. All modes are
shown (overlaid), with e-like channels on the left and μ-like channels on the right. From Ref. [36, 37].

of the nucleon lifetime predictions from the various theoretical models lie below the ∼ 1036 yrs.
range, signiﬁcant discovery potential is expected in the upcoming searches.
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Table 1: Summary of Super-Kamiokande nucleon decay search results.

Decay Mode
p → e+ π 0
p → μ+ π 0
p → νK +
p → μ+ K 0
p → e+ η
p → μ+ η
p → e + ρ0
p → μ + ρ0
p → e+ ω 0
p → μ+ ω 0
p → νπ +
p → e+ νν
p → μ+ νν
p → e+ X a
p → μ+ X a
n → e+ π −
n → μ+ π −
n → e + ρ−
n → μ+ ρ−
n → νπ 0
n → νγ
pp → K + K +
pp → π + π +
np → e+ ν
np → μ+ ν
np → τ + ν
np → π + π 0
nn → π 0 π 0
n − n oscillations
a
b

|Δ(B − L)|
0
0
0(ν), 2(ν)
0(ν), 2(ν)
0
0
0
0
0
0
0(ν), 2(ν)
0(νν), 2(νν, νν)
0(νν), 2(νν, νν)
0(X?)
0(X?)
0
0
0
0
0(ν), 2(ν)
0(ν), 2(ν)
2
2
0(ν), 2(ν)
0(ν), 2(ν)
0(ν), 2(ν)
2
2
2

τ /B (90%C.L.) Reference
1.7 × 1034 yrs.
[22]
7.8 × 1033 yrs.
[22]
6.6 × 1033 yrs.
[25]
6.6 × 1033 yrs.
[23]
4.2 × 1033 yrs.
[13]
1.3 × 1033 yrs.
[13]
7.1 × 1032 yrs.
[13]
1.6 × 1032 yrs.
[13]
3.2 × 1032 yrs.
[13]
7.8 × 1032 yrs.
[13]
3.9 × 1032 yrs.
[38]
1.7 × 1032 yrs.
[36]
2.2 × 1032 yrs.
[36]
7.9 × 1032 yrs.
[37]
4.1 × 1032 yrs.
[37]
2.0 × 1033 yrs.
[13]
1.0 × 1033 yrs.
[13]
7.0 × 1031 yrs.
[13]
3.6 × 1031 yrs.
[13]
1.1 × 1033 yrs.
[38]
5.5 × 1032 yrs.
[37]
1.7 × 1032 yrs.b
[32]
7.2 × 1031 yrs.b
[33]
2.6 × 1032 yrs.b
[37]
2.0 × 1032 yrs.b
[37]
3.0 × 1031 yrs.b
[37]
1.7 × 1032 yrs.b
[33]
4.0 × 1032 yrs.b
[33]
1.9 × 1032 yrs.
[27]

X denotes a single particle which is assumed to be massless and invisible.
The lifetime limits for di-nucleon decays are calculated per 16 O nucleus.
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RESULTS FROM THE SECOND CDMSLITE RUN AND PLANS FOR
SUPERCDMS
E. LOPEZ ASAMAR, FOR THE SUPERCDMS COLLABORATION
Institute for Particle Physics Phenomenology, Department of Physics
Durham University, Durham, United Kingdom
The Super Cryogenic Dark Matter Search (SuperCDMS) experiment uses semiconductor germanium detectors to search for galactic WIMPs scattering oﬀ atomic nuclei. It has been
operating at Soudan Underground Laboratory between March 2012 and December 2015. The
research program of the experiment included the study of a novel operation mode, called
CDMSlite, that allows to explore WIMP masses below the nominal threshold. This document
presents the results from the data analysis of the second CDMSlite run, that exclude new
parameter space for WIMP masses between 1.6 and 5.5 GeV.

1
1.1

Introduction
Direct detection of dark matter

Gravitational eﬀects observed at diﬀerent astronomical scales indicate that 85% of the matter
content of the Universe consists of dark matter (DM), whose particle properties remain unknown 1 2 . Weakly-interacting massive particles (WIMPs) beyond the Standard Model (SM) are
a well-motivated class of DM candidates 3 . The concept of the so-called direct detection experiments is to search for galactic WIMPs by detecting atomic nuclei recoiling after their interaction
in a deﬁnite volume of ordinary matter4 .
Any particle depositing energy in the detector volume represents a background to such
searches. These backgrounds include atomic electrons recoiling after a gamma-ray interaction,
charged particles from nuclear decays, and atomic nuclei recoiling after a neutron interaction.
Diﬀerent technologies have been developed to lower the backgrounds to acceptable levels. The
particular choice of SuperCDMS is to use semiconductor detectors.
1.2

Semiconductor detectors

Part of the recoil energy deposited in semiconductor crystals, ER , is used to produce electronhole pairs. The ratio between the energy used to produce electron-hole pairs, EQ , and the
total recoil energy ER is called ionization yield, Y ≡ EQ /ER , and depends on the type of the
recoiling particle. For recoiling electrons, Y  1, while for recoiling nuclei Y  0.3. Therefore
the measurement of this quantity would allow to know the type of the recoiling particle. The
number of charge carriers Nq produced by the recoiling particle is equal to EQ /, where  = 3.0
eV for germanium. The rest of the recoil energy is released as lattice vibrations, called phonons.
In absence of applied electric ﬁelds the electron-hole pairs recombine shortly after their
production, releasing all the energy used to create them as additional phonons. Therefore all
the recoil energy is eventually released as phonons, and hence EP = ER . Note that by measuring
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both Nq and EP the equations Nq = Y ER / and EP = ER can be inverted in order to determine
ER and Y , thus giving information on both the recoil energy and the type of the recoiling particle.
By applying an external electric ﬁeld the charge carriers drift along the ﬁeld lines. This
mechanical work done on the electron-hole pairs by the external ﬁeld is also released to the
lattice as phonons 16 17 , called Neganov-Troﬁmov-Luke phonons. This contribution to the total
phonon energy is equal to EP,N T L = qe V Nq , where V is the external voltage diﬀerence, and
therefore the total phonon energy in presence of an applied electric ﬁeld is
EP = ER (1 + Y

qe V
)


.

Note that in this case it is still possible to determine ER and Y by measuring Nq and EP .
For later purposes, note also that the total phonon energy is greater than ER by a factor that
linearly increases with V .
1.3

The SuperCDMS experiment

The SuperCDMS experiment consist of ﬁfteen monocrystalline germanium detector 18 , arranged
in ﬁve stacks of three detectors each. The total mass is 9 kg approximately, and the nominal
operation temperature is 50 mK. The detectors are instrumented to measure both Nq and EP ,
and therefore allow to determine both ER and Y . In addition to the discrimination provided by
the knowledge of Y , the applied electric ﬁeld and the segmented read-out conﬁguration enable
complete ﬁducialization.
Recoiling nuclei from single neutron scattering have properties identical to those from WIMPs,
and therefore it is impossible to discriminate between both. This background is suppressed by
1) operating the experiment in Soudan Underground Laboratory at 714 m depth, 2) having
a muon veto and a polyethylene and lead shielding, and 3) using radiopure copper structures
within the shielding.
2
2.1

The second CDMSlite run
The CDMSlite approach

The lowest accessible recoil energy ER , and therefore the lowest accessible WIMP mass Mχ , is
limited by the electronic noise of the detectors, since below a given ER the size of the measured
pulse is smaller than the noise ﬂuctuations. For SuperCDMS operating under nominal conditions this threshold is equal to 2 keV approximately, that corresponds to Mχ equal to 10 GeV
approximately. This WIMP mass limit is above the natural scale of some DM models 5 6 7 8 9 10
like asymmetric DM 11 12 13 14 15 .
However small phonon signals can still be ampliﬁed above the nominal noise threshold by
using the fact that additional phonons are produced in the presence of external electric ﬁelds.
From Eq. 1.2 the total phonon energy EP is greater than ER by a factor linear on V . Therefore
operating the SuperCDMS detectors with increased voltage V allows to explore lower WIMP
masses 19 . This approach is called CDMSlite. Note however that only the phonon signal can be
ampliﬁed using this method, while the charge signal remains below its noise threshold. For that
reason, the particle-identiﬁcation and the ﬁducialization are compromised, and the reconstruction of ER requires assumptions on the value of Y .
The ﬁrst run of data-taking in CDMSlite mode occurred on August 2012 19 . Only one of the
ﬁfteen detectors was used, leading to a 6.25 kg day exposure. The voltage was increased from
the nominal value of 4 V to 69 V, that implies an ampliﬁcation factor of 8 and 24 approximately
for phonons from recoiling nuclei and recoiling electrons respectively. This allowed to lower
the threshold for detecting recoiling nuclei to 0.8 keV. This threshold is substantially larger
than the typical ﬂuctuations of the intrinsic electronic noise of the read-out channels, due to
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an additional noise from mechanical vibrations in the audible frequency range leaking into the
detectors. The event selection did not include neither particle-identiﬁcation nor ﬁducialitzation,
and the measurement became background limited with the given exposure. An exclusion limit
was calculated using the optimal interval method 20 .
2.2

Data analysis

A second CDMSlite run was carried out between February and November 2014 using the same
detector as for the ﬁrst run 26 , and including some hardware and mechanical improvements. The
total exposure of this second run was equal to 115.59 kg day. The data analysis contained two
important modiﬁcations with respect to the ﬁrst CDMSlite run, namely the large suppression
of the noise from mechanical vibrations, and the development of some ﬁducialization techniques
to reject surface events.
The suppression of the noise from mechanical vibrations was achieved by using the fact that
the shape of the phonon pulse of such events is diﬀerent to that of actual recoil events. That
enabled to lower the threshold to 0.26 and 0.35 keV, depending on the period of time, and
therefore to increase the sensitivity to smaller values of Mχ .
The nominal ﬁducialization in SuperCDMS, based on combining measurements from diﬀerent read-out channels, is not possible in CDMSlite. However the early phonon component has a
slight position dependence that aﬀects the shape of the measured phonon pulse. This fact is used
to deﬁne a ﬁducialization in the radial direction only, that allowed to increase the sensitivity to
lower WIMP-nucleus cross sections.

Figure 1 – Left: Energy spectrum of the events from the second CDMSlite run passing the selection requirements.
Right: Median (90% C.L.) and 95% interval of the WIMP limit from the analysis of the second CDMSlite run
data 26 (black thick solid surrounded by salmon-shaded band) compared to other selected results. Other 90% upper
limits shown are from the ﬁrst CDMSlite run (red thin solid curve) 19 , SuperCDMS (red thin dashed curve) 27 ,
EDELWEISS-II (red thin dotted curve) 28 , LUX (dark-yellow thick dashed-dot curve) 29 , CRESST (magenta thick
dashed curve) 30 , and DAMIC (purple thick dotted curve) 31 . Closed regions are CDMS II Si 90% C.L. (blue
dashed shaded region) 32 , and CoGeNT 90% C.L. (dark-green shaded region) 33 .

2.3

Results

Events passing the selection requirements were used to calculate an exclusion limit using the
optimal interval method 20 , and assuming the standard halo model for the distribution of WIMP
velocities 21 . The result obtained is competitive with the other WIMP searches carried out to
date, and explores a new parameter space for WIMP masses between 1.6 and 5.5 GeV, see Fig. 1.
Note that the sensitivity to both lower WIMP masses and lower WIMP-nucleus cross-sections
is increased substantially with respect to the results from the ﬁrst CDMSlite run, due to the
modiﬁcations explained in Sec. 2.2.
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The dominant background after the event selection consist of recoiling electrons in the bulk
of the detector, produced by 1) Compton scattering of gamma-rays from environmental radioactivity, and 2) X-rays from electron capture by 71 Ge nuclei.
Given that the charge measurement is not available in CDMSlite the reconstruction of the
recoil energy assumed the Lindhard model for calculating Y 22 23 24 . The uncertainty on the
parameters of this model 25 dominate the total uncertainty of the ﬁnal exclusion limit.

3

Future plans for SuperCDMS

SuperCDMS ended operations in Soudan Underground Laboratory on November 2015. The
Collaboration is now developing a new stage of the experiment to be deployed in SNOLAB.
This will allow to further suppress the cosmogenic neutron background. In addition, the increased radiopurity will also lower the radiogenic neutron background, and the improved energy
resolution will enable to explore lower WIMP masses. The ﬁducialization techniques will be similar to those used at Soudan Underground Laboratory, that have already shown an impressive
performance 18 .
The setup is planned to include 30 detectors arranged in ﬁve towers, and to include both
germanium and silicon detectors. Three stacks containing germanium detectors (∼50 kg) and
one stack containing silicon detectors (∼4 kg) will operate under nominal conditions. One stack
containing four germanium detectors (∼5.6 kg) and two silicon detectors (∼1.4 kg) will operate
at high voltage, as in CDMSlite.

Figure 2 – Expected sensitivity of SuperCDMS SNOLAB.

This project is already approved by the U.S. Deparment of Energy and the U.S. National
Science Foundation as a next-generation DM experiment, with a focus on low-mass WIMPs. It
is expected to be the most sensitive experiment to low WIMP masses, see Fig. 2. In addition,
it is expected to be the ﬁrst experiment to observe coherent scattering of solar 8 B neutrinos.
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DARK MATTER FROM HIDDEN SECTORS
M. POSPELOV
Department of Physics and Astronomy, University of Victoria, Victoria, BC V8P 1A1, Canada
Perimeter Institute for Theoretical Physics, Waterloo, ON N2J 2W9, Canada

I review the set of theoretical ideas motivating experimental searches of light physics beyond
Standard Model. Speciﬁcally, I give examples of very weakly interacting dark matter candidates that can be probed in the direct detection experiments. I then discuss a possibility
of probing self-interacting dark matter via the production of dark matter bound states at
colliders. Finally, I cover some prospects of direct search for light dark matter in the beam
dump experiments.

1

Introduction

The latest results of the LHC, and foremost the discovery of the Higgs boson is the triumphant
developement in particle physics. For a long time the existence of the Higgs boson was anticipated based on the indirect electroweak precision tests, and from theoretical self-consistency of
the Standard Model. Besides a discovery of the new particle, one can argue that the discovery
of the Higgs boson - which for now is fully consistent with being an elementary boson - is also a
manifestation of a new force in Nature - the Yukawa-type force. Given that the all other forces
in nature are of gauge origin, the Higgs discovery is really a “big deal” for our understanding of
how the world works.
Another signiﬁcant outcome of the LHC is the total absence of new physics that was widely
anticipated to show its appearence around 1 TeV energy scale. So far, there are no hints on
supersymmetric partners, new gauge bosons with ∼ TeV scale masses, or additional missing
energy signals... The list of new physics models that is “put in trouble” by the LHC, and/or
pushed above the TeV scale goes on and on. An interesting exception of course is the recent
hint on a “di-photon” resonance at 750 GeV, which at this point can be “almost anything”,
including some backgrond ﬂuctuation.
Given that we have such a resounding success of the Standard Model (SM) on one hand,
and no new physics indications (so far) on the other hand, one may go back to the “drawing
board” and re-assess the possibilities for new physics, as well as our ability to probe it in the
particles physics experiments.
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Figure 1 – A cartoon representation of the coupling strength vs force mediator mass. The LHC is the way to
explore high mass/not-so-small couplings for new forces. The intensity frontier direction (a downward pointing
arrow) - very small couplings masses much below the electroweak scale - is completely orthogonal, and can be
explored with the new generation of electron beam facilities.

I make an eﬀort to do so in Figure 1, where the cartoon of the coupling constants and particle
masses that mediate the interactions is given. All SM forces have their coupling constants
around ∼ 0.1 − 0.01 range, and the masses of mediators vary from a photon (massless), to gluon
(eﬀectively
getting a QCD scale mass via conﬁnement), and W, Z bosons. A Fermi constant,
√
2 /(8M 2 ), is represented by a diagonal line, that divides this parameter space into the
2GF = gw
W
”SM backyard” and the ”unknown frontier”. The high-energy colliders are uniquely positioned
to probe the upper-right corner in this picture, where the strength of the coupling constants is
signiﬁcant, and the masses of new hypothetical force carriers are large. Indeed, for a ”sequential”
Z  (i.e. coupled to the SM fermions the same way as the SM Z boson), the limits from CMS
and ATLAS are mZ  > 2.8TeV. This means that the analogue of the Fermi constant for the Z 
compared to GF is ∼ m2Z /m2Z  < 10−3 . Should a new force with the TeV scale mass mediator
exist, its strength is already 1000 times smaller than the weak force! But what happens if there
is new physics that is signiﬁcanlty lighter than the TeV scale? If there are new gauge bosons
with masses on the order of 100 MeV, and couplings αX ∼ 10−6 or so, one cannot use the LHC
very eﬃciently to search for such particles. The reason for that is that the production cross
section is not growing with energy, as it would be for a TeV scale bosons, but instead is falling
rather steeply. Being weakly coupled, such new particles will be completely buried under the
SM backgrounds. Therefore, the high-energy colliders have very limited abilities to probe light
and very weakly coupled sectors.
If the new light particles violate some exact or approximate symmetries of physics at the
GeV-scale, such as parity or CP symmetry, one can still limit the corresponding analogue
of Fermi constant rather eﬃciently using the precision symmetry tests at low energy (parityviolation experiments, electric dipole moments, and for certain types of new physics, the ﬂavor
constraints). But certain types of new physics, such as “dark photon” to be discussed later, are
completely “innocuous” as they preserve all discrete and ﬂavor symmetries. In this case, the
strength of such force can be well above the SM GF , and indeed such forces may be discovered
in the SM backyard. To ﬁnd such forces, or better to say, probe their existence, one needs a
dedicated eﬀort at the “intensity frontier”. On the Figure 1 cartoon, intensity frontier activity
is pictured by the arrow in the down-left corner.
To conclude the Introduction: the intensity frontier direction is in many ways an orthogonal
direction to the energy frontier. Consequently, the absence of new physics at the LHC does not
spell doom on [most of the] eﬀorts at the intensity frontier. A sub-GeV scale is exactly the place
where new high-intensity electron beams can have an unparallel sensitivity to light and very
weakly coupled New Physics. In the rest of my talk I will go over some motivations for new
physics at these low scales.
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In the following, I will give examples of very weakly coupled dark matter, and some prospects
for its detection, covering the results of my recent works in collaboration with Drs. H. An,
B. Echenard, E. Izaguirre, G. Krnjaic, J. Pradler, A. Ritz, and Y. Zhang 1,2,3 .
2

Dark Photon Dark Matter

This section covers our result in 1 , namely the possibility of dark matter being a very weakly
interacting particle, produced out of equlibrium. The prime example of such dark matter is the
axion, but analogous constructions can be achieved e.g. with the vector ﬁeld.
Consider the model of ‘para-photons’, introduced by Okun in early 1980s and later reformulated in an equivalent language using the kinetic mixing portal by Holdom. Speciﬁcally, one
writes a QED-like theory with two U (1) groups, supplemented by the cross term in the kinetic
Lagrangian and a mass term for one of the vector ﬁelds,

1

+ m2A (Aμ )2 .
L = Lψ,A + Lχ,A − Fμν Fμν
2
2

(1)

Lψ,A and Lχ,A are the standard QED-type Lagrangians,
1 2
+ ψ̄[γμ (i∂μ − eAμ ) − mψ ]ψ,
Lψ,A = − Fμν
4
1  2
Lχ,A = − (Fμν
) + χ̄[γμ (i∂μ − g  Aμ ) − mχ ]χ,
4

(2)

 standing for the ﬁeld strength tensors. States ψ represent the QED electron
with Fμν and Fμν
ﬁelds while states χ are charged under the “dark” U (1) . In the limit of  → 0, the two sectors
become completely decoupled. In eq. (1), the mass term for A explicitly breaks the second
U (1) but is protected from additive renormalization and hence is technically natural. Using the
equations of motion, ∂μ Fμν = eJνEM , the interaction term can be rewritten as



= Aμ × (e)JμEM ,
− Fμν Fμν
2

(3)

showing that the new vector particle couples to the electromagnetic current with strength,
reduced by a small factor . The generalization of (1) to the SM is straightforward, by subsituting
the QED U (1) with the hypercharge U (1) of the SM.
There are a multitude of notations and names referring to one and the same model. We
shall refer to the A state as the “dark photon” and denote it by letter V . We will choose to call
the mixing angle  or κ, and throughout this contribution assume   1. In contrast, one does
not have to assume a smallness of g  coupling, which can be comparable to the gauge couplings
of the SM, g  ∼ gSM .
Depending on the range of parameters, this simple model can possess diﬀerent types of dark
matter. χ can be a simple “freeze-out” WIMP, it can be a “freeze-in” super-weakly interacting
dark matter particle as well. But I would like to start from the possibility when χ is actually
absent from the spectrum, and the A itself is dark matter. This possibility was initially pointed
out in refs. 4 .
The detailed analysis performed in ref. 1 puts stringent constraints on the dark photon dark
matter utilizing the results of Xenon10, Xenon100 and Xmass experiments. The main process
occuring due to keV and sub-keV dark photon dark matter is the absorption of dark matter
by atoms with an ejection of a photoelectron. It leads to a monochromatic energy deposition,
and can be eﬃciently searched for with existing experiments. (Notice that Xenon10 signal is
based on detecting ionization without requiring initial scintillation 5 .) The parameter space of
dark photons is shown in Fig.2. The limits imposed by direct detection experiments successfully
compete with those imposed by the stellar energy loss.
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Figure 2 – A summary of constraints on the dark photon kinetic mixing parameter κ as a function of vector mass
mV . The thick lines exclude the region above for dark photos with a dark matter relic density. The solid (dashed)
line is from XENON10 (XENON100), the dash-dotted line is a constraint on the galactic γ-ray ﬂux from V → 3γ
decays, and the dotted line is the corresponding constraint from CMB energy injection. Shaded regions depict
(previously considered) astrophysical constraints that are independent of the dark photon relic density. The limits
from anomalous energy loss in the sun (sun), horizontal branch stars (HB), and red giant stars (RG) are labeled.
The shaded region that is mostly inside the solar constraint is the XENON10 limit derived from the solar ﬂux.

3

DM bound states at colliders

A noteworthy motivation for the light vector portal particles come from the host of observational questions related to the dark matter sub-structure and their possible resolution via
self-interaction of DM particles. The astrophysical structure of galaxies and clusters of galaxies
can be dramatically aﬀected by scattering interactions between dark matter particles 6 . This
eﬀect, known as dark matter self-interactions, is motivated based on two outstanding issues in
our understanding of structure formation.
• Core-cusp problem: Observations indicate that dwarf galaxies exhibit reduced central densities with ﬂat proﬁles (cores) 7,8 , as opposed to steeper density proﬁles (cusps) predicted
by collisionless DM-only simulations 9 . More recently, dark matter cores have been found
in larger systems as well, including low surface brightness spiral galaxies and clusters.
• Too-big-to-fail problem: Collisionless DM-only simulations predict that MW-like halos
should contain a population of O(10) subhalos that are too massive to host any of the
known most massive classical dwarfs, as inferred by stellar kinematics 10 . Satellite populations of the Andromeda Galaxy and the ﬁeld of the Local Group also exhibit a dearth
of massive satellites expected from collisionless DM-only simulations.
These discrepancies may be explained if DM particles within halos are not collisionless, as is
usually assumed, but instead undergo elastic scattering with other DM particles. DM selfinteractions lead to thermodynamic heat transport from the hotter outer halo to the colder
inner halo, thereby reducing the central halo density as DM particles get heated and escape.
Additionally, the formation of cores in satellite galaxies can modify their stellar kinematics,
resolving the mismatch between the most massive satellites observed in the MW and those
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found in simulations. Recent simulations of self-interacting dark matter have shown that a
self-interaction cross section per unit mass of
σ/mχ ≥ 1 cm2 /g ∼ 2 × 10−24 cm2 /GeV

(4)

can resolve the core-cusp and too-big-to-fail problems on dwarf scales 11,12 .
It is quite remarkable that even the simplest model introduced in the previous section, (1),
can easily accommodate the self-interacting dark matter requirements. Since the self-interaction
cross section “prefers” to be large, a typical expectation for the mass of the mediator is mV <
100 MeV 13 . If the mass of dark matter is in the GeV range, the requirements of self-interaction
via the vector force also creates an attractive potential between WIMP and anti-WIMP, that for
large enough “dark alpha”, αD = (g  )2 /(4π), can lead to the formation of “WIMPonium” bound
states. The formation of WIMPoniums can be searched for at high luminosity electron-positron
colliders. Our recent paper 2 addresses this possbility, as well as limits the dark force using the
multi-lepton signatures of WIMPonium decays.
The two lowest (1S) bound states, 1 S0 (J P C = 0−+ ) and 3 S1 (J P C = 1−− ), can be called
ηD and ΥD , respectively. The condition for their existence has been determined numerically,
2 /(4π). Their quantum numbers suggest the following production
1.68mV < αD mχ , with αD = gD
mechanisms at colliders:
e+ e− → ηD + V ;

e+ e− → ΥD + γ;

p + p → ΥD + X

(5)

The last process represents the direct production of ΥD from q q̄ fusion. All production
processes are mediated by a mixed γ − V propagator, as shown in Fig. 3.

Figure 3 – Diagram for ηD and ΥD production and decay at B-factories.

The scalar bound state ηD dominantly decays into two dark photons, each subsequently
decaying into a pair of SM particles via kinetic mixing. These decays are all prompt for the
relevant region of parameter space. The above decay chain eventually results in the ﬁnal states
containing six charged tracks, which can be electrons, muons or pions, depending on the dark
photon mass. Compared to the e+ e− → ηD V process, the e+ e− → γΥD cross section is
suppressed by a factor α/αD , although the latter contains a logarithmic enhancement from the
angular integral. Moreover, the cross-section e+ e− → ηD V contains an additional m2χ /s factor,
√
which brings additional suppression of lighter dark matter. For αD ≥ 0.1 and mχ ∼ s, the two
processes have similar cross-sections, and we will combine them to set the limit on this model.
Both processes, “radiative return” production of ΥD , and V + ηD production is calculated in
our paper 2 in some detail. The ensuing constraints on the parameter space is shown in Fig.
4. The major input to these constraints is the BaBar search for the multilepton events in the
“dark Higgsstrahlung” analysis 14 .
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Figure 4 – Constraint on the dark photon parameter space from the BaBar dark Higgsstrahlung searches, adapted
to the production and decay of dark bound states ηD and ΥD . The solid purple curve corresponds to the current
BaBar limit for the parameters αD = 0.5, mχ = 3.5 GeV. The dashed purple curve shows the future reach of
B-factories. The constraints cover the parameter range important for the models of self-interacting dark matter.

4

DM production and detection in beam dump experiments

In this section I discuss constraints on vector portals occur when direct production of light
dark matter states χ opens up. The missing energy constraints on dark photons derived from
e+ e− colliders were analyzed in 15 . Invisible decays of A are usually harder to detect, except
K + → π + A → π + +missing energy, where the competing SM process, K + → π + ν ν̄ is extremely
suppressed 16 .
A rather systematic study of the detection of light dark matter produced via the dark photon
portal has been performed in a number of papers 17,18,19 . The most stringent constraints follow
from the highest POT experiment, LSND, provided that the dark matter is within kinematic
reach. A typical detection scheme in the proton beam dump experiments is built on the following
chain of events:
pp → π 0 + X, π 0 → V γ, V → χχ̄, χ scattering on electrons/nuclei

(6)

These results signiﬁcantly constrain, but do not fully rule out, MeV-scale dark matter models,
suggested as a candidate explanation of the 511 keV excess from the galactic bulge. Currently,
the MiniBooNE collaboration is conducting a dedicated search for such states in a beam dump
mode run 20 . It is important to emphasize that the sensitivity of beam dump eﬀorts cover
the low mass region of parameter space inaccessible to traditional underground direct detection
experiments.
What would be the “ultimate beam dump MeV-scale dark matter search”? One would need
to combine the largest detector with the most intensity beam (not necessarily very energetic),
and place it in the lowest background environment. Recently, we have pointed out 3 that one
could pursue such a search in deep underground laboratories using large neutrino detectors,
with an electron accelerator build nearby. (The latter part is non-existing at the moment.) The
potential reach in terms of the parameter space for light dark matter is enormous, due to the large
size of the detectors and low backgrounds. The combined sensitivity reach of such a hypothetical
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set up is shown in Fig. 5, for the case of the dark-photon-mediated scalar dark matter. (This
dark matter automatically escapes very stringent constraints from CMB anisotropies.) One can
see that the sensitivity to a relevant parameter y can be increased over an old LSND result by
many orders of magnitude.
Scalar Thermal Relic DM
LEP

 

10

-5

10-7

BaBar

10-8

B
CM

XENON 10

10

-9



y = 2D (m  /m A')4

10-6

10-10

ity
ens
ic D
Rel

10-11
10-12
10-13
10-14
10-15
10-16

LSND

IDM
DxS
LSN

+
SNO
rK
Supe

1

10

102

m (MeV)
Figure 5 – Sensitivity production for 1024 electrons with 100-MeV energies impinging on an aluminum target
positioned 10 m near the SNO+, and SuperK detectors – since the latter two have comparable ﬁducial volumes,
their projections are presented as a common curve. We conservatively assume thresholds of ER > 10 MeV for
which the backgrounds are negligible. The CMB and direct detection constraints assume χ/ϕ constitutes all of
the dark matter and regions above the relic curve correspond to parameter space for which each scenario can
accommodate a subdominant fraction of the total DM (note that for subdominant DM, the CMB and direct
detection bounds would also weaken). The dotted LSND × SIDM curve denotes where the LSND bound shifts if
αD is chosen to satisfy the bound on DM self interactions.
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Recent results from LUX and status of LZ
Paolo Beltrame
University of Edinburgh
Edinburgh, EH9 3FD, Scotland
The Large Underground Xenon (LUX) experiment is a 350 kg liquid xenon time projection
chamber whose primary goal is to directly detect galactic dark matter in form of weakly
interacting massive particles (WIMPs). We present the re-analysis of the the data (Run3)
collected in 2013. This has improved the limit on spin-independent WIMP-nucleon cross
section, excluding 5.2 × 10−46 cm2 90% CL for WIMP mass of 33 GeV/c2 and signiﬁcantly
improved the limit in the low mass range. The results exploits new calibration measurements
for nuclear and electronic recoils, using the D-D neutron generator and diﬀused beta sources.
We also present the ﬁrst results on the spin-dependent analyses. LUX has recently completed
the 300-day data set (Run4), and will be decommissioned to start the construction of the next
phase detector, LUX-ZEPLIN (LZ). The status and science reach of the 7-tonne of active
liquid Xe next generation detector is also presented.

1

The Large Underground Xenon experiment

Consistent evidence from multiple astrophysical observations suggests that cold dark matter is
the dominant form of matter in our galaxy. 1 Weakly interacting massive particles (WIMPs) are
a generic class of particle candidates, arising from extension to the Standard Model of particle
physics. They could be detected via Weak-force-mediated nuclear recoils (NR) in detectors on
Earth. 2,3 Direct search experiments look for the low NR energy expected when WIMPs scatter
elastically oﬀ target nuclei in the active detector material. The small interaction cross sections
and low velocities of galactic WIMPs impose the detectors to be sensitive to few keV and at
the same time to exploit large exposures of many kg × years. The Large Underground Xenon
(LUX) experiments is a 350 kg dual-phase xenon time-projection chamber (TPC) located 4850
feet underground at the Sanford Underground Research Facility (SURF) in Lead, South Dakota.
In dual-phase TPC the energy deposited from the particle interaction in the xenon creates a
primary scintillation signal (S1) and ionisation charge which is drifted by an electric ﬁeld (181
V/cm) to the liquid-gas interface at the top of the detector. The electrons are then extracted
into the gas phase (6.0 kV/cm), where they produce via electroluminescence a proportional
scintillation (S2). Both signals are read out by two arrays of photomultiplier tubes (PMTs): 61
viewing the TPC from above, and 61 from below. The precise, few mm, 3D position reconstruction of the particle scattering point enables to exploit the self-shielding capability of the liquid
xenon selecting for the dark matter search only inner radioactively-quiet ﬁducial volume, see
ﬁg 7. The S1 and S2 signals are also used to estimate the deposited energy and their logarithmic ratio is exploited as particle identiﬁcation to discriminate WIMP-like NR from background
electron recoils (ER), see ﬁg. 8. This discrimination is energy dependent however usually ER
background is rejected at the level of 99.5%, corresponding to about 50% in acceptance of NR
events. Description of the detector technology, underground laboratory and deployment can be
found in the publication. 4
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1.1

First science results

LUX completed its ﬁrst physics run in 2013, collecting a total of 85.3 day of WIMP search
data. During this period the ER background rate inside the 118 kg selected ﬁducial volume
was 3.6 ± 0.3 mDRU (mDRU = 10−3 counts/day/kg/keV) between 2 - 30 S1 photoelectrons. A
non-blind analysis was conducted in which only a minimal set of high-acceptance data quality
cuts were used. Single scatter events containing exactly one S1 and a single S2 were selected
for further analysis. Conﬁdence intervals on the spin-independent WIMP-nucleon cross section
were set using a Proﬁle Likelihood Ratio analysis (PLR), based on distributions in radius, depth
and S1 and S2. The 90% upper CL is shown in ﬁg. 1. We excluded cross section down to
7.6 × 10−46 cm2 at a WIMP mass of 33 GeV/c2 . 5
The analysis was performed under the conservative assumption of zero eﬃciency for NR events
below the 3 keV nuclear equivalent (keVnr ), corresponding to the minimum energy of previous
liquid xenon calibrations.
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Figure 1 – Left: The LUX 90% conﬁdence limit on the spin-independent elastic WIMP-nucleon cross section for
the 85.3 live day exposure (blue) and projected limit for the upcoming 300-day run (dashed blue). Right: Close-up
of the low mass region. The results use the conservative assumption of zero eﬃciency for NR events below the 3
keV.

2

The Run03 reanalysis

We have improved the understanding of the PMT response and of the light measurement. Essentially we have i) removed the bias in the PMT baselines ii) performed a digital counting of
the photons and iii) calibrated the PMT with VUV light. 6
In addition to that, the detector has been calibrated with novel techniques for ER (mono energetic sources, and CH3 T internal source), and for NR (mono energetic neutrons in-situ D-D
generator). An improved PLR has been also developed, constructed on the new WIMP signal
and background models and including the light and charge collection yield as nuisance parameters, in addition to the normalisation scales of the background sources.
2.1

Calibration: low energy electronic recoil

The diﬀused internal sources, 83m Kr and tritiated methane (CH3 T), injected into the xenon
circulation stream, have the advantage of spreading evenly throughout the active volume, providing a homogeneous calibration. The mono-energetic 9.4 keV and 32.1 keV energy depositions
of 83m Kr were used to constantly monitor the electron drift attenuation length, the light yield
and the corrections in x, y, z for detector eﬀects.
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A second campaign of the CH3 T has been also exploited for the reanalysis of the data. The
tritiated methane is a β − source with endpoint of ∼18 keV and provides the response of the
detector at low energies and information on the background shape. More importantly, the CH3 T
has enabled to study the light and charge yields down to ∼1 keV. 8 The precise determination
of ER events “leaking” down into NR S2/S1 region has been also evaluated between 0.2 and
5 keV, as a function of S1. A combined studies with 83m Kr and CH3 T enabled for a precise
estimation of the ﬁducial volume, which has been extended to 145 kg (compared to the 118 kg
of the previous analysis). On ﬁg. 2 is possible to see the energy spectrum of CH3 T and the
distribution on the discrimination phase space log10 (S2/S1) vs. of S1 of the events.

Figure 2 – Left: Energy spectrum of CH3 T in combined energy scale, keVee is keV electron equivalent. Black
histogram is for data and dashed blue and green show the simulation. In the bottom histogram we show the
fractional residuals. Right: Distribution of the event on the log10 (S2/S1) vs. S1 space. The black lines show the
ER median and +/ − 1σ, so the red lines for the NR band. The vertical curved lines represent the mono-energetic
lines for electron equivalent energy.

2.2

Calibration: low energy nuclear recoil

In addition to AmBe and 252 Cf radioactive sources, a deuterium-deuterium (D-D) neutron generator was employed. The calibration with neutron generator was performed in situ in the LUX
detector using a collimated beam of mono-energetic 2.45 MeV neutrons produced by a D-D
fusion source. This has enabled us to determine the nuclear recoils in liquid xenon down to very
low energy.
To determine the absolute charge yield, Qy , double scattering events were selected. The nuclear
recoil energy from the ﬁrst neutron scatter in the TPC was reconstructed using the measured
scattering angle deﬁned by two-site neutron events within the active xenon volume according to
the formula
4 mn mXe 1 − cosθ
(1)
Er = E n
(mn + mXe )2
2
where En is the ﬁxed energy of the impinging neutron, cosθ is the angle between the ﬁrst and
the second scattering in the TPC, mn and mXe are the mass of the neutron and of xenon,
respectively.
Then, single scatter events were selected, knowing the energy of them via Qy , the absolute light
yield Ly is then determined. The paper describing in detail this technique is in preparation.
In this way we determined the LUX response, i.e. the absolute charge and light yields at an
average electric ﬁeld of 180 V/cm, for nuclear recoil energies from 0.7 to 74 keVnr and 1.1 to
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74 keVnr (neutron equivalent), respectively. Figure 3 shows the Ly and Qy at 180 V/cm as
measured with the D-D generator.
In this way we have been able to remove the hard cut-oﬀ at 3 keVnr for NR events of the
previous analysis, so we have lowered the threshold down to 1.1 keVnr and improved the limit
for low-mass WIMPs.

1

10

100

Nuclear Recoil energy (keV)

Figure 3 – Yields of electrons (top) and photons (bottom) for nuclear recoils in LUX, measured in situ with D-D
neutrons. Error bars are statistical.

3

Results

In the reanalysis of the data we have increased the exposure: the ﬁducial mass has been enlarged
from 118 kg to 145 kg, and the live days have been extended to ∼ 95. The background model,
implemented in a new PLR, includes the detector material (γ-rays from 60 Co, 40 K, 208 Tl, 214 Bi)
and an additional component of the background from the wall. These components have been
ﬁtted to the data well above the region of interest, up to 3 MeV. Internal sources of radioactivity have also considered (such as 37 Ar, 85m Kr and 127 Xe). Background and signal probability
density function have been implemented into a new PLR.
The signal model sees the employment of the calibration from the D-D neutron generator, whose
used to construct the WIMP signal model, by implementing the detector response in the noble
element simulation technique (NEST). 7
The reanalysis of the 2013 LUX data has excluded new WIMP parameter space. The added
ﬁducial mass and live time, and better resolution of light and charge yield a 23% improvement
in sensitivity at high WIMP masses over the ﬁrst LUX result. The reduced cutoﬀ, at 1.1 keVnr ,
has improved the sensitivity by 2% at high masses but is the dominant eﬀect below 20 GeV/c2 ,
and the range 5.2 to 3.3 GeV/c2 is newly demonstrated to be detectable in xenon. These techniques further enhance the prospects for discovery in the ongoing 300-day LUX search and the
future LUX-ZEPLIN experiment.
The result of the reanalysis for spin-independent WIMP-nucleon interactions is shown in ﬁg. 4 together with the results from other experiments such as SuperCDMS 9 , CDMS lite 10 , XENON100 11 ,
DarkSide 12 and Panda-X 13 .
The LUX collaboration has also performed its ﬁrst analysis on the spin-dependent WIMPnucleon elastic cross sections using the same data acquired in 2013. A dedicated PLR, with
the same background model, has been developed enabling to set the 90% CL on the WIMPneutron (WIMP-proton) cross section. We have excluded cross section on the neutrons, down
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Figure 4 – Upper limits on the spin-independent elastic WIMP nucleon cross section at 90% C.L. Observed limit
in black, with the 1- and 2-σ ranges of background-only trials shaded green and yellow.

to σn = 9.4 × 10−41 cm2 at 33 GeV/c2 . The spin-dependent WIMP-neutron limit is the most
sensitive constraint to date for this channel. Results are shown in ﬁg. 5.

Figure 5 – Upper limits on the spin-dependent elastic WIMP nucleon cross section at 90% C.L, shown together
with other experiments. Observed limit in black, with the 1- and 2-σ ranges of background-only trials shaded
green and yellow.

LUX has recently competed its 2016 data taking, with additional ∼ 300 live-days (increasing
the exposure by a factor of 4). The analysis of the newly collected data will see an improved
E-ﬁeld model and the background models using the full 3D information. This will bring further
improvement in the WIMP search. Additional physics papers are in preparation or near to be
completed, including the analysis on operators for eﬀective ﬁeld theory, a search for axion and
axion-like particles and an S2-only analysis.
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4

LUX-ZEPLIN experiment

Looking to the future, the study and design for the LUX-ZEPLIN (LZ) experiment are well
underway. At the heart of LZ is a bigger and more radio-pure version of the LUX TPC with
an active region containing about 7 tonnes of liquid xenon, and at least 5.6 tonnes ﬁducial. LZ
will replace LUX in the 4850’ level at SURF and will reuse the LUX water tank starting from
February 2017. We have recently passed the DOE CD-2 review and the commissioning of the
detector is planned for the April 2019.

Existing
water tank

Cathode
high voltage
feedthrough

Outer Detector
Gd-loaded
liquid scintillator

Outer
Detector
PMTs

LXe heat
exchanger

7 tonne active LXe
TPC PMTs: 488
Skin PMTs: (192)

Figure 6 – Cross section of the LZ instrumentation.

The background is rejected by means of both self shielding of the liquid xenon and multiple
scattering identiﬁcation, as in LUX. In addition to that LZ has also two active devices: the
liquid xenon skin and the active liquid scintillator, that surround the TPC (see ﬁg. 7 left). For
more details one can read the conceptual design report. 14
The background sources have been fully simulated and implemented in the PLR. The probability density function of background and signal models can be seen in ﬁg. 8 left. The main
sources of it is given by the 222 Rn contributing for about 800 counts in the full exposure (i.e. 5.6
tonnes and 1000 days), before the ER discrimination, and for the ﬁrst time we will see event for
the 8 B solar neutrinos, from which we expect to see about 10 events. Distribution of measured
background and expected signal as a function of radius, depth, S1 and S2 parameter spaces in
order have been implemented in the PLR, which was then used to extract the sensitivity for
spin-independent WIMP search.
Our baseline sensitivity, shone in ﬁg. 8, achieve WIMP-nucleon spin-independent cross section
down to 2.2 × 10−48 cm2 .
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Figure 7 – Left: schematic of the functioning of active veto systems of LZ. The ER background events are mostly
rejected by means to the liquid xenon skin and by xenon self shielding. The NR events are mostly vetoed by the
outer detector, made of Gd loaded liquid scintillator. Right: spatial distribution of ER and NR background events
from detector material after all the veto systems have been applied. No events due to internal contaminants are
shown.

(arXiv:1509.02910)

40 GeV WIMP

Figure 8 – Left: Probability density functions of signal and background. Solar neutrino from 8 B have been
multiplied but 500, compared to the actual rate, and the ER background have been multiplied by a factor of
5. Rigth: Projected 90% conﬁdence level sensitivity for the spin-independent WIMP-nucleon cross sections for
LZ along with the current world’s best limit from LUX, the LUX 300-day projection, and the ﬁnal ZEPLIN
result. The green and yellow bands display the 68% (1σ) and 95% (2σ) ranges of the expected LZ results. The
regions where background NRs from cosmic neutrinos emerge, and an ultimate neutrino ﬂoor, are shown. The
improvement with respect to the conceptual design report is due to the statistical analysis: in the CDR we used
a simple Feldman-Cousins approach, whilst here we have applied a PLR.
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Probing Higgs-Portal Dark Matter with Weakly Interacting Mediators
S. WESTHOFF
Institut für Theoretische Physik, Universität Heidelberg,
69120 Heidelberg, Germany
The hypothesis of dark matter interacting with the standard model uniquely via the Higgs
portal is severely challenged by experiments. However, if dark matter is a fermion, the Higgsportal interaction implies the presence of mediators, which can change the phenomenology
signiﬁcantly. This article discusses the impact of weakly-interacting mediators on the darkmatter relic abundance, direct detection, and collider searches. At the LHC, a typical signature of Higgs-portal fermion dark matter features soft leptons and missing energy, similarly
to gaugino production in models with supersymmetry. We suggest to re-interpret existing
gaugino searches in the context of Higgs-portal models and to extend future searches to the
broader class of dark sectors with weakly-interacting fermions.

1

Higgs-portal fermion dark matter

The possibility that dark matter (DM) might interact with the standard model (SM) through
the Higgs portal is compelling due to its simplicity. In the case of scalar dark matter, the
Higgs-portal interaction can be elementary, compatible with a dark sector that consists of the
dark matter candidate only. If dark matter is a fermion χ with mass mχ around the scale of
electroweak symmetry breaking (EWSB), the Higgs portal is an eﬀective interaction of mass
dimension ﬁve,
κ1
iκ5
(1)
(χ̄χ)(H † H) +
(χ̄γ5 χ)(H † H).
Λ
Λ
This interaction is non-renormalizable and calls for a dark sector with one or several mediator
states at a scale Λ. If this new scale is situated well above the scale of EWSB, Λ  v with
v = 246 GeV, the Higgs portal is the only link between the dark sector and the SM at energies
E  Λ, with a naturally weak coupling κ E/Λ  1. The phenomenology of this scenario has
been investigated at colliders, direct and indirect detection experiments, and has been confronted
with the observed DM relic abundance. The prevention of over-abundance sets a lower bound
on the Higgs-portal interaction. The scalar coupling κ1 induces spin-independent DM-nucleon
scattering, which is strongly bounded from above by the lack of a signal at direct detection
experiments. At the LHC, for mχ < mh /2, the bound on the invisible Higgs decay h → χχ
from Higgs data sets a tight upper limit on κ/Λ. For mχ > mh /2, however, collider signatures
are suppressed by an oﬀ-shell Higgs boson. To date, this suppression prevents sensitivity to
the Higgs portal above the threshold and makes future collider searches very challenging. 1 A
recent combined analysis of these constraints shows that viable scenarios of Higgs-portal fermion
dark matter are conﬁned to the Higgs resonance region mχ ≈ mh /2, where the observed relic
abundance can be obtained for a small coupling κ. 2
If the mediator scale Λ is around the weak scale, Λ ≈ v, the Higgs portal is “open”, i.e.,
the elementary couplings of the mediators become visible in DM interactions with the standard
Leﬀ =
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model. In particular, collider searches for Higgs-portal dark matter above the Higgs threshold
become possible. The phenomenology of such a scenario depends on the nature of the mediators.
We have investigated three realizations of the fermion Higgs portal, 3 which are displayed in
Fig. 1: a) a dark sector with a weak singlet fermion and a doublet fermion; b) a doublet fermion
and a triplet fermion (see also Ref. 4 ); c) a singlet fermion and a singlet scalar. A model with a
dark triplet fermion and a quadruplet fermion has been discussed in Ref. 5 . All dark fermions
have vector-like gauge interactions. In the decoupling limit mψD , mψT , mS → ∞, we recover
the eﬀective Higgs-portal interactions from Eq. (1).

a)

c)

b)

Figure 1 – Possible realizations of the Higgs portal with fermion dark matter. a) singlet-doublet; b) doublet-triplet;
c) singlet-singlet.

Our goal is to study the impact of mediators on the phenomenology of the respective model,
in order to determine characterstic collider signatures. A scalar mediator as in model c) mainly
aﬀects Higgs-physics observables through mixing with the Higgs boson. A fermion mediator
generally introduces new interactions with the Higgs and weak gauge bosons. Here we will focus
on the simplest model with fermion mediators, model a), dubbed the singlet-doublet model.
The main features of this model can be extrapolated to models with fermions in larger weak
multiplets. In Sec. 2, we introduce the singlet-doublet model for the two cases of a Dirac or a
Majorana singlet. In Sec. 3, we discuss DM-nucleon scattering and the relic abundance in the
singlet-doublet model and point out the diﬀerences with the eﬀective Higgs-portal scenario. In
Sec. 4 we describe the strategy for Higgs-portal DM searches at the LHC and give an outlook
on the discovery potential of future colliders.
2

The singlet-doublet model

The dark sector of this model consists of two fermion ﬁelds, χD and χS , transforming under
the SM electroweak group SU (2)L × U (1)Y as χD ∼ (2, 1/2) and χS ∼ (1, 0). The ﬁeld χD =
0
(χ+
D , χD ) is a doublet of Dirac fermions with vector-like gauge interactions, while the singlet χS
can be either a Dirac or a Majorana fermion. To ensure that the lightest state in the dark sector
is stable, we impose a Z2 symmetry χD,S → −χD,S , under which the SM fermions are even. For
deﬁnitions and details, we refer the reader to Ref. 3 .
Dirac singlet fermion. If χS is a Dirac fermion, the particle spectrum consists of two neutral Dirac fermions, χS and χ0D , and a charged Dirac fermion χ+
D . The relevant terms in the
Lagrangian are
(2)
Lm ⊃ −mD χ̄D χD − mS χ̄S χS − y χ̄D χS H + h.c. .
After EWSB, the dark Yukawa coupling y introduces mixing between χS and χ0D . We deﬁne
the mixing angle θa generally as


1
mD − mS
1+
sin2 θa =
,
with (Δma )2 = (mS − mD )2 + a(yv)2 .
(3)
2
Δma
Here a = 2, and the heavy and light mass eigenstates, χ0h and χ0l , are given by
χ0h = cos θ2 χS + sin θ2 χ0D ,

χ0l = − sin θ2 χS + cos θ2 χ0D .
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(4)

The corresponding mass eigenvalues are
m0h,l =

1
mD + mS ± Δm2 ,
2

m+ = mD .

(5)

In the basis of mass eigenstates, the interactions of the neutral fermions with the Z and Higgs
bosons read

1
g
cos2 θ2 χ̄0l γ μ χ0l + sin2 θ2 χ̄0h γ μ χ0h + sin(2θ2 ) χ̄0h γ μ χ0l + χ̄0l γ μ χ0h Zμ
L& ⊃ −
2cW
2

y
− √ sin(2θ2 ) χ̄0h χ0h − χ̄0l χ0l + cos(2θ2 ) χ̄0h χ0l + χ̄0l χ0h h.
2

(6)

Notice that the fermion mixing aﬀects the interactions of the DM candidate χ0l with the Higgs
boson and induces new interactions with the Z boson. The model is characterized by three
parameters, which we choose to be m0l , m0h − m0l , and y.
Majorana singlet fermion. If χS is a Majorana fermion, the dark sector consists of three
Weyl fermions transforming under SU (2)L × U (1)Y as χS ∼ (1, 0), χD ∼ (2, 1/2), and χcD ∼
(2, −1/2). In two-component notation, the relevant terms in the Lagrangian read
Lm ⊃ mD χcD χD − 12 mS χS χS − y(H † χD χS − χS χcD H) + h.c..

(7)

After EWSB, the mass term for the neutral states is given by Lm = − 12 (M0 )ij χi χj + h.c.. In
0
the basis χi = {χS , χc0
D , χD }, the mass matrix reads
⎛

mS
⎜ yv
M 0 = ⎝− √ 2
yv
√
2

yv ⎞
yv
√
−√
2
2
0
−mD ⎟
⎠,
−mD
0

(8)

which is diagonalized by the following transformation
⎞⎛ ⎞
⎞ ⎛cos θ − √1 sin θ
√1 sin θ4
4
4
χ0h
χS
2
2
⎟ ⎝ c0 ⎠
√i
√i
⎝χ0m ⎠ = ⎜
⎠ χD .
⎝ 0
2
2
χ0l
χ0D
sin θ4 √12 cos θ4 − √12 cos θ4
⎛

(9)

The mixing angle θ4 is given by Eq. (3) with a = 4. The mass spectrum then reads
m0h,l =

1
2

mD + mS ± Δm4 ,

m0m = mD = m+ .

(10)

The couplings of the neutral fermions to Z and h are given by
g
0∗
μ 0
L& ⊃ i
sin θ4 χ0∗
h − cos θ4 χl σ̄ χm Zμ + h.c.
2cW

y
−
sin(2θ4 ) χ0h χ0h − χ0l χ0l − 2 cos(2θ4 )χ0h χ0l h + h.c..
2

(11)

Unlike in the Dirac case, the Majorana fermions have no mass-diagonal couplings to the Z boson.
The parameter space of this model consists of m0l , m0m − m0l , and y. This scenario corresponds
to the bino-higgsino system (with decoupled
√ wino) in the Minimal Supersymmetric Standard
Model (MSSM) for tan β = 1 and y = g  / 2.
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3

Dark matter-nucleon scattering and relic abundance

The couplings to Z and Higgs bosons in Eqs. (6) and (11) induce DM interactions with atomic
nuclei at tree level. In the limit of zero momentum transfer the cross section for DM scattering
oﬀ a nucleon N is given by
σN = k

2
m2χ m2N
fN
,
2
(mχ + mN ) π

fN =



GqZ +

q



(N )

fT q Gqh

q

2 (N )  Q mN
mN
+ fT G
Gh
,
mq
27
mQ

(12)

Q

with k = 1(4) for Dirac (Majorana) dark matter, light quarks q = u, d, s and heavy quarks Q =
(N )
(N )
c, b, t, and nucleon form factors fT q and fT G . Vector and scalar currents induce the dominant
spin-independent DM interactions with the nucleus. The corresponding eﬀective couplings for
Dirac and Majorana dark matter read
Dirac χS + χD : GqZ = −

g 2 (Tq3 − 2s2W Qq )
cos2 θ2 ,
4c2W m2Z

g mq y
√ sin(2θ2 );
2m2h mW 2
g mq
Gqh =
y sin(2θ4 ).
4m2h mW

Gqh =

Majorana χS + χD : GqZ = 0,

(13)

For Dirac dark matter, the Z-mediated interaction GqZ dominates the cross section. The nonobservation of spin-independent scattering at direct detection experiments sets a strong bound
on the dark-fermion mixing angle, cos θ2 . Majorana dark matter does not couple to the vector
current, so that nucleon scattering is induced only by the scalar coupling Gqh from Higgs exchange. Current experiments are sensitive even to this smaller rate, yielding a strong bound on
y sin(2θ4 ). In either case, to be compatible with direct detection results, the DM state must be
an almost pure weak singlet, χ0l ∼ χS , with a strongly suppressed dark Yukawa coupling y.
The suppression of electroweak couplings has important consequences on the DM relic
abundance. Dirac DM annihilation proceeds dominantly through s-channel Z-boson exchange,
χ0l χ0l → Z ∗ → f f¯. (For m0l  1 TeV, annihilation into W W , ZZ ﬁnal states becomes relevant.)
For Majorana dark matter, the dominant annihilation is into pairs of electroweak gauge bosons
through t-channel exchange of mediators, as shown in Fig. 2. Assuming thermal freeze-out,
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Figure 2 – Dominant annihilation channels of Majorana fermion dark matter in the singlet-doublet model.

the strong suppression due to direct detection constraints leads to an over-abundance of dark
matter, unless co-annihilation χ0l χ± , χ0l χ0m with mediator states enhances the annihilation rate.
The relic abundance as observed by the Planck collaboration, 6
2
ΩPlanck
DM h = 0.1199 ± 0.0022,

(14)

can be obtained with co-annihilation from a spectrum of dark fermions with small mass splittings m+ − m0l , m0h,m − m0l of a few tens of GeV. A narrow spectrum thus results to be a typical
feature of Higgs-portal dark matter with mixing dark fermions. An exception is Majorana dark
matter near the Higgs resonance, mχ ≈ mh /2. In this case, the observed relic abundance can
be obtained without co-annihilation through resonant Higgs decay into bb̄, W W ∗ , gg and τ + τ −
ﬁnal states, and larger mass splittings are possible.
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In Fig. 3, we summarize the constraints from direct detection and relic abundance on the
singlet-doublet model for Dirac dark matter (left) and Majorana dark matter (right). We focus
on the DM mass range where co-annihilation is required to obtain the observed relic density,
100 GeV < m0l < 1 TeV. For m0l > 1 TeV, the mixing between dark fermions becomes increasingly ﬁne-tuned, given the small mass splitting. The observed relic abundance from Eq. (14)
ﬁxes one of the three parameters m0l , m0h,m − m0l , y. It also excludes the parameter range of
small mass splittings (lower red area), where co-annihilation is not eﬃcient. Upper red areas are
excluded by tight bounds from LUX 7 and other direct detection experiments. Indirect detection is not as sensitive to these scenarios, due to the suppressed DM annihilation rate. Notice,
however, the exclusion of the upper-left corner of the parameter space for Dirac dark matter
by recent data from the Fermi LAT. 8 The remaining allowed parameter space (the white area)
shows that Higgs-portal models with fermion dark matter around the weak scale are a viable
option, if mediators are of the same scale. This is diﬀerent from the decoupling scenario with
heavy mediators from Eq. (1), where dark matter around the weak scale is excluded by direct
detection and relic density observations. The main reason for this diﬀerence is the possibility
of DM co-annihilation with the mediators, which changes the parametric relation between the
relic density and DM-nucleon scattering.
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Figure 3 – Constraints on the parameter space of the singlet-doublet model with Dirac (left) and Majorana (right)
fermion dark matter. The relic density is ﬁxed to the value obtained from the Planck mission, Ωχ = ΩPlanck
.
DM
Colored curves correspond to a constant mass splitting δm ≡ (m0h − m0l )/m0l and dark Yukawa coupling y,
respectively. The white areas remain allowed by direct and indirect detection constraints and the relic abundance.

4

Dark fermion searches with soft leptons at colliders

The narrow spectrum, necessary to satisfy the constraints from direct detection and relic abundance, leads to a characteristic collider signature of Higgs-portal dark matter with mixing dark
fermions. Assuming DM states around the weak scale, the mediators should be resonantly produced in proton-proton collisions at LHC energies through weak interactions. The mediators
then decay into DM states and leptons (or jets) through the dominant process
q q̄  → W ∗− → χ− χ0m,h ,
χ− → χ0l W ∗− → χ0l − ν̄ ,

χ0m,h → χ0l Z ∗ → χ0l − + ,

( = e, μ).

(15)

A corresponding Feynman diagram is shown in Fig. 4, left. The small mass splittings m+ − m0l ,
m0h,m − m0l lead to soft leptons in the ﬁnal state, accompanied by missing energy from DM states
and neutrinos that escape the detector. Requiring an additional hard jet boosts the ﬁnal state,
thus helping to pass the trigger requirements of large missing energy. The signal-to-background
ratio can further be enhanced by lowering the cuts on the transverse momenta of the charged
leptons to be more sensitive to soft decay products.
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Soft-lepton signatures have been studied and optimized for the LHC in the context of supersymmetric gauginos with compressed spectra. 9,10,11 Ref. 11 predicts a promising signature for run
II with up to three soft leptons, a hard jet and missing energy. We have re-casted their analysis
√
for our Higgs-portal models. The results are shown in Fig. 3 for s = 14 TeV and luminosities
−1
−1
of 300 fb (black dashed curves) and 3000 fb (black dotted curves). The LHC is expected to
test the co-annihilation scenario of fermion Higgs-portal dark matter for m0l  250 GeV.
Searches for leptons and missing energy at the LHC during run I have not lead to constraints
on Higgs-portal scenarios, since the predicted lepton momenta are too soft to pass the trigger
and analysis cuts. Recently, a dedicated search for supersymmetric gauginos with soft leptons
has been performed with 8-TeV data. 12 Compressed gauginos are one possible scenario among
models with a fermionic dark sector. They lead to a similar collider phenomenology, as can
be seen by comparing the ﬁnal states of the processes displayed in Fig. 4. The opportunity to
test a broader class of models with soft-lepton signatures should not be missed. We therefore
suggest to re-interpret current and future searches for supersymmetry with soft leptons in terms
of Higgs-portal fermion dark matter. By optimizing the analysis for the parameter space of
Higgs-portal models, we might be able to test the co-annihilation scenario with existing data
already today.
To probe higher DM masses in our models, future colliders will be helpful. Again, we
have re-casted existing projections of supersymmetry searches with soft leptons for the planned
√
electron-positron ILC with s = 1 TeV 13 and a possible 100-TeV proton-proton collider. 14,15
The ILC is expected to test the DM mass range up to m0l  500 GeV, almost half the collider
energy, due to its very clean environment. A 100-TeV collider will ultimately be able to reach
TeV-scale masses and thereby test these models conclusively.
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Figure 4 – Left: typical collider signature of Higgs-portal dark matter with mixing dark fermions (here: singletdoublet model with Majorana singlet). Right: LHC signature of supersymmetric gauginos with soft leptons. 12
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Recently, a new mechanism to generate a naturally small electroweak scale has been proposed,
the so-called ”relaxion”. It exploits the coupling of the Higgs to an axion-like ﬁeld and a long
era in the early universe where the axion unchains a dynamical screening of the Higgs mass. I
present a new realization of this idea with the new feature that it leaves no signs of new physics
up to a rather large scale, 109 GeV, except for two very light and weakly coupled axion-like
states. One of these scalars can be a viable Dark Matter candidate. Such a cosmological
Higgs-axion interplay could be tested with a number of experimental strategies.

1

The Relaxion Idea

The common lore states that natural solutions to the hierachy problem of the electroweak (EW)
scale require new particles and interactions at or below the TeV scale, with supersymmetry
and composite Higgs as the two main examples. In fact, the naturalness argument is the main
(only?) argument to expect new physics at the LHC. Roughly a year ago, a solution to the
hierarchy problem that challenges this common lore was proposed: the relaxion mechanism 1 .
The idea is to promote the Higgs mass term in the potential to a ﬁeld-dependent quantity
1
1
V (h) = m2H (φ)h2 + ... = (−Λ2 + gφΛ)h2 + ... ,
2
2

(1)

with the quadratic cutoﬀ term Λ2 not required to cancel by any symmetry reason. The ﬁeld φ,
the relaxion, is then supposed to roll during cosmological evolution eventually stopping at some
value φ0 such that m2H (φ0 ) ∼ m2EW  Λ2 , solving in a dynamical way the hierarchy problem.
Figure 1 shows schematically the shape of the relaxion potential in the simplest realization
of this idea 1 , based on the following three terms of the h − φ scalar potential:
V =−

1
Λ2 − gΛφ h2 + Λ3 gφ + Λ3c h cos(φ/f ) + · · · .
2

(2)

I have already mentioned above the ﬁrst term. For φ larger (smaller) than some critical value
φc = Λ/g, the Higgs mass term is positive (negative) and the EW symmetry is unbroken (broken), h = 0, (h =
 0). The second term provides a non-zero slope for φ to scan its ﬁeld range
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Figure 1 – Relaxion potential. The critical value for EW breaking is marked by the dashed line.

(which has to be of order φc ). We will see below that this slope is required to be very small.
The third term is crucial as it provides the feedback from EW breaking that raises barriers in φ
that stop the relaxion close to the critical φc . We then assume that φ starts, at the beginning of
> φ , and slow-rolls until it passes φ , at which point the Higgs mass becomes
inﬂation, with φ ∼
c
c
tachyonic and a nonzero h turns on and raises the barriers in the third term of the potential
(2). The stopping value for φ and h is determined by the balance between the overall slope of
the φ potential and that of the barriers, which grows with higher h, resulting in
v ≡ h 

gf Λ3
.
Λ3c

(3)

This formula determines the EW scale in terms of fundamental parameters. It is possible to
have h  Λ, and therefore solve the hierarchy problem, by choosing g  1. The small value of
g is technically natural as it is the spurion that breaks the symmetry φ → φ + 2πf . Moreover,
the shape of the potential (2) should be radiatively stable.
One necessary ingredient for this mechanism to work is some kind of friction that avoids the
ﬁeld φ overshooting the range of vacua for which h is of EW size. The simplest possibility for
this is to invoke inﬂation to provide a slow-roll evolution of the relaxion. Usually, the number
of e-folds required for the mechanism to be natural is quite large and the inﬂationary sector is
the less satisfactory part of this mechanism. Although some alternatives have been proposed 2
there is room for improvement in the model-building of this sector.
What is the origin of the potential barriers in (2)? The simplest model proposed in 1 identiﬁes
φ with the QCD axion. The barriers then correspond to the axionic potential generated by
instanton eﬀects,
(4)
V (φ) = (mu + md )q q̄ cos(φ/f ) ,
where mu,d are the up and down quark masses and q q̄ ∼ Λ3QCD is the QCD quark-condensate.
Comparing with (2) we therefore have Λc ∼ ΛQCD and  ∼ yu , where yu is the up-quark
Yukawa coupling. This is a very appealing model that could explaing the EW hierarchy with
g ∼ mu Λ3QCD /(f Λ3 )  1. For instance, for a cutoﬀ Λ ∼ 107 GeV and f ∼ 109 GeV, one needs
g ∼ 10−35 . a Unfortunately, the model also predicts the wrong value for the QCD theta angle [of
O(1) due to the nonzero slope of the axion potential!]. Possible solutions to this problem were
also discussed in Ref. 1 . One possibility is to break the link between Λc and ΛQCD assuming a
non-QCD strong gauge sector to generate the barriers. This requires Λc below the TeV scale (as
the physics that generates Λc h breaks the EW symmetry) and this introduces the coincidence
problem of why Λc is close to the EW scale.
a
Even though this tiny value is technically natural, some people seem uncomfortable with such small numbers.
One should perhaps remember that (non-perturbative) baryon number violation in the SM is suppressed by factors
of order e−2π/αw ∼ 10−81 .
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2

Double Scanning Model

Here I would like to discuss an alternative idea, proposed in Ref. 3 , that takes Λc = Λ and
assumes the barrier to be generated as Λ2 |H|2 cos(φ/f ) without breaking the EW symmetry.
This idea runs into an immediate diﬃculty: the potential shape is not radiatively stable. Indeed,
just by closing H in a loop, the term Λ4c cos(φ/f ) is induced at one loop and such term produces
everywhere barriers that would stop the φ evolution before the Higgs is turned on. The problem
with such large cutoﬀ correction to the barrier height should be reminiscent of the large cutoﬀ
corrections to the Higgs mass. We get around it precisely in the same manner, by advocating a
ﬁeld dependent barrier height with an additional scalar ﬁeld that will also scan.
The crucial new ingredient of this proposal, with respect to Ref. 1 , is therefore a second
scanning ﬁeld, σ. The potential, up to order , gσ and g, reads


V (φ, σ, H) = Λ3 (gφ + gσ σ) − Λ2 α −



gφ
|H|2 + λ|H|4 + A(φ, σ, H) cos (φ/f ) ,
Λ

(5)

where the barrier height is given by


A(φ, σ, H) ≡ Λ4 β + cφ

gφ
gσ σ |H|2
− cσ
+ 2
Λ
Λ
Λ



,

(6)

and we take 0 < g, gσ ,   1, and α, β, cφ , cσ are positive coeﬃcients of O(1). A partial UV
completion of this model that reproduces this ﬁeld dependence of A can be found in Ref. 3 (long
arXiv version).
From the above equations we see that φ scans the Higgs mass as before, while σ scans
A(φ, σ, H), the overall amplitude of the oscillating term. The dependence of A(φ, σ, H) on σ
and H is crucial for the double scanning mechanism to work, and the other terms in Eq. (6) are
added as they are generated radiatively (by H loops). The potential shape given in Eq. (5) is
< v 2 /Λ2 .
radiatively stable provided  ∼

Figure 2 – Scalar V (φ, σ) potential. The band without barriers is in green while the barriers getting high(er) are
dark(er) brown. The blue line shows a possible slow-roll cosmological trajectory of the ﬁelds during inﬂation.

As in the original relaxion models 1 , inﬂation is assumed to provide the friction needed for
the ﬁelds to slow-roll and reach the desired minimum with v  Λ. The evolution of σ is quite
simple: for   1, it simply rolls down in time σ(t) = σ0 − gσ Λ3 t/(3HI ). The cosmological
evolution of φ passes through four diﬀerent stages, depicted in Figs. 2 and 3:
> Λ/g and σ > Λ/g at the beginning of inﬂation, so that m2 (φ) > 0 (so
I) We assume φ ∼
σ
∼
H
that the Higgs ﬁeld is zero) and |A| is of order Λ4 . The ﬁeld φ is stuck in one of the minima
separated by the barriers due to the A cos(φ/f ) term in the potential.
II) With σ rolling down, the barrier height A gets smaller and smaller. Eventually the slope
of the barrier walls is smaller than the overall slope along the φ direction, [for φ∗ such that
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Figure 3 – Sketch of the four stages in the evolution of φ, marked by the blue dot, in the time-dependent eﬀective
potential for φ obtained after integrating out σ and H but corresponding to the same potential as in Fig. 2.

< gf Λ3 , green band in Fig. 2] and φ starts to roll down too. For g < g, φ tracks
A(φ∗ , σ, h(φ∗ )) ∼
σ ∼
σ: φ(t)  const. + cσ gσ σ(t)/(cφ g), corresponding to A ≈ 0.
III) At some point φ reaches the critical value φc ≡ αΛ/g and m2H (φ) becomes negative and
turns on H. This induces a positive contribution to A, that, for certain generic values of the
parameters of Eq. (5), bends the direction of the green-band as shown in Fig. 2. As a result,
the ﬁeld φ moves out of the smooth green-band.
IV) Out of the smooth region of the potential, φ gets stuck in another minimum from
A cos(φ/f ). Meanwhile, σ has continued its evolution towards its minimum, making A larger.b
Fig. 3 illustrates the φ evolution just described, showing four snapshots (corresponding to
the four stages I-IV) of the time-dependent potential V (φ) ≡ V (φ, σ(t), h(φ)), obtained by
integrating out σ and h. In stages I and II, one sees two A ≈ 0 regions moving towards each
other. These regions merge at stage III near the critical φc and disappear at stage IV.
It is worth noting that the mechanism just described works independently of the value of the
relaxion ﬁeld, φi , at the begining of inﬂation ti , as long as φc < φi < φ∗ (ti ), which is a natural
and sizable range of the available ﬁeld space. The cosmological evolution described above is
purely classical. Quantum ﬂuctuations give corrections, but do not spoil the solution of the
hierarchy problem, see Ref. 3 for more details.
b
This picture brings to mind an analogy from Geology. Early geologists puzzled about large rocks that diﬀered
in composition from the one typical of the area in which they were found. This “naturalness problem” was
eventually solved as a result of standard geological history: such rocks, known nowadays as glacial erratics, were
transported by ancient glaciers over hundreds of kilometers. In our case, φ plays the role of glacial erratic and
σ of glacier and the apparently unnatural smallness of the electroweak scale is the result of the workings of a
“cosmological glacier”.
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3

Parameter Constraints

For this model to provide a natural solution to the hierarchy problem, a number of conditions
must be satisﬁed:
1) The potential shape should be radiatively stable. Quantum corrections generate potential
terms like 2 Λ4 cos2 (φ/f ) or 2 Λ3 gφ cos2 (φ/f ) whose amplitudes cannot be cancelled by σ simultaneously to A cos(φ/f ). These are dangerous as they could give a barrier to φ at values above
< v 2 /Λ2 . This
the critical φc . However, they are subdominant to the Higgs barrier of Eq. (5) if  ∼
condition also ensures that the contribution to the Higgs mass coming from Λ2 |H|2 cos(φ/f ) is
at most of electroweak size and does not spoil the tracking behaviour.
2) φ gets trapped by the Higgs barrier. The feedback from a nonzero Higgs ﬁeld should be
responsible for stopping the rolloing of φ. This condition gives the electroweak scale in terms of
microscopic parameters as: v 2  gΛf /.
In addition, two quantities crucial for the cosmological evolution of this model – HI , the
Hubble rate during inﬂation, and Ne , the number of e-folds – are also constrained:
3) Inﬂation is independent of the φ and σ evolution. For the typical energy density carried
< H with M  2.4×1018
by φ and σ to remain smaller than the inﬂation scale, we need Λ2 /MP ∼
I
P
GeV. In addition, the two ﬁelds φ and σ should be slowly-rolling during inﬂation, which requires
< H .
gσ Λ, gΛ ∼
I
4) Classical roll dominates over quantum jumps. During inﬂation light ﬁelds are subject to
quantum ﬂuctuations of typical size HI . This jittery motion remains smaller than the classical
< g Λ3 .
ﬁeld roll provided HI3 ∼
σ
5) Inﬂation lasts long enough for scanning. The range scanned by φ and σ during the
inﬂationary epoch should be of the order of (or larger than) Λ/g and Λ/gσ respectively. This
> H 2 /(g 2 Λ2 ).
requires a long enough period of inﬂation: Ne ∼
σ
I
Combining the previous parameter constraints, we ﬁnd that the couplings gσ and g are
< g < g < v 4 /(f Λ3 ). As f cannot be much smaller than Λ
bounded to the interval Λ3 /MP3 ∼
σ ∼
∼
[the scale at which the cos(φ/f ) term is generated] we get an upper bound on the cut-oﬀ of our
model:
< (v 4 M 3 )1/7  2 × 109 GeV .
(7)
Λ∼
P
Fig. 4 illustrates the constraints above for the particular choice Λ = f and gσ /g = 0.1. Notice
that the number of e-folds and the excursion of φ during inﬂation Δφ/MP are in general exponentially large. However, for small values of the cutoﬀ scale and the upper range of g, one has
Ne , Δφ/MP ∼ O(1).
4
4.1

Signatures
Collider Signals

The new-physics/cutoﬀ scale of the model can be as high as Λ ∼ 109 GeV, and we do not expect
new states around the weak scale. Only the two scalars σ and φ are lighter than the weak scale.
These scalars are very weakly-coupled to the SM particles and can have phenomenological impact
through astrophysical and cosmological eﬀects only.
After φ reaches the EW minimum, A(φ, σ, H) ∼ Λ4 . The mass of φ is then determined by
< v 2 . For the σ ﬁeld, higher-order
the A cos(φ/f ) potential term as m2φ ∼ Λ4 /f 2 ∼ gΛ5 /(f v 2 ) ∼
terms in gσ σ/Λ, not shown for simplicity in Eq. (5), give it a mass of order m2σ ∼ gσ2 Λ2  m2φ .
Contours of constant mφ and mσ are shown in Fig. 4.
These two scalar ﬁelds interact with SM particles mainly through mass mixing with the
Higgs. The relevant mixing angles are θφh ∼ gΛv/m2h and θσφ ∼ gσ f v 2 /Λ3 while θσh is the
maximal value between θσφ θφh and g 2 /(16π 2 )[gσ Λ7 /(f 2 v 3 m2h )]. Both φ and σ decay through
2 Γ (m ) and Γ ∼ θ 2 Γ (m ), where
their mixing with the Higgs, with widths given by Γφ ∼ θφh
σ
σ
h
φ
σh h
Γh (mi ) is the SM Higgs width evaluated at mh = mi . 4

479

Figure 4 – Parameter space of the double-scanning model able to solve the hierarchy problem through the cosmological evolution of the ﬁelds φ and σ. The plot assumes Λ = f and gσ = 0.1g.

The scalar potential (5) also produces φ-Higgs interactions: φφhh of order Λ2 /f 2 and φφh
of order vΛ2 /f 2 . Such interactions are important for the thermal production of φ.
4.2

Cosmological Implications

For cosmological implications, the small decay widths of φ and σ must be compared with today’s
Hubble constant, H0 (for cosmological stability) and with HBBN [for potential trouble with
Big Bang Nucleosynthesis (BBN)]. In a sizeable part of the parameter space, see Fig. 4, φ is
cosmologically unstable (Γφ > H0 ), but suﬃciently long-lived to decay after BBN [Γφ < HBBN ≡
H(T = 1 MeV)]. That region of the parameter space can then be constrained by cosmology. On
the other hand, σ is cosmologically stable in most of the relevant parameter space – it decays
within the age of the universe only in a small corner of parameter space.
Abundances of φ and σ from Vacuum Misalignment. After inﬂation and reheating the ﬁelds φ
and σ generically end up displaced from their minima. Eventually they will fall to these minima
and will oscillate around them if their lifetimes are large enough. The energy density stored in
those oscillations scales like cold dark matter (DM) with the potential to overclose the universe
or dissociate light elements (if the decay happens during or after BBN). More concretely, we
expect that during inﬂation σ slow-rolled to its global minimum, located somewhere in its ∼ Λ/gσ
range. This needs a number of e-folds similar to the value estimated for enough φ scanning.
Due to its quantum jittery motion during √
inﬂation, σ has an average displacement from the
minimum at the end of inﬂation (Δσ)i ∼ N e HI . This corresponds to an energy density of
the order ρσi ∼ m2σ (Δσ)2i ∼ HI4 . The energy density stored in σ oscillations today, relative to
> (H M /Λ2 )4 4 × 10−28 /g 3/2 × Λ/108 GeV 13/2 . The
the critical energy density, is then Ωσ ∼
σ
I P
bound to avoid universe overclosure turns into a lower bound for gσ as a function of Λ, shown
in Fig. 4 in the case HI = Λ2 /MP .
Interestingly, σ is a good DM candidate in some regions of the allowed parameter space,
reaching to large Λ. For some values of mσ , there are other cosmological constraints. For in−32 eV < m < 10−25.5 eV is excluded by structure
> Ω
stance, for Ωσ ∼
σ ∼
∼
DM /20, the mass range 10
formation 5 , while masses around mσ ∼ 10−11 eV may be constrained by Black Hole superradiance 6 . For the particular case mσ ∼ 10−24 eV, σ can be searched for by the SKA pulsar timing
array experiment 7 .
Thermal Production of φ. Concerning φ, its initial energy density from its displacement due
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φ  T σ , it gives
to quantum spreading is at most ρφi ∼ HI4 , and, since mφ  mσ and then Tosc
osc
today a negligible eﬀect. However, one should also consider the possible thermal production of
φ. This arises mainly from the φφhh-coupling discussed above, that leads to double-production
> m , this double-production cross-section goes
from the thermal bath via hh → φφ. At T ∼
h
like σA v ∼ 2 (Λ4 /f 4 )/T 2 . So, φ can reach thermal equilibrium only for T in the interval
[mh , 2 MP (Λ/f )4 ] (in which the φ production rate is faster than the rate of expansion). This
region corresponds roughly to the area above the Γφ = HBBN line of Fig. 4 and we conclude
that in most of the parameter space φ never thermalizes.
The number density of φ produced thermally is Yφ (T ) ∼ 10−4 2 Λ4 MP /(f 4 T ), where Yφ =
nφ /s and s is the entropy per comoving volume. The φ production is maximal at T ∼ mh . In
the parameter region where φ is cosmologically stable, the contribution of φ to DM today is
< 10−4 along
Ωφ ∼ mφ Yφ s0 /ρc (where s0 is the present entropy density) and it varies from Ωφ ∼
< 10−10 for Γ  10−10 H .
the line Γφ = H0 to Ωφ ∼
0
φ
Constraints from BBN and Gamma-Ray Observations. The region in parameter space in
which φ is not cosmologically stable and decays after BBN can be problematic if the decay of φ
> O(MeV) as this would distort the light
injects into the thermal bath an energy per baryon Ep.b ∼
< 10−12 GeV
element abundances. Since Ep.b ∼ mφ Yφ nγ /nb , this results in the bound mφ Yφ ∼
(sensitively weakened depending on the precise value of the lifetime 8 ). Moreover, the Cosmic
Microwave Background (CMB) constrains lifetimes ∼ [1010 − 1013 ] s for Ep.b down to O(eV).
Therefore, it is expected that most of the region of parameter space delimited by the lines
Γφ = HBBN and Γφ = H0 in Fig. 4 is excluded.
On the other hand, if the φ lifetime is larger than the age of the universe, there are strong
constraints from decays generating a distortion in the galactic and extra-galactic diﬀuse X-ray
or gamma-ray backgrounds. In particular, sub-GeV DM decaying into photons should satisfy
> 1027 s. 9 Since the gamma-ray ﬂux scales as dΦ /dE ∝ Y Γ , we can translate this bound
τDM ∼
γ
φ φ
into τφ > 1027 s × Ωφ /ΩDM , and this excludes the thin brown band of Fig. 4.
However, the cosmological constraints derived above can be evaded if the temperature of the
universe never reaches mh , in which case the thermal production of φ is suppressed.

5

Conclusions and Outlook

The relaxion idea proposed in Ref. 1 represents the last twist in the long fruitful history of
interplay between particle physics and cosmology. In the past, particle physics has been a
crucial ingredient in the understanding of the universe cosmological history. If this new idea (or
some variant) turns out to be realized in nature, then cosmology would be a key ingredient for
the understanding of key parameters of particle physics. In the original formulation, the size of
the electroweak scale is an accident of the early dynamical evolution of the relaxion ﬁeld and
this oﬀers a brand new class of solutions to the hierarchy problem.
In this talk I have focused on a sequel 3 to the original proposal, in which the SM can be made
natural up to a cutoﬀ of order 109 GeV without requiring visible new-physics at present (or far
future) colliders. The model is an extension of the original one with two axion-like states φ and
σ. Its dynamical cosmological evolution and interplay with the Higgs ﬁeld leads to a naturally
small electroweak scale. The only new-physics in this model consists of these two scalars, which
in most of parameter space are very light and weakly coupled to SM particles. The model
signatures are therefore to be found not at high energy colliders but rather in dedicated searches
in the sub-GeV regime or through cosmological signals.
Interestingly, σ could be a good dark matter candidate. On the ther hand, φ cannot con< 10−10 . For this maximum value, it might be detectable in gamma-ray
tribute to more than Ωφ ∼
observations from its late decay. Part of the parameter space of this model is testable by observations of the diﬀuse gamma-ray background, black hole superradiance and even pulsar timing
arrays. In addition, there is a rather rich BBN and CMB phenomenology which motivates a
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more thorough study.
Concerning the relaxion paradigm in a broader context, there remain many open issues.
Current models have unpleasant features, specially in the inﬂationary sector, which requires to
provide rather extreme values of the number of e-folds. This is certainly a place where there is
room for improvement in model building. Alternative mechanisms to provide friction (to slow
down the ﬁeld evolution) would also be welcome. It is also an open question how high the
cutoﬀ could be pushed up as well as possible ultraviolet completions and applications to other
naturalness problems (e.g. related to supersymmetry breaking or the cosmological constant) as
well as the origin and justiﬁcation of the relaxion potential. For recent work of interest along
some of these lines, the reader is directed to Refs. 11,12 .
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NEUTRINO MASS FROM COSMOLOGY
GRAZIANO ROSSI
Department of Physics and Astronomy, Sejong University, Seoul, 143-747, Korea

Determining the absolute neutrino mass scale and the number of eﬀective neutrino species are
central goals in modern cosmology, at the interface between astrophysics and particle physics.
With current or planned large-volume cosmological surveys, these goals are within reach – as
data are progressively attaining exquisite quality and high statistical signiﬁcance. To this end,
among diﬀerent large-scale structure tracers, the Lyman-α forest is re-emerging as a unique
tool to probe the neutrino mass at high-redshift – through characteristic imprints on the
transmitted Lyman-α ﬂux. We present here a detailed numerical modeling of the low-density
regions of the intergalactic medium in presence of massive neutrinos via high-resolution hydrodynamical simulations, and a novel technique to constrain neutrino masses, cosmological
parameters, and the number of eﬀective neutrino species from cosmological probes.
 In particular, we obtain one of the tightest upper bounds on the total neutrino mass ( mν < 0.12
eV at 95% CL), along with a competitive bound on the number of eﬀective neutrino species
(Neﬀ = 2.88 ± 0.20 at 95% CL). Our results rule out a possible thermalized sterile neutrino
at a signiﬁcance of over 5σ, and provide strong evidence for the cosmic neutrino background
(Neﬀ = 0 is rejected at more than 14σ). We also highlight the implications and synergy of our
ﬁndings with particle physics experiments, and discuss future prospects in neutrino science
from cosmology – in view of upcoming large-volume surveys such as DESI, 4MOST, or Euclid.

1

Cosmology and Massive Neutrinos

The renewed interest in neutrino science from cosmology, mainly related to the breakthrough
ﬁndings from oscillation experiments that neutrinos are massive, has recently drawn increased
attention after the well-deserved 2015 Nobel Prize in Physics and the 2016 Breakthrough Prize in
Fundamental Physics for the remarkable discovery. The fact that neutrinos are massive particles
points at physics beyond the standard scenario.1,2 Yet, the nature of massive neutrinos, their
absolute mass scale and hierarchy are unknown, as well as the intriguing possibility of additional
sterile neutrino components or extra dark radiation degrees of freedom – aside from the threeneutrino standard model.3 To this end, cosmology is becoming progressively competitive in
determining the basic properties of neutrinos, by exploiting their characteristic imprints on
structure formation due to the neutrino free-streaming and high thermal velocities. It is already

feasible to obtain stringent upper bounds on the total neutrino mass mν by combining several
cosmological tracers with unrelated systematics, via the impact of massive neutrinos on the
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Figure 
1 – [Left] Linear theory predictions for the total matter power spectra in a massive neutrino cosmology
where
mν = 0.3 eV (blue lines, ‘base model’) and in a non-standard model with a sterile neutrino so that
Neﬀ = 4.046 eV (red lines, ‘Neﬀ model’), normalized by the baseline Planck (2015) reference cosmology. See the
text for more details. Diﬀerent line styles show the evolution in redshift (z = 0, 1, 2), as a function of the total
neutrino mass. The cyan zone highlights the k-range covered by the 1D ﬂux power spectrum obtained from the
Lyα BOSS survey. [Right] Corresponding CMB temperature power spectra for the same models.



large-scale structure (LSS) of the Universe.4,5,6,7,8,9 If
mν < 0.1 eV, a value within reach
with planned near-term cosmological surveys such as eBOSS or DESI,10,11 one could in principle
exclude the inverted hierarchy scenario, in which two neutrino eigenstates are much heavier than
the third one, and nearly degenerate. Cosmological observations are approaching this stringent
upper bound, and will be able to impact neutrino science – in synergy with particle physics
experiments. However, a main limitation from cosmology is the necessary model dependency,
and the sensitivity only to kinematic properties but not on the actual particle content.
Several cosmological probes can be used to study massive neutrinos. The most direct route
is via the cosmic microwave background (CMB), particularly in polarization maps,12,13,14 but
many other baryonic tracers of the LSS clustering of matter are also quite sensitive to neutrino properties. Examples include the 3D power spectrum from galaxy surveys, the SunyaevZel’dovich eﬀect in galaxy clusters, cosmic shear through weak lensing, or the Lyman-α (Lyα)
forest.15,16,17,18 . The latter observable is now re-emerging as a promising window into the highredshift Universe; currently, the best Lyα forest data and the most precise measurement of
the Lyα ﬂux power spectrum come from the Baryon Acoustic Spectroscopic Survey (BOSS).10
In particular, the suppression of growth of cosmological structures on scales smaller than the
neutrino free-streaming distance makes the Lyα forest a good tracer of the neutrino mass, and
measurements of the mean Lyα transmission ﬂux allow one to constrain the basic cosmological
parameters with improved sensitivity. We will focus particularly on the Lyα forest in this study.
Because neutrinos are very light particles and weakly interacting, they free-stream over large
distances erasing pre-existing structures and causing a characteristic suppression of power on
small scales. This eﬀect can be clearly seen in the linear matter power spectrum (Pk,Mν versus
Pk,Mν =0 ), as shown in Figure 1 where we consider two distinct massive neutrino cosmologies
normalized by the standard LCDM Planck (2015) concordance model – which includes a minimal
neutrino mass of 0.06 eV. Speciﬁcally, blue lines refer to the ‘base model’ with three degenerate

massive neutrinos having a total mass mν = 0.3 eV and no massless neutrinos, while red lines
refer to a non-standard ‘Neﬀ model’ with three massive neutrinos of total mass 0.3 eV and an
additional thermalized sterile neutrino, so that Neﬀ = 4.046. The latter model will be discussed
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more thoroughly in Section 5. Diﬀerent line styles refer to diﬀerent redshifts (z = 0, 1, 2), as
indicated in the panels. Note the mass- and redshift-dependent suppression of power at small
scales. All the various linear predictions are computed with the CAMB code.19 The cyan area
in the left ﬁgure shows the k-range covered by the BOSS survey, relatively to the 1D Lyα forest
power spectrum. The right panel shows corresponding CMB temperature power spectra for the
same models. Note the small diﬀerences in the scale of BAO and CMB peaks: when we relate
the two diﬀerent cosmologies via our analytic remapping in Section 5, small diﬀerences in the
CMB power spectra will still remain but they do not aﬀect the Lyα likelihood.
2

Simulating Massive Neutrinos

Neutrinos are elusive particles, and therefore the neutrino implementation in numerical simulations is a non-trivial task. Neutrinos behave as extra radiation while ultra-relativistic, and
as an additional cold dark matter (CDM) component when they become non-relativistic. The
net result is a delay in matter domination.2 Hence, they can be described either as a ﬂuid or as
an ensemble of particles, and treated within the context of linear theory or in a more complex
fully non-linear regime. Neutrinos decouple from the cosmic plasma before the electron-positron
annihilation (around ∼ 1 MeV) resulting in a temperature Tν lower than the photon temperature Tγ , and a number density nν lower than the photon number density. These eﬀects can be
parameterized by the fractional contribution to the matter density


fν = Ων /Ωm , Ων h2 =

mν
,
93.14 eV

(1)

where h is the present value of the Hubble constant in units of 100 km s−1 Mpc−1 , and Ωm is the
matter energy density in terms of the critical density. Neutrinos in the mass range 0.05 eV ≤
mν ≤ 1.5 eV become non-relativistic in the redshift interval 3000 ≥ z ≥ 100, approximately
around znr ∼ 2000 (mν /1eV) – during the matter domination era. When neutrinos are nonrelativistic, there is a minimum wavenumber
knr ∼ 0.018 Ω1/2
m

mν 1/2
h/Mpc
1 eV

(2)

above which the physical eﬀect produced by their free-streaming damps small-scale density
ﬂuctuations, while modes with k < knr evolve according to linear theory. Depending on the
particular description adopted, one has to face diﬀerent challenges. In particular, due to their
high-thermal velocities, a severe limitation is posed by the presence of shot-noise.
Several roots have been followed in the literature to implement massive neutrinos numerically, ranging from linear theory approximations to hybrid approaches, ﬂuid descriptions and
grid methods, and particle implementations.20,21,22,23,24 For our simulations we choose a more
direct approach: neutrinos are modeled as an additional type of particle in the N -body setup
(on top of gas and CDM), and a full hydrodynamical treatment is carried out, well-inside the
nonlinear regime – including the eﬀects of baryonic physics which aﬀect the intergalactic medium
(IGM). The adopted implementation technique is driven by our goal to accurately reproduce all
the main features of the Lyα forest, at the quality level of BOSS or future deep Lyα surveys.
Our simulations are produced using Gadget-3, a massively parallel tree-SPH code for collisionless and gasdynamical cosmological simulations modiﬁed in order to simulate the evolution
of the neutrino density distribution.25 Initial conditions are determined using the CAMB code,
complemented by second-order Lagrangian perturbation theory (2LPT).19,26 Gravitational interactions are computed with a hierarchical multipole expansion via the standard N -body method,
and gas-dynamics is followed with SPH having fully adaptive smoothing lengths, so that energy
and entropy are conserved. Short-range forces are treated with the tree method, and long-range
forces with Fourier techniques. Feedback options have been disabled, and galactic winds and
the small-scale neutrino clustering are neglected.
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Figure 2 – Snapshots at z = 0 of the gas (left), dark matter (middle), and neutrino (right) densities, from
simulations with 25h−1 Mpc box size and resolution Np = 1923 particles/type. Both standard (top panels,
Neﬀ = 3.046) and non-standard (bottom panels, Neﬀ = 4.046) cosmologies are considered, for diﬀerent values of
the neutrino mass – related by the analytic remapping explained in Section 5.

A typical snapshot from Gadget-3 at a given redshift goes through an elaborate pipeline,
in order to obtain an averaged ﬂux power spectrum.27 In particular, 100,000 randomly placed
simulated quasar sightlines are drawn through the simulation box, and to generate the ﬂux
power spectrum the absorption due to each SPH particle near the sightline is calculated from
the positions, velocities densities and temperatures of all the SPH particles at a given redshift.
For our study, we performed a large number of hydrodynamical simulations, both with varying neutrino mass and ﬁxed cosmological and astrophysical parameters, or with a ﬁxed neutrino
mass and slight variations in the basic cosmological and astrophysical parameters around the
reference cosmology. All our runs started at z = 30, with the gas assumed to be of primordial
composition (helium mass fraction of Y = 0.24), photo-ionised and heated by a spatially uniform
ionising background, and neglecting metals and the evolution of elementary abundances. The
various simulations were performed with periodic boundary conditions and an equal number of
dark matter, gas, and neutrino particles. Snapshots are produced at regular intervals in redshift
between z = 4.6 − 2.2, with Δz = 0.2. We also considered non-standard cosmologies where Neﬀ
is diﬀerent from the canonical value. For a given neutrino mass, we performed a set of three
simulations with diﬀerent box sizes and number of particles; speciﬁcally, we adopted a box size
of 100 h−1 Mpc for large-scale power with a number of particles per component Np = 7683 , and
a box size of 25 h−1 Mpc for small-scale power, in this case with Np = 7683 or 1923 , respectively.
With a splicing technique,28 we achieved an equivalent resolution of 3 × 30723  87 billion particles in a (100 h−1 Mpc)3 box size – optimal also for eBOSS and DESI. When we included massive
neutrinos we always kept ΩΛ + Ωm ﬁxed to give a ﬂat geometry (with Ωm = Ωb + Ων + ΩCDM )
and vary the additional massive neutrino component Ων to the detriment of ΩCDM .
We provide a visual example of our snapshot outputs at z = 0 in Figure 2, for the gas (left
panels), dark matter (central panels), and neutrino (right panels) components. The upper top
panels are projections of the density ﬁeld along the x and y directions (and across z) from a
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model with three degenerate massive neutrinos of total mass
mν = 0.3 eV and no massless
neutrinos, while the bottom panels refer to a non-standard cosmology with Neﬀ = 4.046, three
degenerate massive neutrinos and a massless thermalized sterile neutrino. The relation between
the two models is explained in Section 5. For all the simulations, the box size is 25 Mpc/h and
the resolution simply Np = 1923 particles per type. The axis scales are in Mpc/h. The various
plots are smoothed with a cubic spline kernel.
3

Datasets

The datasets considered in this study consist of a combination of LSS and CMB probes. As
LSS probes, we used the one-dimensional Lyα forest ﬂux power spectrum derived from the
Data Release 9 (DR9) of the BOSS quasar data,29 combined with the measurement of the BAO
scale in the clustering of galaxies from the BOSS Data Release 11 (DR11).30 Speciﬁcally for
the Lyα forest, our data consist of 13 821 quasar spectra, carefully selected according to their
high quality, signal-to-noise ratio and spectral resolution, to bring systematic uncertainties at
the same level of the statistical uncertainties. The Lyα forest ﬂux power spectrum is measured
in twelve redshifts bins, from z = 2.2 to 4.4, in intervals of Δz = 0.2, and spans thirtyﬁve wave numbers in the k range [0.001 − 0.02], with k expressed in (km/s)−1 . Correlations
between diﬀerent redshift bins were neglected, and the Lyα forest region was divided into up
to three distinct z-sectors to minimize their impact. Noise, spectrograph resolution, metal
contaminations and other systematic uncertainties were carefully subtracted out or accounted
for in the modeling. As CMB probes, we adopted a combination of datasets collectively termed
‘CMB’, which includes Planck (2013) or (2015) temperature data (both high- and low-) 31,14 ,
the high- public likelihoods from the Atacama Cosmology Telescope (ACT) 32 and the South
Pole Telescope (SPT) 33 experiments, and some low- WMAP polarization data.34
4

Neutrino Mass Limits

To obtain constraints on neutrino masses and exploit the full information contained in the
Lyα forest, we adopted a sophisticated technique based on the numerical simulations previously presented. Our central goal is to construct a multidimensional likelihood L, as the
product of individual likelihoods deﬁning diﬀerent cosmological probes (LSS and CMB), i.e.,
L = LLSS LCMB = LLyα LBAO LPlanck LACT LSPT LWMAP . While LCMB and LBAO are directly
taken from the corresponding experiments, we construct the Lyα forest likelihood with an elaborated procedure brieﬂy described as follows. For a model M deﬁned by three categories of
parameters – cosmological (α), astrophysical (β), nuisance (γ) – globally indicated with the
multidimensional vector Θ = (α, β, γ), and for a Nk × Nz dataset X of power spectra P (ki , zj )
measured in Nk bins in k and Nz bins in redshift with experimental Gaussian errors σi,j , with
σ = {σi,j }, i = 1, Nk and j = 1, Nz , the Lyα likelihood is written as:
LLyα (X, σ|Θ) =

exp[−(ΔT C −1 Δ)/2]
(2π)

Nk Nz
2



|C|

LLyα
prior (γ)

(3)

where Δ is a Nk × Nz matrix with elements Δ(ki , zj ) = P (ki , zj ) − P th (ki , zj ), P th (ki , zj ) is the
predicted theoretical value of the power spectrum for the bin ki and redshift zj given the parameters (α, β) and computed from simulations, C is the sum of the data and simulation covariance
matrices, and LLyα
prior (γ) accounts for the nuisance parameters, a subset of the parameters Θ. For
the ﬁducial model, we considered ﬁve cosmological parameters α in the context of the ΛCDM

paradigm assuming ﬂatness, i.e. α =(ns , σ8 , Ωm , H0 , mν ), four astrophysical parameters β
related to the state of the IGM – two for the eﬀective optical depth of the gas assuming a power
law evolution, and two related to the heating rate of the IGM – and 12 nuisance parameters
γ to account for imperfections in the measurements and in the modeling, plus two additional
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Figure 3 – 2D conﬁdence level contours for Ωm and
mν from a frequentist interpretation. The 68% and 95%
conﬁdence contours are obtained with diﬀerent combinations of the BOSS Lyα and CMB data, as discussed in
the main text. Planck (2013) data is used in 
the left panel, while the right panel is obtained with Planck (2015)
data – resulting in a tighter upper bound on
mν . Plots from Palanque-Delabrouille et al. (2015a,b).

parameters for the correlated absorption of Lyα and either Si-III or Si-II. The theoretical Lyα
power spectrum P th (ki , zj ), as a function of α and β, is obtained via a second-order Taylor
expansion around a central model chosen to be in agreement with Planck cosmological results,
and computed using the grid of simulations described in Section 2. The global likelihood L is
ﬁnally interpreted in the context of the frequentist or bayesian approach.

Using this technique, we obtained mν < 0.15 eV at 95% CL for the combination Lyα+CMB,

mν < 0.14 eV at 95% when we further added BAO results when considering Planck
and
(2013) data.6 We then improved our previous analysis and used Planck (2015) data, and ob
tained
mν < 0.12 eV at 95% CL.7 Figure 3 highlights 2D conﬁdence level contours for the

(Ωm , mν ) cosmological parameters with a frequentist interpretation. In the left panel Planck
(2013) data are considered, while in the right panel Planck (2015) data are adopted – reﬂecting
in a tighter upper bound on the total neutrino mass. Ultimately, the sensitivity of cosmology
in determining neutrino properties relies on the fact that neutrinos leave a redshift- and scaledependent signature in the total matter power spectrum (see Figure 1, up to a 5% suppression of
small-scale power) and in the galaxy distribution. Also, when combining diﬀerent cosmological
tracers with independent systematics the parameter space is signiﬁcantly constrained – so that
several parameter degeneracies can be lifted.
5

Number of Eﬀective Neutrino Species

To include non-standard dark radiation scenarios in LLyα , we extended the parameter space Θ
to account for models with sterile neutrinos or more generic relic radiation, where Neﬀ is diﬀerent
from the reference value (i.e. Neﬀ = 3.046). The Taylor expansion of the 1D Lyα ﬂux power
spectrum will then include further terms, but the logic leading to the construction of LLyα is
similar. Hence, in principle we just require additional cosmological hydrodynamical simulations
to map out the extended parameter space and evaluate extra cross-derivative terms in the Taylor
expansion. We avoided this computationally expensive procedure with a remapping strategy, 8
based on the fact that if two even radically diﬀerent cosmological models are characterized by
the same linear matter power spectrum, they will also have nearly identical nonlinear matter
and ﬂux power spectra. Hence, one can simply rely on linear theory and on simulations with
standard Neﬀ to specify more exotic dark radiation scenarios (see the test presented in the
left panel of Figure 4). In practice, there should also be a small eﬀect due to the fact that
the expansion rate changes with Neﬀ , but this eﬀect is ignored here since we neglect radiation
density in our simulations.
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Figure 4 – [Left] Ratios of synthetic 1D Lyα ﬂux power spectra extracted from a baseline model having three
degenerate massive neutrinos and no extra relativistic degrees of freedom (Neﬀ = 3, Mν = 0.35 eV), and from
a non-standard dark radiation model characterized by a massless sterile neutrino and three active neutrinos of
degenerate mass. The cosmological parameters of the two models are ﬁxed according to our remapping technique.
At any given redshift, indicated by diﬀerent colors in the ﬁgure, deviations in the corresponding power spectra
are all within 1% (comparable to those obtained from linear
theory), validating our analytic remapping also in
the nonlinear regime. [Right] Joint constraints on Neﬀ and
mν from cosmological probes, as speciﬁed in the
panel with diﬀerent colors. In particular, our results exclude a sterile neutrino thermalized with active neutrinos
at a signiﬁcance of over 5σ (Rossi et al. 2015).

By applying our extended technique we ﬁnally obtained Neﬀ = 2.91+0.21
−0.22 (95% CL) and
mν < 0.15 eV (95% CL) when we considered the combination CMB+Lyα, and Neﬀ = 2.88 ±

mν < 0.14 eV (95% CL) when we also added BAO information.8 This
0.20 (95% CL) and
is shown in the right panel of Figure 4. Based on these assumptions, the main conclusions
of our analysis are as follows: (1) the possibility of a sterile neutrino thermalized with active
neutrinos – or more generally of any decoupled relativistic relic with ΔNeﬀ  1 – is ruled out at
a signiﬁcance of over 5σ, fully consistent with the latest constraints recently reported by Planck
(2015); (2) we obtained a stringent upper bound on the total neutrino mass; (3) by rejecting
Neﬀ = 0 at more than 14σ, our constraints provide strong evidence for the cosmic neutrino
background (CNB) from Neﬀ ∼ 3.


6

Particle Physics Synergies and Future Prospects

Cosmology is becoming progressively competitive in constraining the properties of massive neutrinos, in synergy with particle physics experiments. To this end, a multidisciplinary approach in
neutrino science is essential. In fact, our results have several implications for particle physics experiments, as discussed in our recent publications.6,7,8,35 For example, our stringent upper bounds

on mν suggest interesting complementarity with future particle physics direct measurements
of the eﬀective electron neutrino mass,36 and for neutrinoless double beta decay experiments.37
In our work, we have presented a new technique to constrain neutrino masses and the
number of eﬀective neutrino species, in particular using the Lyα forest as a high-z tracer. We

have obtained stringent upper bounds on the total neutrino mass (up to mν < 0.12 eV at 95%
CL), and a tight constraint on Neﬀ (Neﬀ = 2.88 ± 0.20 at 95% CL). Our results tend to favor
the normal hierarchy for the total neutrino mass, exclude a sterile neutrino thermalized with
active neutrinos at more than 5σ, and provide convincing evidence for the CNB from Neﬀ ∼ 3
(Neﬀ = 0 is rejected at more than 14σ). Large-volume cosmological surveys such as DESI,
4MOST, or Euclid are expected to provide tightest constraints on neutrinos and eventually
solve the hierarchy problem, although already with the SDSS-IV eBOSS it may be possible to
distinguish between the two scenarios of neutrino mass hierarchies.38 For Neﬀ the situation is
more complicated, and likely major improvements will come from Stage-IV CMB experiments.
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Rossi, G., Yèche, C., Palanque-Delabrouille, N., et al. 2015, Phys. Rev. D, 92, 063505
Di Valentino, E., Giusarma, E., Lattanzi, M., et al. 2016, Physics Letters B, 752, 182
Dawson, K. S., Schlegel, D. J., Ahn, C. P., et al. 2013, AJ, 145, 10
Levi, M., Bebek, C., Beers, T., et al. 2013, arXiv:1308.0847
Hinshaw, G., Larson, D., Komatsu, E., et al. 2013, ApJS, 208, 19
Planck Collaboration, Ade, P. A. R., Aghanim, N., et al. 2014, A&A, 571, AA16
Planck Collaboration, Ade, P. A. R., Aghanim, N., et al. 2015, arXiv:1502.02114
Zaldarriaga, M., & Seljak, U. 1998, Phys. Rev. D, 58, 023003
Abazajian, K., & Dodelson, S. 2003, Physical Review Letters, 91, 041301
Santos, L., Cabella, P., Balbi, A., & Vittorio, N. 2013, Phys. Rev. D, 88, 043505
Battye, R. A., Moss, A., & Pearson, J. A. 2015, JCAP, 4, 048
Lewis, A., Challinor, A., & Lasenby, A. 2000, ApJ, 538, 473
White, S. D. M., Frenk, C. S., & Davis, M. 1983, ApJ, 274, L1
Ma, C.-P., & Bertschinger, E. 1994, ApJ, 429, 22
Brandbyge, J., & Hannestad, S. 2010, JCAP, 1, 21
Ali-Haı̈moud, Y., & Bird, S. 2013, MNRAS, 428, 3375
Villaescusa-Navarro, F., Bird, S., Peña-Garay, C., & Viel, M. 2013, JCAP, 3, 19
Springel, V., Yoshida, N., & White, S. D. M. 2001, New Astronomy, 6, 79
Crocce, M., Pueblas, S., & Scoccimarro, R. 2006, MNRAS, 373, 369
Rossi, G., Palanque-Delabrouille, N., Borde, A., et al. 2014, A&A, 567, AA79
McDonald, P. 2003, ApJ, 585, 34
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RESULTS FROM THE FIRST SCIENCE RUN OF ADVANCED GW
DETECTORS
A. ROCCHI
On Behalf of the LIGO Scientiﬁc Collaboration and the Virgo Collaboration
INFN, Sezione di Roma Tor Vergata, I-00133 Roma, Italy
On September 14th , 2015 at 09:50:45 UTC the two LIGO detectors simultaneously observed
a transient gravitational-wave signal. The signal matches the waveform predicted by general
relativity for the inspiral and merger of a pair of black holes and the ringdown of the resulting
single black hole. This observation demonstrates the existence of binary stellar-mass black
hole systems and it represents the ﬁrst direct detection of gravitational waves and the ﬁrst
observation of a binary black hole merger. The methods to assess the statistical signiﬁcance of
the event and to estimate the source parameters will be summarized here. Finally, the results
of the comparison between the measured waveform and the predictions of general relativity will
be described, together with the astrophysical implications of this detection and the outcome
of the broadband campaign to search for electromagnetic or neutrino counterparts.

1

Introduction

A century after the fundamental predictions of Einstein 1 and Schwarzschild 2 , the LIGO Scientiﬁc Collaboration and the VIRGO Collaboration recently reported the ﬁrst direct detection
of gravitational waves 3 (GWs) and the ﬁrst direct observation of the merger of a binary black
hole system into a single black hole. This mesurement has given the possibility to study the
properties of space-time in the strong-ﬁeld regime and conﬁrm predictions of general relativity
for the nonlinear dynamics of highly disturbed black holes 4 .
2

The GW signal

The Advanced LIGO detectors 5 (in Hanford, WA, and Livingston, LA), on September 14th
2015 at 09:50:45 UTC, reported the conicident observation of a signal, initially detected by a
low-latency search for generic gravitational-wave transients 6 . The signal reached ﬁrst Livingston
and, after about 6.9 ms, arrived at Hanford. The signal has been then analysed with a matchedﬁlter, constructed from relativistic models of compact binary objects 7 and found to be the most
signiﬁcant event in each detector in the ﬁrst part of the observing run, with a combined signalto-noise ratio (SNR) of 24 8 . The time evolution of GW150914, shown in ﬁgure 1, suggests that
this signal has been produced by the coalescence of a binary black hole system: the inspiral and
merger, and subsequent ﬁnal black hole ringdown. In about eigth cycles, lasting 0.2 seconds, the
frequency increases from 35 to 150 Hz, where also the amplitude is maximum. The evolution of
two inspiralling masses, m1 and m2 , is characterized by the chirp mass 9 :
Mc =



(m1 m2 )3/5
c3 5 −8/3 −11/3 ˙ 3/5
=
f
f
π
G 96
(m1 + m2 )1/5
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(1)

Figure 1 – Times relative to September 14, 2015 at 09:50:45 UTC. Left: H1 strain. Right: L1 strain and, for
a visual comparison, the H1 data are also shown, shifted in time by the arrival time diﬀerence and inverted (to
account for the detectors relative orientations). Figure from 3 .

Table 1: Source parameters for GW150914, given in the source frame; to convert to the detector frame multiply
by (1 + z) 10 . The evaluation of the source redshift assumes standard cosmology 11 .

Primary black hole mass
Secondary black hole mass
Final black hole mass
Final black hole spin
Luminosity distance
Source redshift z

36+5
−4 M
29+4
−4 M
62+4
−4 M
0.67+0.05
−0.07
410+160
−180 Mpc
0.09+0.03
−0.04

where G and c are the gravitational constant and the speed of light. f and f˙ are the observed
frequency and its time derivative and can be both estimated from the data. This yelds the result
Mc  30 M , which implies that, in the detector frame, the total mass M = m1 + m2 is larger
than 70 M . While this rules out the possibility that the signal may have been generated by
a binary neutron star system, the idea that the source could have been a neutron star orbiting
around a black hole cannot be excluded. However, in this case, to reach a chirp mass of 30
M , the mass of the black hole must have been of the order of 3000 M and the coalescence
would have occurred at much lower frequencies, unobservable by ground based detectors. To
evaluate the source parameters, general relativity-based models 12,13,14,15 have been used, in
some cases including also spin precession, and, for each model, a coherent Bayesian analysis has
been performed to derive the distributions of the source parameters 16 , discussed in detail in 17
and shown in table 1, in the source frame. The uncertainties include statistical and systematic
errors deriving from the average of the results of diﬀerent waveform models. Using the ﬁts to
numerical simulations of binary black hole mergers provided in 18,19 , the mass and spin of the
ﬁnal black hole, the total energy radiated in gravitational waves, and the peak gravitational-wave
luminosity 17 have been computed. The total energy estimated to be radiated in gravitational
+0.5
2
56 erg/s,
waves is 3.0+0.5
−0.5 M c , and the peak gravitational-wave luminosity has been 3.6−0.4 × 10
+30
2
equivalent to 200−20 M c /s.
Around the time of the event, both detectors were in steady state operation since several
hours. Instrumental and environmental disturbances have been investigated to rule out the
possibility that GW150914 could be an instrumental artefact 20 . The detectors’ sensitivity
to environmental disturbances was measured by evaluating their response to magnetic, radiofrequency, acoustic, and vibration excitations. Finally, there is no evidence for instrumental
transients that are temporally correlated between the two detectors.
Sixteen days of coincident observations between the two LIGO detectors, from September
12th to October 20th , 2015, have been analysed to assess the statistical signiﬁcance of GW150914.
This is a portion of the ﬁrst science run of Advanced LIGO, that ended on January 12th , 2016.
GW150914 has been independently detected by two diﬀerent types of searches. One is targeted
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to the search of signals from coalescing compact objects, using optimal matched ﬁltering with
waveforms predicted by general relativity. The other search is optimized for generic transient
signals, with minimal assumptions about waveforms. The methods used by the two searches
are independent, thus their response to detector noise results diﬀerent, uncorrelated, events.
However, strong signals are expected to be detected by both searches.
The results of the unmodelled search are deeply presenter in 6 and will not be further discussed here. We shall focus on the results from the binary coalescence method 7 .
This search has targeted gravitational-wave signal from binary systems with individual
masses ranging between 1 and 99 M , total mass smaller than 100 M , and dimensionless spins
up to 0.99 7 . The eﬀective-one-body formalism 21 , combining the post-Newtonian approach 9,22
with black hole perturbation theory and numerical relativity, has been used for modelling systems
with total mass larger than 4 M . In the waveform model 12,13 , the spins of the coalescing objects are assumed to be aligned with the orbital angular momentum, nonetheless, systems with
misaligned spins in the parameter space of GW150914 7 can be eﬀectively recovered. About
250000 template waveforms have been used to cover the whole parameter space. For each template in each detector, the matched-ﬁlter signal-to-noise ratio ρ(t) is evaluated and the maxima
of ρ(t) with respect to the time of arrival of the signal is identiﬁed 23,24,25 . The lists of events
in each detector are then compared looking for coincidences within a time window of 15 ms: 10
ms due to the intersite travel time plus 5 ms for uncertainty in arrival time of low SNR signals.
The coincident events have been ranked on the basis of the quadrature sum ρ̂c of the ρ from
both detectors 8 . To estimate the background of this search the list of events of one detector are
time shifted with respect to the list of the other detector and a new set of coincident events is
computed. This procedure has been repeated ∼ 107 times, equivalent to an observation time of
about 608000 years. Both candidate and background events are divided into three search classes
according to the template length. The background for the search class of GW150914 is shown
in ﬁgure 2.

Figure 2 – Search results from the binary coalescence search. The histogram shows the number of candidate events
(orange markers) and the mean number of background events (black lines) in the search class where GW150914
was found. The scales on the top give the signiﬁcance of an event in Gaussian standard deviations based on
the corresponding noise background. The tail in the black-line background is due to random coincidences of
GW150914 in one detector with noise in the other detector. The purple curve is the background excluding those
coincidences. Figure from 3 .

Since the GW150914 detection statistic, ρ̂c = 23.6, is larger than any background event, only
an upper limit on its false alarm rate can be placed. Considering all the three search classes,
this bound is 1 in 203000 years, which corresponds to a false alarm probability < 2 × 10−7 , or
a detection probability larger than 5.1 σ.

493

3

Tests of General Relativity

The detection of GW150914 provides an unprecedented opportunity to study the motion of a
compact binary system in the large velocity, highly nonlinear regime, and to observe the ﬁnal
merger of the binary and the excitation of relativistic modes of the gravitational ﬁeld. Several
investigations have been carried on to determine whether GW150914 is consistent with the
merger of a binary black hole system in general relativity 4 .
The ﬁrst consistency check performed concerns the mass and spin of the ﬁnal black hole.
In the general relativity framework, the product of a black hole binary coalescence is a Kerr
black hole, completely described by its mass and spin. For this family of inspirals, these quantities can be evaluated with Einstein’s equations and are a function of the masses and spins of
the progenitor black holes. Using the relations between the initial black holes and ﬁnal black
hole masses and spins evaluated through numerical relativity simulations 18 , the estimates of
the ﬁnal mass and spin obtained from the low-frequency part of the waveform have been compared to those retrieved from the high-frequency component of the waveform. The test of the
inspiralmergerringdown consistency shows no evidence of discrepancies with the predictions of
general relativity.
Within the post-Newtonian formalism, the phase of the gravitational signal during the inspiral can be expressed as a power series in f 1/3 . The values of these coeﬃcients can also be
computed in general relativity. Thus, a test of consistency with general relativity 26,27 can be
performed. The coeﬃcients have been made to deviate from the nominal values and it has been
checked whether the resulting waveform was consistent with the data. Thus, empirical bounds on
several high-order post-Newtonian coeﬃcients have been determined in the dynamical regime 4 .

Figure 3 – Cumulative posterior probability distribution for λg (black curve) and the 90% (crimson) exclusion
region for λg from GW150914. The shaded areas show exclusion regions from the double pulsar observations
(turquoise), the static Solar System bound (orange).Figure from ref. 4 .

Finally, the data from GW150914 have been used to constrain the Compton wavelength of
the graviton, λg . General relativity assumes massless gravitons that travel at the speed of light
vg = c. On the contrary, if the graviton has a (small) mass, the dispersion relation becomes E 2 =
p2 c2 +m2g c4 , where E is the energy, p the momentum, and mg is the graviton rest mass related to
its Compton wavelength as λg = h/(mg c), where h is the Planck constant. Thus, the ratio vg2 /c2
becomes equal to c2 p2 /E 2 = 1−h2 c2 /(λ2g E 2 ), and a massive graviton would propagate at a speed
dependent on energy (or frequency). Or, in other words, the lower frequencies propagate slower
compared to higher frequencies. This dispersion can be included in the phase of the gravitational
wave signal from a coalescing binary as 28 ΦM G = −(πDc)/[λ2g (1 + z)f ], where z is the redshift
and D a cosmological distance deﬁned in 28 . The signal from GW150914 shows no evidence for
dispersion, thus it has been possible to constrain the Compton wavelength of the graviton to
be λg > 1013 km, which is equivalent to a bound on the graviton mass mg < 1.2 × 10−22 eV/c2
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at 90% conﬁdence level. The cumulative posterior probability distribution for λg is shown in
ﬁgure 3. This observation improves the Solar System bound 29 by a small factor and that from
binary pulsar observations 30 by a factor of a thousand.
To summarize, all these tests are consistent with general relativity in the strong-ﬁeld regime.
4

Astrophysics with GW150914

This observation provides the ﬁrst robust conﬁrmation of several theoretical predictions: ”heavy”
black holes do exist, binary black hole systems form in nature and merge within the age of the
universe at a detectable rate 31 . Two main types of formation models, involving isolated binaries
in galactic ﬁelds 32 or dynamical interactions in young and old dense stellar environments 33 ,
predict such mergers. The progenitor black holes of the GW150914 coalescence are more massive
than the those in known XRBs with reliably measured masses: this discovery provides the
most robust evidence for the existence of ”heavy” (≥25 M ) stellar-mass black holes. This
discovery implies relatively weak massive-star winds and thus the formation of GW150914 in
a low-metallicity environment 34 : below  1/2 Z and possibly below  1/4 Z . The rate of
binary black hole mergers inferred from this observation is consistent with the higher end of rate
predictions (≥1 Gpc−3 yr−1 ) from both types of formation models. The low measured redshift
(z  0.1) and the low inferred metallicity of the stellar progenitors imply two diﬀerent scenarios
for the formation of binary black hole systems:
• in a low-mass galaxy in the local universe and a prompt merger;
• at high redshift with a time delay between formation and merger of the order of several
Gyr.

Figure 4 – An orthographic projection of the posterior probability density function (PDF) for the sky location
of GW150914 showing contours of the 50% and 90% credible regions plotted over a colour-coded PDF. The
sky localization forms part of an annulus, set by the time delay of 6.9+0.5
−0.4 ms between the two advanced LIGO
detectors. Figure from 17 .

Ground-based gravitational waves detectors are all-sky monitors with no intrinsic capability
to determine the direction of incoming transient signals. Thus, a network of instruments is
required to reconstruct the location of a source in the sky, through the time-of-arrival, and the
relative amplitude and phase at diﬀerent detectors 17 . The measured time-delay of GW150914
between the Livingston and Hanford sites was 6.9+0.5
−0.4 ms. Since at the time of the event,
only the two LIGO instruments were in observational mode, the source location could only be
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reconstructed to approximately an annulus, due to this time-delay 35,36 . Figure 4 shows the sky
map for GW150914: it corresponds to a projected 2-dimensional credible region 590 deg2 wide
at 90% conﬁdence level. The associated 3-dimensional comoving volume probability region is
∼10−2 Gpc3 , that can be compared to the comoving density of Milky Way-equivalent galaxies
(∼107 Gpc−3 ). This area of the sky was targeted by follow-up observations covering radio,
optical, near infra-red, X-ray, and gamma-ray wavelengths 37 and searches for coincident high
energy neutrinos 38 .
Neutrino candidates coincident with GW150914 were searched within the data recorded by
the IceCube 39 and Antares 40 detectors. No neutrino candidate was found to be in both temporal
and spatial coincidence with the gravitational wave event. Within ±500 s of the gravitational
wave event, three neutrino candidates were detected by IceCube and zero by Antares. This result
is consistent with the expected atmospheric background. Furthermore, none of the neutrino
candidates was spatially coincident with GW150914.
Since this event was due to a binary black hole merger, there was little expectation of
detectable electromagnetic or neutrino signatures.
5

Conclusions

Gravitational waves from the merger of two stellar-mass black holes have been observed for the
ﬁrst time. The detected signal is consistent with the predictions of general relativity for the
inspiral and merger of a binary black hole system and the ringdown of the resulting single black
hole. GW150914 demonstrates the existence of binary stellar-mass black hole systems.
The implications of the ﬁrst gravitational wave signal detection, due to the merger of a
binary black hole system, have been examined in the context of the existing literature and
several astrophysical conclusions have been drawn. The measured masses of the initial black
holes are higher than any of the masses dynamically and reliably measured from XRBs. Such
”heavy” black holes, for their formation, require massive stars progenitors in low-metallicity
environments (1/2 Z or less). Rate predictions from formation models are broadly consistent
with the merger rate implied by GW150914.
Even if GW150914 has been a loud gravitational wave signal, any electromagnetic or neutrino
counterpart was expected to be absent. Nevertheless, thorough follow-up observations were
pursued to check for possible electromagnetic and neutrino emissions and this ﬁrst broadband
campaign represents a milestone. Future follow-ups of gravitational wave sources will shed
light on the presence or absence of electromagnetic and neutrino counterparts and astrophysical
processes that may trigger emissions from these systems.
Eﬀorts are under way to enhance signiﬁcantly the global gravitational-wave detector network 41 . Further commissioning of the Advanced LIGO detectors is ongoing to reach design
sensitivity, allowing the detection of GW150914-like signals with a SNR three times higher. The
addition of Advanced Virgo 42 will improve the network capability to reconstruct the position
and the parameters of sources.
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8.
Summary

EXPERIMENTAL SUMMARY

Andreas Hoecker
CERN, CH-1211 Geneva 23, Switzerland

Summary of the experimental results presented at the 51st edition of the Moriond Electroweak
and Uniﬁed Theories conference held in March 2016 at La Thuile, Italy.

1

Introduction

The 51st Moriond Electroweak and Uniﬁed Theories conference featured, as is tradition, a vibrant snapshot of newest results and trends in the ﬁelds of neutrino physics, astrophysics and
cosmology, gravitational waves (!), dark matter and collider physics (it became the promised
LHC feast). There were 53 beautifully prepared talks in addition to young scientist presentations reporting a wealth of new experimental results that demonstrated once again that our ﬁeld
lives in data-driven times. The following is an attempt for a (necessarily incomplete) summary
of the results presented.

2

Neutrino Physics

The year 2015 has seen yet another Nobel Price for particle physics, and another one for neutrino
oscillation. It was awarded jointly to Takaaki Kajita and Arthur B. McDonald from the SuperKamiokande and Sudbury Neutrino Observatory experiments, respectively,1 “for the discovery
of neutrino oscillations, which shows that neutrinos have mass”.
Since these dramatic developments at the turn of the millennium neutrino physics has come a
long way. Beyond the established facts that neutrinos are massive fermions with three active
ﬂavours and mass eigenstates that are mixed ﬂavour states, there are, however, yet critical
questions.
• What is the nature of the neutrinos, are they Majorana fermions?
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• While the absolute mass splitting, Δm2ij , and mixing angles, θ12 , θ13 , θ23 , are known
to about 3% and 3–7%, respectively, the mass hierachy is not. By convention normal
hierarchy is dubbed the case where m23  m22 > m21 and inverted hierarchy stands for
m22 > m21  m23 .
• CP violation in the neutrino sector, described by the phase δCP in the Pontecorvo-MakiNakagawa-Sakata (PMNS) neutrino mixing matrix, is so far unknown.
• Are there sterile neutrinos, i.e., neutrinos that interact only with gravity but are singlets
with respect to the Standard Model interactions? Are there heavy additional right-handed
neutrinos? If so, are they in reach of current experiments?
• And also, neutrino cross section and ﬂux measurements and their theoretical predictions
need to be improved.
The experimental tools to get handles on these questions are neutrino oscillation measurements
(short and long baseline), single beta decay measurements, searches for neutrinoless double-beta
decay, and cosmology. a Neutrinos also serve as messengers in astronomy, Sun and Geo science,
as well as for phenomena such as grand uniﬁcation, lepto/baryogenesis and physics beyond the
Standard Model. Given the amount and importance of the open questions, and the variety of
the available tools, neutrino physics beneﬁts from an exciting experimental programme.
2.1

Results from short-baseline neutrino experiments

Low-energy scattering interactions of electron neutrinos or antineutrinos with matter has been
a longstanding source of uncertainty. Apart from the controversial LSND result,4 there was
the 2013 electron-neutrino appearance measurement by the MiniBooNE experiment at Fermilab that revealed in both neutrino and antineutrino beam modes5 an excess of events in the
0.2–0.4 GeV electron-neutrino energy range over the expectation, which is composed of (in
order of importance) π 0 misidentiﬁcation, Δ → N γ, muon and kaon decays, and other background sources. The excess appears electron-like in MiniBooNE’s Cherenkov detector, which
cannot separate the signal from photon backgrounds. It is therefore important to have precise
alternative low-energy cross-section measurements. This is the task of the new MicroBooNE
experiment at Fermilab that is installed ∼500 m from the Booster Neutrino Beamline (BNB)
(anti)muon-neutrino beam, and is dedicated to low-energy neutrino cross sections measurements
of (anti)electron appearance.3 Because the LAr-TPC tracking-calorimeter technique is similar
to that of the future large-scale DUNE (LBNF) neutrino experiment, featuring a kiloton of such
a detector, MicroBooNE also represents a pilot project of that experiment. In a LAr-TPC a
charged particle interacts with the liquid argon, wire planes detect drifting ionisation electrons
(→ tracks), photomultipliers detect scintillation light, and dE/dx is used to separate between
electrons and photons. Very ﬁrst and promising commissioning results from October 2015 with
muon-neutrino beam scattering reactions in MicroBooNE’s 170 ton LAr-TPC were presented at
this conference.
The MINERvA experiment at Fermilab performs detailed studies of neutrino interactions in
varying nuclear targets (C, Pb, Fe, H2 O) with the aim to help improve the modelling of these
processes.6 For example, electron-neutrino quasi-elastic charged-current (CCQE) scattering is
an oscillation signal, but only little low-energy cross-section data are available. Can the νμ → νe
cross-section measurements be universally trusted? MINERvA sits on-axis at a short baseline
along the NuMI (Neutrinos at the Main Injector) muon-neutrino beam, approximately 1 km
after the NuMI target. During the low-energy NuMI running the beam peaks at 3.1 GeV muonneutrino energy. The MINERvA detector features charged particle as well as electromagnetic
a

The combination of Lyman-α, CMB and BAO data allows to set the upper limit2
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mμ < 0.12 eV.
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Figure 1 – Ratios of the far-to-near detector counts versus the reconstructed neutrino energy for the chargedcurrent (top panel) and neutral-current (bottom panel) selected events. The red band shows the prediction of the
three-neutrino-ﬂavour model with systematic uncertainty.

and hadronic energy reconstruction, particle identiﬁcation, and it uses the MINOS near detector
as muon spectrometer. The exclusive measurement of ﬂux-integrated diﬀerential cross sections
for νe and ν e CCQE-like interactions (νe n → e− p and ν e p → e+ n) on nucleons in a hydrocarbon
target by MINERvA and comparison with modelling expectations (from the neutrino event
generator GENIE) exhibits suﬃciently good modelling for the current needs of the neutrino
oscillation experiments.7 A nearly three times larger dataset has been already collected. The
next step in the experimental programme consists of measurements at higher neutrino beam
energy.

2.2

Results from long-baseline neutrino experiments

There are three present programmes for long-baseline neutrino experiments at Fermilab (MINOS, NOvA), in Japan (Tokai-to-Kamioka — T2K) and at CERN (OPERA). Long-baseline
experiments measure muon-neutrino disappearance and νμ → νe appearance, as well as their
anti-processes. Their probabilities depend on sin2 (2θ13 ), which is well measured and large, on
sin2 (2θ23 ), Δm232 , and δCP , and on the sign of Δm231 that sets the mass hierarchy. All these
properties can be experimentally addressed.
The MINOS experiment consists of a 24 ton near detector (ND), placed about 1 km from the
NuMI beam target, and a 4.2 kiloton far detector (FD) installed 735 km away from the target
and 705 m underground in the Soudan mine. Both near and far detectors are magnetised tracking/sampling calorimeters, segmented into planes of steel and scintillator strips. The detectors
are designed to have equivalent functionality so that systematic uncertainties in the neutrino
ﬂux modelling and interaction cross sections cancel in the ratio. MINOS released in May 2014 a
combined analysis of its muon-neutrino disappearance and νμ → νe appearance data with results
for Δm232 and sin2 θ23 . At this conference MINOS reported on a search for sterile neutrino using
the muon-neutrino beam.8,9 Presence of a fourth (sterile) neutrino (νsterile ) requires to introduce
six new parameters to the PMNS matrix (three plus one ﬂavour model). For simplicity the
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Figure 2 – The left panel shows the reconstructed neutrino energy distribution in the NOvA far detector. The
green dotted line indicates the expected distribution without νμ disappearance. The data are signiﬁcantly lower
and well ﬁtted with an oscillating signal. The oscillation parameter constraints obtained from these data are
shown in the right panel, compared to other experiments.

additional CP phases and θ14 are set to zero, and the ﬁt to data determines simultaneously
the parameters Δm232 , Δm241 , θ23 , θ24 , θ34 . Because νactive –νsterile mixing may aﬀect the ND
reference measurement, which conventionally is assumed not to be aﬀected by neutrino oscillation, a combined ﬁt of the FD/ND ratio is performed. That ﬁt shows agreement with the
three-ﬂavour model (c.f. Fig. 1) allowing to derive limits on the additional four-ﬂavour sterile
neutrino parameters that improve over constraints from other experiments.
The new NOvA long-baseline neutrino experiment at Fermilab consists of a 14 kiloton FD,
810 km away from target, installed on surface, and a 0.3 kiloton ND, both using ﬁne-grained
tracking-calorimeter technology.10 NOvA is placed 0.8◦ oﬀ-axis from the NuMI beam so that the
muon-neutrino beamb energy spread is reduced with peak at about 2 GeV close to the maximum
muon-neutrino disappearance and electron-neutrino appearance probabilities. NOvA allows
to identify electron-neutrino reactions. First NOvA results are based on data taken between
November 2014 and June 2015 with a low-intensity (< 500 kW) beam. Electron-neutrino crosssection measurements found somewhat larger values than T2K and Gargamelle, which is input
to the GENIE modelling. An initial measurement of muon-neutrino disappearance11 provided
a ﬁrst constraint on Δm232 and sin2 θ23 , both in agreement with earlier results from MINOS and
T2K, but not yet reaching their precision (see Fig. 2). A ﬁrst νμ → νe appearance measurement12
resulted in 6/11 events observed with the use of two diﬀerent analysis methods (LID/LEM) in
the FD for about one expected background event (estimate based on ND measurements). This
corresponds to an excess of 3.3/5.3σ, respectively, with the LEM result being less compatible
with the inverted hierarchy. NOvA results with a twice larger dataset are forthcoming. Data
with increased beam power (700 kW) are expected to be taken in 2016.
The Japan-based experiment T2K13 has a 295 km long baseline, using as FD Super-Kamiokande
a Cherenkov detector with pure water as active material, and the NDs INGRID (on axis) and
ND280 (oﬀ-axis), featuring diﬀerent target materials, though currently only carbon was deployed. T2K is placed 2.5◦ oﬀ beam axis providing a narrow neutrino energy at a peak value of
about 0.6 GeV. A combined νμ disappearance and νe appearance analysis using T2K’s 2010–2013
data provided the world’s best measurements of Δm232 and sin2 θ23 . During the 2014/2015 runs
b
With magnetic horns focusing on positive mesons the NuMI beam is composed of 97.6% νμ , 1.7% ν μ , 0.7%
νe and ν e for neutrino energies between 1 and 3 GeV.
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Figure 3 – Anti-muon-neutrino disappearance signal measured by T2K in a (dominantly) anti-muon-neutrino
beam. The left panel shows the 34 data events seen in the far detector compared to the best ﬁt prediction. The
right panel shows the extracted (anti-)oscillation parameters.

T2K operated in ν μ beam mode with 390 kW beam power collecting a total of 11 · 1020 protonson-target (POT). The antineutrino beam being less pure, the larger wrong-sign background must
be measured in the ND giving about 10% ﬂux and cross section systematic uncertainty. This is
improved with the use of a combined ﬁt of the neutrino ﬂux model together with external and
ND280 data as input to the oscillation ﬁt. Such a complex extraction is required because FD
and ND use diﬀerent target and measurement technologies. The measurement of ν μ disappearance yielded a signiﬁcant deﬁcit with only 34 muon events (c.f. Fig. 3), hence a clear sign of
oscillation, while that of ν e appearance with 3 electron events seen is not yet signiﬁcant.15
The European long-baseline programme concentrated on the search for tau-neutrino appearance
from the conventional muon-neutrino beam sent from CERN to the 732 km away OPERA
detector in the Italian Gran-Sasso Laboratory (CNGS). A breakthrough for this experiment
was achieved with the July 2015 observation of a ﬁfth tau-neutrino candidate exceeding the
threshold of 5σ for the νμ → ντ appearance observation.16 In OPERA charged-current neutrino
interactions ((νμ →)ντ + N → τ − (→ e, μ, h) + X) are recorded in detectors (bricks) of lead and
emulsion ﬁlm with sub-micron resolution. The total target size consists of of 150 thousand bricks.
OPERA features additional target trackers and muon spectrometers. Tau-neutrino candidates
are identiﬁed by tracks with a large impact parameter from the tau decay and no muon from
the primary interaction vertex. Data between 2008 and 2012 were used, corresponding to 18 ·
1019 POT giving 20 thousand neutrino interactions in the detector of which 6.7 thousand were
fully analysed.14 The ﬁve identiﬁed tau candidates consist of three one-prong and one threeprong hadronic decays, and one muon decay. The pure muon decay candidate has a very
small background expectation of 0.004 ± 0.001 events. The overall background expectation is
estimated to be 0.25 ± 0.05 events, the expected signal 2.64 ± 0.53 events, which is compatible
with the observed ﬁve events. The signal signiﬁcance is 5.1σ hence establishing the observation
of tau-neutrino appearance. OPERA also set limits on sterile neutrinos. The OPERA physics
programme has now ended.

2.3

Results from (short-baseline) reactor experiments

New neutrino measurements from experiments placed close to nuclear reactors in China (Daya
Bay) and France (Double Chooz) were reported. Nuclear reactors represent powerful ν e sources
from beta-decay of the nuclear ﬁssion products. Detectors installed in their O(km) vicinity can
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measure the mixing angle θ13 from the ν e survival probability that is dominated by the Δm232
term.
The Daya Bay detector has completed its full assembly. It consists of two near experimental
areas (eﬀective baselines 512 m and 561 m from the 17.4 GW thermal power reactor near Hong
Kong) and one far area (1.6 km). The detection of ν e occurs through the inverse beta decay
(IBD) reaction ν e + p → e+ + n in gadolinium (Gd) doped liquid scintillators. The prompt e+
annihilation photon and delayed 8 MeV photons from the neutron capture are measured. The
ν e ﬂux uncertainty is largely eliminated by simultaneous measurements at the three diﬀerent
detector sites. Daya Bay already provided the world’s most precise measurement sin2 (2θ13 ) =
0.084 ± 0.005 using data taken between October 2012 and November 2013 and using two third
of the total of eight antineutrino detectors.17 The new analysis presented at this conference used
neutrons captured by hydrogen (instead of Gd) providing an additional θ13 measurement as
the data sample is largely independent and the systematic uncertainties diﬀerent. It found18,19
sin2 (2θ13 ) = 0.071±0.011 (nH) and, when averaged with the Gd result, sin2 (2θ13 ) = 0.082±0.004
(nGd & nH).
The Double Chooz collaboration presented their brand new oscillation measurement at this
conference.20 Double Chooz installed at the Chooz nuclear power plant in France (close to
the Belgium border) with two operating units (B1 nd B2) has terminated its multi-detector
setup with a near detector (0.4 km from the nuclear cores, available since 2015) and a far
detector (1.1 km, available since 2011). The nearly iso-ﬂux setup of the detectors reduces the
ﬂux uncertainty to less than 0.1%. The uncorrelated detection systematic uncertainty is lower
than 0.3%. Double Chooz performs a combined parameter ﬁt to the FD-I, FD-II and ND data
(c.f. left panel of Fig. 4 for the ratio FD-II/ND), including also reactor-oﬀ data to constrain
backgrounds. The preliminary result sin2 (2θ13 ) = 0.118 ± 0.018 has a signiﬁcance of 5.8σ and
is in agreement with previous measurements. The right panel in Fig. 4 shows a comparison of
sin2 (2θ13 ) measurements (not including the latest Daya Bay combination).
Reactor ﬂux anomalies
Daya Bay reports a recent ν e ﬂux measurement21 using 340 thousand near-detector IBD candidates, with better than 1% energy calibration, and comparison with model predictions: an
overall deﬁcit in data of about 2σ is found and a signiﬁcant local deviation at around 5 MeV an-
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tineutrino energy. While an overall deﬁcit may seem like disappearance to a sterile neutrino, the
local deviation does not. These ﬁndings are consistent with the reactor neutrino anomaly picture emerging from earlier short baseline measurements (Daya Bay, Reno, Double Chooz) that
found a ratio of measured to expected ν e ﬂux of about 0.94. It was reported at this conference22
that much caution is needed when interpreting these results as systematic uncertainties in the
ﬂux modelling may in total cover the observed deﬁcit. The 5 MeV bump may be due to several
ﬁssion daughter isotopes (e.g., uranium 238 or plutonium). Therefore one cannot currently consider seriously new physics claims based on absolute reactor ﬂux comparisons. There is ample
literature about the reactor ﬂux anomaly.23
Approximately ten very-short-baseline experiments are currently in their construction or planning phases with the aim to provide additional absolute ﬂux measurements. Among these is the
SoLid experiment, a 3 ton highly segmented plastic scintillation detector coated with Lithium-6,
designed to measure ﬂux and energy of ν e at distances between 6–10 m from the compact BR2
test reactor with a highly-enriched uranium core in Mol (Belgium). The main experimental
challenges are the suppression of background in the proximity of the reactor (requiring a good
separation of captured-neutrons versus e/γ) and the precise location of the IBD products. To
achieve this, not only the time diﬀerence but also spatial information is used to reconstruct IBD
events. The goal of SoLid is to run the experiment for three years to resolve the reactor neutrino
anomaly without relying on theoretical modelling.24

2.4

Neutrinos from the Sun

The Borexino collaboration reported new measurements25 after their 2014 breakthrough evidence for detection of the Sun’s primary proton–proton fusion neutrinos, found within 10%
precision to have a yield consistent with the Sun’s photon luminosity.26 Borexino was initially
designed for studying the 0.86 MeV Be-7 solar electron-neutrinos via νe –e scattering and electron recoil measurements (also IBD). The experiment consists of a 270 ton liquid scintillator,
surrounded by 890 ton buﬀer ﬂuid. It is installed in a 9.5 m diameter nylon vessel, 1.3 km
underground at the Gran Sasso Laboratory (LGNS). The extremely high radiopurity of Borexino allows for a 250 keV neutrino energy threshold. Since that seminal 2014 result Borexino
focused on the highly challenging detection (proof) of the catalytic CNO cycle in the Sun, a
complex chain of CNCNONC transitions involving diﬀerent C, N, O isotopes and believed to be
the dominant energy source in stars more massive than the Sun. Borexino also performed tests
of electron charge conservation through the search for e → γν, ννν decays achieving the world’s
best electron lifetime sensitivity τe > 6.6 · 1028 years; and the 5.9σ observation of geological ν e
for which the largest background stems from nuclear reactors.28,27

2.5

Neutrino astronomy

Cosmic rays have been measured over eleven orders of magnitude in energy, but their highestenergy sources are not well known yet. Several favourable conditions make neutrinos from outer
space to excellent astronomical probes for the study of cosmic rays. Neutrinos are not deﬂected
by astrophysical foreground and therefore point back to their sources. Moreover, owing to their
characteristic scattering signatures, the ﬂavour of neutrinos can be reconstructed in a large
detector providing information about their origin.
IceCube29 is a spectacular experiment buried between 1.5–2.5 km deep in South Pole ice. It has
and active volume of about 1 km3 distributed among 86 strings. IceCube measures Cherenkov
light “track” and “cascade” (shower) signatures that are characteristic charged-current interactions in ice of muon-neutrinos and electron-neutrinos, respectively. A so-called “double-bang”
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IceCube Preliminary

Figure 5 – Left: inclusive neutrino energy spectrum measured by IceCube after four years of data taking. Also
shown are the estimated atmospheric backgrounds. Right: arrival directions of the neutrino events in galactic
coordinates. Shower-like events are marked with ’+’ and those containing tracks with ’×’. Colours show the test
statistics value for point-source clustering at each location. No signiﬁcant clustering was found. Both ﬁgures are
taken from Ref.30 .

event would be signature for a tau-neutrino in which a produced tau lepton of PeV energy
penetrates 50 m ice in average before it decays leaving a hadronic or electromagnetic shower.
IceCube detected interactions from about 100 thousand neutrinos with larger than 200 GeV
energy per year, among which a few dozens are of astrophysical origin, and the majority stems
from atmospheric muon and muon-neutrino background.
IceCube measured the inclusive neutrino energy spectrum above 60 TeV during four years of
data taking (see left panel of Fig. 5). A total of 53 good events were found up to around
2 PeV energy with a signiﬁcance of 6.5σ for a signal of astrophysical neutrinos. The energy
spectrum was found to be somewhat harder than expected indicating that the canonical E −2
model may be insuﬃcient to describe the data.30 IceCube also sees a 5.9σ excess of up-going
muon-neutrinos (charged current only) in the 0.2–8.3 PeV energy regime over atmospheric background normalised to data at 100 TeV neutrino energy. A possible pattern in the spectral index
versus the neutrino energy cannot be excluded. The measured arrival directions of the observed
astrophysical neutrinos do not exhibit clustering that would hint to a point source (see the
example in the right panel of Fig. 5).
The reconstruction of the neutrino ﬂavour can provide information about the source of the
astrophysical neutrinos. Pion decay should produce relative neutrino abundances of νe : νμ :
ντ = 1 : 1 : 1 on earth, if muons are suppressed due to, e.g., large magnetic ﬁelds in space the
relative abundances would be 1 : 1.8 : 1.8, and if the neutrinos originate from neutron decay one
would expect to see a pattern of 2.5 : 1 : 1. The current IceCube data are consistent with the
ﬁrst two but exclude the third pattern. No hint for tau neutrinos was found yet but is expected
to occur in the accumulated data sample.
IceCube also belongs to the elite of experiments who have observed neutrino oscillation through
muon-neutrino disappearance. The measurement of Δm232 and θ23 is consistent with that from
other experiments. IceCube also searched for sterile neutrinos, heavy dark matter annihilation,
and solar ﬂares.31 A next generation experiment, IceCube-Gen2, covering an active area of about
10 km3 , is currently in its R&D phase.

2.6

Of which quantum nature are neutrinos?

The yet unrevealed Majorana or Dirac nature of neutrinos can be addressed experimentally by
detecting neutrinoless double beta (0νββ) decay (c.f. diagrams in Fig. 6), which would indicate
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that there is a non-zero Majorana mass term as Dirac neutrino masses do not mix neutrinos and
antineutrinos.c Through the relation Γ0νββ ∝ |M0νββ |2 mββ 2 and theory input for the nuclear
matrix element one can via the measurement of or bound on Γ0νββ infer information on the
neutrino mass and hierarchy. Experiments searching for 0νββ decay require large mass, high
isotopic abundance, good energy resolution, high eﬃciency and low background. Results from
the EXO-200 and CUORE-0 experiments where reported at this conference.36,33

n
p
EXO-200 is a detector that uses an enriched
p
n
(81%) liquid-xenon TPC (136 Xe →136 Ba +
e
e
2e− ) and is installed in a nuclear waste isoW
W
lation plant in New Mexico, US. EXO-200

presented in 2014 a result using data corre
136
34
 x
sponding to 100 kg · years of
Xe exposure


with no evidence for 0νββ decay giving a halflife lower limit of 1.1 · 1025 years at 90% CL.
e
e
This corresponds to mββ  < (190–470) meV,
p
p
n W
n W
where the range is due to diﬀerent theoretical
assumptions on the nuclear matrix element. Figure 6 – Representative Feynman diagrams for twoA recent analysis35,36 reported at this confer- neutrino double beta decay (left) and neutrinoless double
ence searched for the 2νββ decay of 136 Xe to beta decay (right). Figures taken from Ref.37 .
136 Ba, which de-excites
the 0+
1 excited state of
via two photons. No signiﬁcant signal was found in that search.
The LGNS based experiment CUORE-0, a prototype of the full CUORE experiment, employs a
bolometric technique using an array of tellurium dioxide crystals (130 Te →130 Xe + 2e− ) cooled
down to remarkable 10 mK. The bolometer beneﬁts from excellent energy resolution but no
particle identiﬁcation capability. A ﬁrst CUORE-0 measurement32,33 using a 130 Te exposure of
9.8 kg · years revealed no signal at the expected Qββ value of 2528 keV, giving, when combined
with a previous Cuoricino result, the 90% CL limit mββ  < (270–760) meV, where again the
range reﬂects the matrix element uncertainty.

3

Proton decay — GUT messengers

It is not possible to reach energies in the laboratory that would allow to directly study the
physics at the expected grand uniﬁcation scale. Even Enrico Fermi’s “Globatron” (that was
to be built in 1994) would with current LHC magnet technology “only” reach insuﬃcient 20
PeV proton–proton centre-of-mass energy. Proton decay is among the greatest mysteries in
elementary particle physics. It is required for baryogenesis and predicted by grand uniﬁed
theories (GUT). Its discovery could therefore provide a probe of GUT scale physics.
All current limits are dominated by searches at the Super-Kamiokande (SK) experiment.d New
results from SK combining all SK I–IV data (1996–now) were presented at this conference.38 No
signiﬁcant excess was found leading to the following strong limits: τ (p → e+ π 0 ) > 1.7·1034 years
(no events seen in the signal regions R1/2, for 0.07/0.54 background events expected), τ (p →
μ+ π 0 ) > 7.8 · 1033 years (less sensitive because the μ+ is detected through its decay to e+ , 0/2
events seen in R1/2, for 0.05/0.82 background events expected), τ (p → K + ν) > 6.6 · 1033 years
(the K + being below Cherenkov threshold is detected through its decay, no events seen in signal
regions SB/C, for 0.39/0.56 background events expected), The SK collaboration also looked for
more exotic phenomena.
c
Majorana masses cannot originate from a Yukawa coupling to the Standard Model Brout-Englert-Higgs (BEH)
ﬁeld and thus would make neutrinos very diﬀerent from the other known fermions.
d
We recall that “KamiokaNDE” stands for “Kamioka Nucleon Decay Experiment”.
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An order of magnitude gain in sensitivity on τ (p → e+ π 0 ) is expected from the Hyper-Kamiokande
project which has 25 times the size of SK (SK holds 50 kiloton of pure water) and has an expected
begin of construction in 2018.

4

Direct dark matter searches

Direct dark matter experiments search for elastic collisions of a weakly interacting massive
particle (WIMP) from the galactic halo with a target nucleus at rest in the laboratory. With
an assumed WIMP average speed of about 220 km per second the collision is expected to lead
to a measurable nuclear recoil of about 20 keV. The eﬀective scattering Lagrangian may have
scalar (spin-independent, SI ∝ A2 , where A is the atomic number of the target nucleus) or axialvector (spin-dependent, SD ∝ nuclear spin, no coherent ampliﬁcation) terms. The dominant
background stems from electrons recoiling after X-ray or γ-ray interactions. Direct dark matter
experiments have similar challenges to overcome as neutrino experiments. They must be deep
underground, have excellent radiopurity, must be shielded around the active detector volume
and they require redundant signal detection technologies.
The CDMSlite experiment (CDMSlite stands for CDMS low ionisation threshold experiment)
is located at the US Soudan Underground Laboratory. CDMS looks for keV-scale recoils from
elastic scattering of WIMPs oﬀ target nuclei. It uses up to 19 Ge and 11 Si detectors. Ionisation charges and phonons (heat) are measured and used to discriminate electron from nuclear
recoils. CDMSlite operates one Ge detector at increased bias voltage to amplify the phonon
signal and gain sensitivity to lower WIMP masses. Two runs were taken with the second beneﬁting from reduced acoustic noise (hence a lower threshold) and longer exposure. The newly39,40
excluded parameter space for SI WIMP–nucleon interaction extends to WIMP masses down to
1.6–5.5 GeV and cross sections between 10−37 –10−41 cm2 . With this measurement the SuperCDMS programme has ended. It will be followed up by SuperCDMS at SNOLAB (2.1 km deep
underground).
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The CRESST-II experiment at
the LNGS has further improved
its sensitivity to even lower mass
WIMPs.
Energy threshold is
key for this search. CRESST-II
uses cryogenic calcium tungstate
(CaWO4 ) crystals to measure
scintillation light and phonons
3212-
to separate electron from neu%&
tron recoils. Transition edge sensors (TES, about 15 mK) and
a squid system measure, amplify
and read out the signal, allowing
sub-keV energy thresholds and a
high-precision energy reconstruction. Combined with the light Figure 7 – Summary of low-mass WIMP–nucleon cross-section limits
target nuclei, CRESST-II has the (in pb) versus WIMP mass.42
potential to probe < 1 GeV dark
matter particles. At 0.5 GeV a limit of about 10−36 cm2 was obtained.41,42 Systematic studies on
the current data sample are still ongoing. The follow-up programme with 50–100 eV threshold
starts in April 2016.
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XENON100 is the second phase of the XENON dark matter experiment at LNGS running since
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Figure 8 – Current WIMP–nucleon cross-section limits versus the WIMP mass and extrapolations (plot taken
from XENONnT). The lowest bold line depicts the expected coherent ν–N scattering background.

2009.45 It is the predecessor of the ambitious programme XENON1T. XENON100 uses a 61
(100) kg target (active veto) liquid-gas xenon (LXe) ﬁlled TPC. Liquid xenon as target material
features a high density, high atomic number, sensitivity to spin-dependent interactions through
approximately 50% odd isotopes, low threshold due to high ionisation and scintillation yield,
low backgrounds, and a self-shielding target. The liquid xenon scintillation light is measured by
photomultiplier tubes (PMT). Light from prompt scintillation (S1) and delayed ionisation (S2)
allows to discriminate electron from nuclear recoil. The primary results were published46 by
XENON100 in 2012 providing powerful limits on the WIMP–nucleon interaction cross section
down to about 2 · 10−45 cm2 for a WIMP mass of 50 GeV at 90% CL for SI interactions.43 SD
results were released in 2013 with best limits of about 10−38 cm2 and 4 · 10−40 cm2 for proton
and neutron cross sections, respectively.44 A recent XENON100 analysis47 addresses the periodic
signal reported by the DAMA collaboration. XENON100 does not ﬁnd signiﬁcant periodicity,
excluding DAMA’s phase and amplitude at 4.8σ. DAMA-like dark matter models are excluded
to at least 3.6σ. The experimental follow-up programme XENON1T has its commissioning
almost completed. First results are expected in the course of 2016.
Dark matter searches with the LUX experiment were also presented.48 LUX is a liquid-Xe
experiment located at the Sanford Underground Research Facility in South Dakota, US, about
1.5 km deep. LUX is very similar to XENON100 based on a dual-phase liquid Xe target. It
has a larger active target and lower threshold than XENON100 (3 keV vs. 6.6 keV) and hence
sensitivity to lower WIMP masses. A reanalysis of the 2013 data (95 live days, 145 kg ﬁducial
mass) with improved calibration, event reconstruction and background modelling increases the
sensitivity especially at low WIMP masses.49 The best SI limit at WIMP masses of around
40 GeV reaches down to approximately 7 · 10−46 cm2 WIMP–nucleon cross section. LUX has
also recently published SD limits using the same dataset.50 Their follow-up programme LZ =
LUX + ZEPLIN is entering CD-2 review and has a planned start for 2025.
Dark matter searches undertake and prepare a healthy experimental programme with orders of
magnitude improved sensitivity. Figure 8 shows the WIMP–nucleon cross-section limits versus
the WIMP mass and extrapolations. Shown by the thick red line is the irreducible coherent
elastic neutrino–nucleon scattering background that is expected to be in reach with the next
generation experiments.

511

5

Gravitational waves

The LIGO/VIRGO Collaboration, a new popstar in science, reported on February 11th , 2016
an earth-shattering measurement52 : a huge gravitational wave (GW) signal of a binary black
hole merger detected simultaneously in the two LIGO sites (the VIRGO experiment was not
operational at the time of the measurement), ﬁrst noticed by its online burst detection system.
This measurement is an example of scientiﬁc perseverance.51
The principle of the measure(b)
ment is sketched in Fig. 9.
Spin-2 GWs lengthens one arm
while shortening the other and
vice versa in the LIGO laser interferometer: ΔL(t) = δLx −
δLy = h(t)L. The optical (a)
signal measured is proportional
to the strain h(t). There are
several enhancements to a basic Michelson interferometer in
LIGO: test mass mirrors multiply the eﬀect of GW on the
light phase by a factor of about
300; a power recycling mirror
on the input ampliﬁes the laser
Figure 9 – Principle of the LIGO gravitational wave measurement.
light; output signal recycling
broadens the bandwidth. The
test masses are isolated from seismic noise and have very low thermal noise. All relevant components of the interferometer are isolated against vibrations. The laser light passes through
vacuum to reduce Raleigh scattering of light oﬀ air molecules. A system of calibration lasers
and array of environmental sensors further helps to reduce systematic uncertainties. Two (better
three!) distant interferometer are needed to localise a GW and measure its polarisation.
On September 14, 2015 at 09:51 UTC (11:51 CEST), within a total of 16 days of simultaneous two-detector observational data taken by LIGO Hanford, Washington (H1) and LIGO
Livingston, Louisiana (L1), the signals shown in the left panel of Fig. 10 were detected (the H1
data are shifted by 6.9 ms to allow for a better comparison). The detected GW pattern is an
extremely loud event (modiﬁed signal-to-noise ratio of ρ̂c = 23.6). The maximum strain (10−21 )
times the 4 km arm length gives a length deformation of 4·10−18 m, which is about 0.5% the size
of a proton. The measured spectrum can be well reproduced by GW calculations after ﬁtting its
parameters to the observation. The event, dubbed GW150914, is found to have a signiﬁcance
over background of more than 5.1σ. The time series shown in the ﬁgure was ﬁltered with a
35–350 Hz bandpass ﬁlter to suppress large ﬂuctuations outside the detectors’ most sensitive
frequency band, and with band-reject ﬁlters to remove strong instrumental spectral lines.
The right panel of Fig. 10 shows a sketch of the posited black hole encounter and coalescence.
Thereafter, GW150914 occurred 1.3 ± 0.5 billion years (410 Mpc) ago. Over a duration of 0.2 s,
frequency and amplitude of the binary black hole system increased from 35 to 150 Hz (in about
8 cycles). To reach 75 Hz orbital frequency, the objects needed to be very close (about 350 km to
each other and massive (thus black holes e ). Two black holes of initially 36 and 29 solar masses
e
Digression. There are gargantuan black holes in the universe. Many galaxies are expected to host supermassive
black holes with more than a million times the mass of the Sun in its centre, formed during the galaxy creation
process. NGC 4889, the brightest elliptical galaxy in the Coma cluster (94 Mpc ∼ 300 Mly from earth), hosts a
record black hole of 21 billion times M , with event horizon diameter of ∼130 billion km (Sun: 1.4 million km).
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Figure 10 – Left: the gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column
panels) and Livingston (L1, right column panels) detectors. Times are shown relative to September 14, 2015 at
09:50:45 UTC. The top panels show the measured GW strains. For a better visual comparison the H1 data are
shifted in time by 6.9 ms. The panels in the second row show the GW strains projected onto each detector in the
35–350 Hz frequency band. The solid line superimpose the ﬁt predictions based on general relativity calculations.
The third row shows the residuals after subtracting the ﬁltered numerical relativity waveform from the ﬁltered
detector time series, and the bottom panels show a time-frequency representation of the strain data, showing the
signal frequency increasing over time. Right: estimated gravitational-wave strain amplitude from GW150914
projected onto H1. The bottom panel shows the eﬀective black hole separation in units of Schwarzschild radii
and the eﬀective relative velocity. Figures and explanations taken from Ref.52 .

(M ) inspiral with about half the speed of light. The black holes merge within tens of ms;
the inspiral, merging and ringdown leave a characteristic amplitude and frequency GW pattern.
The total radiated GW energy amounts to (3.0 ± 0.5)M . The direct observation of this event
follows upon the indirect proof of GWs from energy loss measurements in binary pulsar systems
in 1982.53,54

The observation of GW150914 bundles several discoveries: it is the ﬁrst direct detection of
GWs, the ﬁrst observation of a binary black hole merger, it shows that relatively heavy stellarmass black holes (> 25 M ) exist in nature, it is the observation of the “no-hair-conjecture”
according to which any black hole can be fully characterized by only three classical observables
(mass, electric charge, angular momentum), it is the most relativistic binary event ever seen
(v/c ∼ 0.5), and it leads to a new limit on the graviton mass of < 1.2 · 10−22 eV. GW150914
is likely not a unique binary black hole event. The rate is inferred to lie between 2 and 400
events per Gpc3 and year, which is at the higher end of the expectations. Adding VIRGO will
improve the localisation of future GW events. New interferometers are upcoming in India and
Japan. Electromagnetic and high-energy neutrino follow-up programmes are also in work (no
high-energy neutrino coincidence during GW150914 was seen by ANTARES and IceCube).

Gravitational waves have joined the club for multi-messenger astronomy together with photons,
cosmic rays and neutrinos. The paper reporting the observation52 collected more than 100
citations within a month. The LIGO/VIRGO collaboration released a number of companion
papers about detector and analysis details and implications of GW150914.55
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6

Flavour Physics

Flavour physics deals with the study of ﬂavour transitions, mixing and CP violation in all its
aspects. Precision measurements and the measurement of rare, and search for forbidden processes provides sensitivity to new physics beyond the current energy frontier of direct production.
By these measurements it is hoped to acquire insight into the mystery of the observed ﬂavour
structure (which is related to the BEH sector).

6.1

Tetraquarks?

Although hadron spectroscopy is not a topic traditionally discussed at this conference, it occurred
that the D0 experiment at Tevatron had recently reported56 the observation of a new state in the
invariant mass spectrum of Bs (→ J/ψφ)π ± . The new state has a mass and width of 5568 MeV
and 22 MeV, respectively, and a ﬁducial yield ratio ρ (relative to the Bs yield) between about
5 and 12%. It is compatible with a hadronic state with valence quarks of four diﬀerent ﬂavors
(tetraquark) made of a diquark-antidiquark pair and quantum numbers J P = 0+ . A prompt
cross-check performed by the LHCb collaboration57,58 did not conﬁrm the observation in a 20
times larger Bs sample. An upper limit on ρ of 1–2% depending on the ﬁducial region is found.
Other experiments are also looking for this state. The results may depend on beam, energy and
analysis diﬀerences between the experiments.

6.2

CKM Matrix

Combination

1-CL

Among the central topics of ﬂavour physics
1
is the continuing eﬀort to overconstrain
LHCb
Preliminary
B+ decays
the CKM matrix and thus test the Stan0.8
dard Model quark-ﬂavour sector. LHCb
Bs
has joined this eﬀort with important condecays
0.6
tributions. A precise measurement of the
CKM angle γ (through tree-level processes)
0.4
68.3%
together with sin(2β) (through mixingB0
0.2
induced CP violation) or |Vub | (through
decays
tree-level processes), ﬁxes the apex of the
95.5%
0
CKM unitarity triangle. All other mea0
50
100
150
surements probe these constraints. Among
 [°]
the results reported by LHCb in this area
are58 : a |Vub /Vcb | measurement from Λb → Figure 11 – Conﬁdence level versus the CKM angle γ as ob63
+
pμν with 5% precision59 that is closer to tained by LHCb for analyses0 involving B decays (blue),
Bs decays (dark orange), B decays (light orange), and
the exclusive B-factory numbers for |Vub |
their combination69 (green).
(which exhibit tension with the larger inclusive numbers), the world’s best single Δmd
measurement60 0.5050 ± 0.0021 ± 0.0010 ps−1 (the B-factories have a combined uncertainty of
0.005 ps−1 ), a sin(2β) measurement61 of 0.731 ± 0.035 ± 0.020 that approaches the precision of
0 mixing (as , ad ) in agreethe B-factories, the world’s best constraints on CP violation in B(s)
sl
sl
ment with the Standard Model (D0 sees a 3.6σ deviation), and a search for CP T violation62
0 systems together with the measurement of sidereal
(diﬀerence in mass or width) in the B(s)
phase dependence of the CP T violating parameter.
 ).
LHCb has engaged into a vigorous programme63 to determine the CKM angle γ ∼ arg(−Vub
It can be measured through interference of b → u with b → c tree transitions. The hadronic
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Figure 12 – CP asymmetries measured in D0 /D → K + K − /π + π − decays decomposed into direct and indirect
components.68 The measured values by LHCb are compatible with the no-CP -violation hypothesis.

parameters are the amplitude ratio rB and the strong ﬁnal-state-interaction (FSI) phase δB
that need to be determined from data. The extraction of γ is then theoretically clean, but large
statistics are needed due to the CKM suppression of some of the involved amplitudes. To fully
exploit the available data LHCb uses B ± , B 0 , Bs , and many D decay modes requiring diﬀerent
techniques; also DK  and Ds K are used. Some modes show large direct CP asymmetries. It is
unfortunately impossible to appropriately discuss the individual measurements in this summary,
so we only show the overall results on γ in Fig. 11. The combined ﬁt, dominated by the
measurements from charged B + to charm decays, gives69 γ = 70.9 +7.1
−8.5 deg, which is in agreement
with the value from the CKM ﬁt (not including the direct γ measurements) of 64 68 ± 2 deg.
6.3

CP violation and mixing in charm decays

In the neutral charm sector the mixing probability is extremely low due to CKM suppression
of order λ10 , making charm mixing a challenging measurement. Mixing-induced or direct CP violation eﬀects are also expected to be small so that for both measurements large data yields
are needed. Owing to a large cross section and hadronic triggers, LHCb has collected a huge
charm sample during Run-1. A new mixing analysis66 presented at this conference used the
decay D0 → K − π + π − π + to determine the strong phase diﬀerence needed for the measurement
of γ from B + → D0 (→ K − π + π − π + )K + decays. It exploits the time-dependent ratio of wrongsign (D0 → K + π − π + π − ) to right-sign (D0 → K − π + π − π + ) events that depends on the charm
mixing coeﬃcients, the ratio of Cabibbo-favoured and doubly Cabibbo-suppressed amplitudes,
and on their interference (hence the sensitivity to the strong phase).
LHCb also presented65,66 a new measurement of the time-integrated CP asymmetry ΔACP =
0
0
ACP (D0 /D → K + K − ) − ACP (D0 /D → π + π − ), where the D0 ﬂavour is inferred from the
+
charge of the soft pion in the decay D → D0 π + . An earlier result by LHCb67 using 0.6 fb−1
of data collected during Run-1 exhibited an unexpected 3.5σ deviation from zero (ΔACP =
0.82 ± 0.21 ± 0.11, where the ﬁrst uncertainty is statistical and the second systematic). The new
result68 using the full 3.0 fb−1 Run-1 data sample, ΔACP = 0.10 ± 0.08 ± 0.03, does not conﬁrm
the earlier evidence for a deviation66 (see also Fig. 12).
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Figure 14 – Left: dimuon mass distribution in the most signal-like BDT bin. Data and ﬁt results (split into
signal and background components) are overlaid. Right: delta log-likelihood contours in the B(B → μ+ μ− )
versus B(Bs → μ+ μ− ) plane obtained without imposing the constraint of non-negative branching fractions. Also
shown are the combined result by CMS and LHCb, the Standard Model prediction with uncertainties and the
ATLAS result within the boundary of non-negative branching fractions. The ﬁgures taken from Ref.74 .

6.4

Rare B decays

The rare ﬂavour-changing neutral current decay Bs → μ+ μ−
μ+
b
+ 0
(c.f. diagrams in Fig. 13) is a prominent channel to look for new
W
Z
Bs0
t
physics. It has been searched for during almost 30 years at many
−
W
accelerators improving the sensitivity by ﬁve orders of magnitude
s
μ−
before being observed by CMS and LHCb70,71,72 in November
2014 through a combination of their Run-1 datasets. They found
μ+
−9 with a signiﬁcance of 6.2σ. The
b
B(Bs → μ+ μ− ) = 2.8 +0.7
−0.6 · 10
+
X X0
corresponding Standard Model prediction73 (3.7 ± 0.2) · 10−9 is
Bs0
t
in agreement with the measurement. The CKM suppressed Bd
W−
−10 with
channel f was found to be B(B → μ+ μ− ) = 3.9 +1.6
s
−1.4 · 10
μ−
a signiﬁcance of 3.2σ. This value is larger than the prediction73 Figure 13 – Representative Feyn(1.1 ± 0.1) · 10−10 .
man diagrams for Standard Model
(top) and new physics (bottom)

At this conference, ATLAS presented their full Run-1 result for contributions to Bs → μ+ μ− .
the two channels.74,75 The analysis proceeded similarly to that
of CMS and LHCb employing a multivariate Boosted Decision Tree (BDT) to suppress hadrons
faking muons giving rise to peaking backgrounds, another BDT to suppress continuum background, and a two-dimensional ﬁt to continuum-BDT bins and the dimuon mass (unbinned)
to locate the signal. The ﬁtted event yields are normalised to B + → J/ψK + requiring as
input the ratio of decay constants fs /fd taken from a dedicated ATLAS measurement (also
requiring theoretical input). As control channels to validate the cut eﬃciencies and multivariate
analyses serve B + → J/ψK + and Bs → J/ψφ. The expected sensitivity of the analysis for
a Standard Model branching fraction is 3.1σ. Figure 14 (left panel) shows the dimuon mass
distribution in the most signal-like BDT bin. No signiﬁcant signal is seen in this or the other
two selected BDT bins. Constraining the two branching fractions to be non-negative in the ﬁt
−9 with an upper limit of 3.0 · 10−9 at 95% CL. The upper
gives B(Bs → μ+ μ− ) = 0.9 +1.1
−0.8 · 10
limit for B(B → μ+ μ− ) is 4.2 · 10−10 . The compatibility with the Standard Model amounts to
2.0σ. The right panel of Fig. 14 shows the ﬁt result in the two-dimensional branching fraction
plane together with the combined CMS and LHCb result and the Standard Model prediction.
Also shown is the ATLAS result within the boundary of non-negative branching fractions.
f

The d subscript in Bd is usually omitted.
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Figure 16 – The angular ratio P5 versus the invariant mass q 2 of the recoiling dimuon system in B → K μ+ μ−
measured by LHCb76 (left panel) and Belle77 (right panel). Also shown are selected theoretical predictions.

6.5

Flavour anomalies

Several measurements in the ﬂavour sector exhibit non-signiﬁcant
W
b
s
but interesting anomalies with respect to theory predictions. A
prominent example is given by angular coeﬃcients describing the
t
μ−
transition b → sμ+ μ− . Figure 15 shows Feynman graphs for Stanγ, Z 0
dard Model and putative new physics contributions. The LHCb
μ+
collaboration performed an angular analysis of the decay B →
g̃
b
s
K  μ+ μ− using the full Run-1 data sample and determining eight
76,71
independent CP -averaged observables.
A convenient
observd˜i

μ+
able for comparison with theory is the ratio P5 = S5 / FL (1 − FL )
H0
μ−
in which the form-factor uncertainty cancels. Figure 16 (left panel)
shows the distribution of P5 versus the invariant mass q 2 of the
recoiling dimuon system. The LHCb data points show a tension Figure 15 – Representative
with the chosen theory prediction in the q 2 range between 4 and Feynman diagrams for Standard
Model (top) and new physics
8 GeV2 . The Belle collaboration recently performed a measure- (bottom) contributions to the
ment of that observable which is in agreement with the LHCb re- process b → sμ+ μ− .
sult but has lower statistical precision77 (see right panel of Fig. 16).
Angular and diﬀerential branching fraction analyses were also performed for Bs → φμ+ μ− (also
exhibiting a localised tension with the prediction) and a diﬀerential branching fraction analysis for B + → K + μ+ μ− . A global ﬁt with an eﬀective new physics parameterisation (Wilson
NP ) can reproduce the observed discrepancy pattern.78
coeﬃcients C9NP , C10
Less plagued by hard to estimate theoretical uncertainties are lepton universality tests. Such
tests were performed at the per-mil level at LEP and other e+ e− colliders not showing any significant discrepancy with the expectation of universal lepton coupling. The B-factory experiments
and LHCb have measured ratios of semileptonic B decays that have robust Standard Model
predictions.79,80,81,71,82 Figure 17 shows the various measurements of the ratios RD( ) = B(B 0 →
D() τ ν)/B(B 0 → D() ν) (left panel) and RK = B(B + → K + μ+ μ− )/B(B + → K + e+ e− )
(right). It includes a new measurement by the Belle experiment83 using semileptonic tagging of
the recoil B (as opposed to fully hadronic reconstruction). Belle ﬁnds RD = 0.302±0.030±0.011
with the ﬁrst uncertainty being statistical and the second systematic. The Standard Model expectation is 0.252 ± 0.003. Belle also studies additional kinematic distributions that have new
physics sensitivity. The Heavy Flavour Averaging Group (HFAG) has computed a new combination of RD that includes the latest Belle result, giving84 RD = 0.316 ± 0.016 ± 0.010 which is
3.3σ away from the Standard Model value. The two-dimensional combination with RD increases
the signiﬁcance to 4.0σ.
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panel shows the two-dimensional plane RD versus RD , and the right panel shows RK versus the invariant mass
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6.6

Charged lepton ﬂavour violation

A very active ﬁeld of new physics searches looks for decays that do not conserve the charged
lepton ﬂavour. The predictions of such processes within the Standard Model and including
massive neutrinos are immeasurably small so that any signal would be a clean sign of new physics.
Searches for charged lepton ﬂavour violation have a long history. The canonical channels are
μ → eγ, 3e, μN → eN conversion and τ → μγ, 3μ reaching down to branching fractions of
order 10−13 (10−8 ) for the former (latter) channels.g Forthcoming μ-to-e conversion experiments
planned in Japan and the US have spectacular perspectives with several orders of magnitude
improved sensitivity compared to the current state of the art.
The NA48/2 experiment at CERN has performed a new preliminary analysis86 of their 2003–
2004 data sample to search for lepton number violation in the decay K + → π − μ+ μ+ . The main
background in this channel stems from K + → π − π + π + followed by two π + → μ+ ν decays. No
excess of events was observed giving the strong limit B(K + → π − μ+ μ+ ) < 8.6·10−11 at 90% CL.
NA48/2 also studied the dimuon invariant mass spectrum of the opposite-charge K + → π + μ+ μ−
data sample for resonances which were not seen. With the new NA62/2 experiment at CERN
starting data taking a sensitivity of 10−12 for charged-lepton ﬂavour violation in this channel is
expected. The search for the decay π 0 → eμ is expected to reach a sensitivity of 10−11 .

6.7

Rare kaon decays

The NA62 collaboration presented an important preliminary measurement87 using their 2007
dataset of the timelike transition-form-factor (TFF) slope a in F (x) ≈ 1 + a · x + . . . (c.f. Fig. 18)
with π 0 → e+ e− γ Dalitz decays (1.2% branching fraction), using about 5 billion triggered
π 0 from K ± → π ± π 0 decays and a total of about 20 billion K ± in the decay region. The
TFF is an input to model the muon g − 2 light-by-light scattering contribution. h A challenge
for the F (X) extraction is the proper treatment of the QED radiative corrections that are
included in the Monte Carlo (MC) simulation used. A ﬁt using MC-based templates gives
a = (3.70 ± 0.53 ± 0.36) · 10−2 , which exceeds in precision previous measurements by factors.
g
The MEG collaboration just released85 their ﬁnal limit B(μ → eγ) < 4.2 · 10−13 at 90% CL, based on the full
2009–2013 dataset (totalling 7.5 · 1014 stopped muons on target). An upgrade programme MEG II is underway.
h
Other experimental information relevant for that contribution stems from spacelike measurements of the
process e+ e− → e+ e− γ γ → e+ e− π 0 by CELLO, CLEO and BABAR.
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The NA62/2 collaboration presented the latest
e−
commissioning status87 on the way to a ﬁrst meaγ
surement of the ultra-rare decay K ± → π ± νν.
0
π
That decay was observed at BNL by the E949 exe+
FF(x)
(x)
periment with a measured branching fraction of
− pe− )
 1 + ax + …
(17 ± 11) · 10−11 with (8.4 ± 1.0) · 10−11 predicted.
(in timelike region)
The goal by NA62/2 is a branching fraction mea- x)
γ
2
surement with 10% precision (assuming Standard m 0 ) ≡ xmin ):
Model rate). The experimental requirements are 5 Figure 18 – Feynman graph of the Dalitz decay
trillion K ± decays (giving about 50 signal events) π0 → e+ e− γ used to determine the slope of the
per year, which could already be reached in 2016, timelike transition form factor.
and a similar order for the background suppression (dominated by K ± → π ± π 0 ) to select less
than 10 background events per year in the signal regions. The most sensitive discriminating
variable is the missing mass m2miss = (pK ± − pπ± )2 , which is positive and monotonously falling
for signal while it can be negative or peaked for backgrounds. The commissioning results showed
that the detector performance is close to the design requirements already.
7

Electroweak precision physics

High precision measurements of electroweak observables and the global ﬁt to these were a masterpiece of the LEP era. It led to constraints on the top-quark and Higgs-boson masses before these particles were discovered at, respectively, the Tevatron and the LHC. The direct
mass measurements were then found in agreement with the indirect constraints. The discovery of the Higgs boson overconstrains the electroweak ﬁt and dramatically improves its predictability. The ﬁt has thus turned into a powerful test of the Standard Model. The current
predictions of the observables most beneﬁting from the known Higgs boson mass, split into
the various uncertainty terms, are88 : mW = 80.3584 ± 0.0046mt ± 0.0030δtheo mt ± 0.0026mZ ±
0.0018Δαhad ± 0.0020αS ± 0.0001mH ± 0.0040δtheo mW GeV, and sin2 θeﬀ = 0.231488 ± 0.000024mt ±
0.000016δtheo mt ± 0.000015mZ ± 0.000035Δαhad ± 0.000010αS ± 0.000001mH ± 0.000047δ sin2 θf .
theo

eﬀ

Their total uncertainties of 8 MeV and 7 · 10−5 , respectively, undercut the (world average)
experimental errors of 89,90 15 MeV and 16 · 10−5 , respectively.
The LHC experiments, as do CDF and D0 since long and continuing, are investing eﬀorts into
eﬀ . All are extremely
precision measurements of the electroweak observables mW , mtop , and sin2 θW
challenging. In this respect, it is worth pointing out that the LHC Run-1 is not over yet. It
represents a high-quality, very well understood data sample for precision measurements.
7.1

Top-quark mass

There has been signiﬁcant progress on the top-quark mass measurements at the LHC achieving
similar precision as those performed by the Tevatron experiments. The currently most accurate
LHC number is the CMS combination91 giving mtop = 172.44 ± 0.13 ± 0.47 GeV, where the ﬁrst
uncertainty is statistical and the second systematic. The most recent Tevatron combination
gives92 mtop = 174.34 ± 0.37 ± 0.52 GeV with a tension of 2.4σ or more with the CMS result.
While these kinematic mass measurements provide the best current precision on mtop and must
be continued, it is also apparent that they approach a diﬃcult systematic uncertainty regime
from, mostly, the b-quark fragmentation. A way to improve93 could be to choose more robust
observables with respect to the leading systematic eﬀects at the possible price of loosing statistical power. The dilepton kinematic endpoint is an experimentally clean observable, which
has however large theoretical uncertainties. More robust could be the selection of charmonium
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states94 or charmed mesons originating from a b-hadron produced in one of the b-jets. A clean
but rare signature. ATLAS and CMS have also invested work into the indirect determination
of the top mass from inclusive and diﬀerential cross-section measurements. These are promising approaches beneﬁting from theoretically well deﬁned observables, which are however not
yet competitive with the kinematic methods. They also stronger depend on the assumption
that no new physics contributes to the measured cross sections. The currently best top pole
mass determination from CMS using a precise Run-1 eμ-based cross-section measurement is95
173.8 +1.7
−1.8 GeV in agreement with the direct (kinematic) measurements.
7.2

Weak mixing angle

The CDF, D0,99 and LHC experiments96,97,98 have extracted the weak mixing angle from Z/γ 
eﬀ at the Tevatron are domipolarisation measurements.100,101 The total uncertainty on sin2 θW
nated by statistical eﬀects, that of LHCb has similar statistical and systematic contributions,
while for ATLAS and CMS parton density function (PDF) uncertainties are dominant. A datadriven “PDF replica rejection” method applied by CDF allows to reduce the sensitivity to PDF
and to update the measurement when improved PDF sets are available. Overall, these are
complex measurements (in particular with respect to the physics modelling) that are important
to pursue also in view of a better understanding of Z/γ  production at hadron colliders. The
precision obtained is however not yet competitive with that of LEP/SLD.

7.3

W boson mass

#
ATLAS, CMS and LHCb have presented
  
!"  
progress towards a ﬁrst measurement of




the W mass at the LHC using the lep  
tonic W boson decay, which relies on


an excellent understanding of the ﬁnal
102

state.
The observables used to probe


mW are the transverse momentum of the

lepton (pT, ), the transverse momentum
of the neutrino (pT,ν ), measured from the

transverse recoil of the event, and the
transverse mass of the lepton-neutrino

system (mT ). The measurement requires




a high-precision momentum and energy
   

scale calibration (including the hadronic
recoil) obtained from Z, J/ψ and Υ data, Figure 19 – Diﬀerence between the ﬁtted W -like Z mass and
and excellent control of the signal eﬃ- the LEP measurement for each mW probe and W charge.
ciency and background modelling. The
biggest challenge is posed by the physics modelling. The production is governed by PDF and
initial state interactions (perturbative and non-perturbative), that can be constrained by W + ,
W − , Z, and W + c data, and the use of NNLO QCD calculations including soft gluon resummation. The experimental mW probes are very sensitive to the W polarisation (and hence to
PDF, including its strange density). Electroweak corrections are suﬃciently well known.

 







  




The experiments are in a thriving process of addressing the above issues. Many precision measurements (diﬀerential Z, W + X cross sections, polarisation analysis, calibration performance,
etc.) are produced on the way with beneﬁts for the entire physics programme. Theoretical
developments are also mandatory. Altogether this is a long-term eﬀort.
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CMS presented for the ﬁrst time a mZ measurement using a W -like Z → μ+ μ− analysis where
one muon is replaced by a neutrino that contributes to the missing transverse momentum in the
event.103,102 It represents a proof-of-principle, although diﬀerences with the full mW analysis
remain in the event selection, the background treatment and most of the theory uncertainties,
(. . . ). CMS used the 7 TeV dataset to take beneﬁt from the lower number of pileup interactions.
The momentum scale and resolution calibration for that measurement relies on J/ψ and Υ data.
Track-based missing transverse momentum is used and the W transverse recoil is calibrated
using Z + jets events. The results for the diﬀerent probes and the positive and negative W -like
cases are shown in Fig. 19. Agreement with the LEP measurement is found. The uncertainties,
depending on the probe used, are: statistical: 35–46 MeV, total systematic: 28–34 MeV, QED
radiation: ∼23 MeV (dominant), lepton calibration: 12–15 MeV.

8

The LHC at 13 TeV — Standard Model physics

A huge milestone was achieved in 2015 with a record proton–proton collision energy of 13 TeV
and high-energy lead–lead collision. After a rocky start, the LHC delivered an integrated proton–
proton luminosity of 4.2 fb−1 with a peak instantaneous luminosity of 5.2 · 1033 cm−2 s−1 . The
majority of the data were produced with 25 ns bunch crossing distance (as opposed to 50 ns
at the beginning of the run). This amount of data already improves the reach for many new
physics searches. The year 2015 has also been rewarding for the experiments with many results
available for the summer conferences, a huge amount of results released for the CERN end-ofyear seminars, and many more at this conference. LHC running in 2016 has already started and
is expected104 to reach up to 25 fb−1 integrated luminosity over the year with peak luminosity
of about 1034 cm−2 s−1 .
The integrated luminosity collected by the experiments in 2015 for physics analysis amounts to
3.3–3.6 fb−1 for ATLAS (depending on the data quality requirements applied), 2.2–3.3 fb−1 for
CMS (0.8 fb−1 was taken in a solenoid-oﬀ conﬁguration), and 0.32 fb−1 for LHCb after luminosity levelling to suppress pileup interactions. The luminosity monitors of the experiments were
calibrated with dedicated beam-separation scans to preliminary 5.0% (ATLAS), 2.7% (CMS),
3.8% (LHCb) relative precision. The average number of pileup interactions in ATLAS and CMS
were μ50 ns  20, μ25 ns  13 (for comparison μ8 TeV  21), and in LHCb μlevelled  1.7.
8.1

Inclusive W and Z production

Inclusive W and Z boson events represent a rich physics laboratory with strong PDF dependence
(the W + /W − ratio is sensitive to low-x up and down valence quarks, the W ± /Z ratio constrains
the strange density), and as probes for QCD and electroweak physics. Their leptonic decays
also serve as standard candles to calibrate the electron and muon performance of the detectors.
ATLAS, CMS and LHCb have studied single gauge boson production at 7, 8 and 13 TeV,
where LHCb covers a complementary phase space in x, Q2 owing to its forward acceptance
(2.0 < |η| < 4.5). Initial 13 TeV inclusive Z (W ± ) cross section measurements were performed
by all three experiments (ATLAS and CMS), who ﬁnd overall agreement with the Standard
Model predictions.101,105,106,107 Figure 20 shows ratios of cross sections from ATLAS (top panels)
and CMS (bottom panels) compared to various PDF sets. Systematic uncertainties cancel to
some extent in these ratios so that already a precision of better than 3% is achieved. Similar
experiment-versus-theory patterns are observed for both experiments.
Among the Run-1 results presented were measurements of pT (Z) at 8 TeV from ATLAS108 (also
CMS109 and LHCb110 ) showing that soft gluon resummation is needed at low pT to describe
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Figure 20 – Ratios of measured ﬁducial (top, ATLAS) and total (bottom, CMS) cross sections of W + to W −
(left) and W ± to Z (right) production compared to predictions using various PDF sets.

the data. NNLO calculations lie systematically below the data at high pT . Charge asymmetry
results are found to be well predicted by theory. High-rapidity W and Z cross sections measured
by LHCb are well predicted by NNLO theory. A full angular analysis of Z → μ+ μ− production
and decay at 8 TeV that is sensitive to the Z polarisation and decay structure was performed
by CMS.111
8.2

Diboson production

Diboson production is an important sector of LHC physics, intimately related to electroweak
symmetry breaking. ATLAS and CMS studied diboson production at 7, 8, 13 TeV. Detailed
inclusive, ﬁducial and diﬀerential cross-section analyses were performed at 8 TeV, and ﬁrst
13 TeV results were released.112 Theoretical predictions at NNLO accuracy are needed to match
the data.
The ZZ cross section at 13 TeV was measured by ATLAS113 and CMS,114 W Z by CMS115 : all
agree with the Standard Model predictions (see Fig. 21 for selected detector-level distributions).
The W W cross section at 8 TeV, measured by both experiments,116,117 agrees with the NNLO
prediction improved by soft pT resummation. A detailed recent analysis of W Z production
at 8 TeV by ATLAS118 shows deviations from the NLO prediction, which is not unexpected.
A recent NNLO calculation moves the theory towards the data.119 Measurements of Zγ cross
sections at 8 TeV by ATLAS120 and CMS121 are matched by NNLO predictions. First evidence
for vector-boson scattering (VBS) was reported in 2014 by ATLAS122 and by CMS123 in the
W ± W ± qq channel. New 8 TeV VBS searches were released in the (W/Z)γqq (CMS124 ) and
W Zqq (ATLAS118 ) modes, not yet leading to an observation of this process. The triboson
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Figure 21 – Detector level distributions of the four-lepton invariant mass (left, ATLAS113 ) and the three-lepton
plus missing transverse momentum transverse mass (right, CMS115 ) after corresponding diboson selections.

process Zγγ was observed by CMS,125 evidence for W γγ was reported by ATLAS126 and CMS.125
The various diboson analyses provide a large set of anomalous coupling limits.

8.3

Top-quark physics

The cross section of top-antitop quark pair production at 13 TeV is
predicted in the Standard Model to increase by a factor of 3.3 over
that at 8 TeV. ATLAS and CMS have already studied top production in many ways127 at 13 TeV beneﬁting from a fast analysis turn
around in 2015. The robust dilepton eμ ﬁnal state provides the most
precise inclusive results at all proton–proton centre-of-mass energies.
The inclusive tt production cross sections as measured by ATLAS, Figure 22 – Feynman diaCMS and the Tevatron experiments versus centre-of-mass energy (see gram for electroweak single
Refs.128,129 for the 13 TeV results), and compared to theory predic- top quark production.
tions are shown in the left panel of Fig. 24 Diﬀerential cross-section
measurements at 13 TeV show reasonable modelling, though some
deviations at large jet multiplicity are seen.130,131
ATLAS and CMS have also measured t-channel single top-quark production132,133 (see Fig. 22)
that is predicted to increase in rate by a factor of 2.5 at 13 TeV over 8 TeV. The cross-section
measurements are consistent with this prediction within still sizable experimental uncertainties.127
A summary of the measurements and comparison to theory is given in Fig. 24 (right panel).
Of particular interest is the measurement g
Z
t̄
of top-pair production in association with
q̄
bosons (ttZ and ttW , see Fig. 23 for rept
resentative leading order Feynman graphs).
t̄
q
These channels are important in their own
right (in particular ttZ, which directly probes
t
the top coupling to the Z boson), but they
W
q
also represent irreducible backgrounds in ttH g
and many new physics searches. Because of
Figure 23 – Feynman diagram for top pair production in
diﬀerent production processes their respec- association with a Z (left) or a W boson (right).
tive 13 TeV to 8 TeV cross-section ratios are
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3.6 (ttZ) and 2.4 (ttW ). ATLAS and CMS showed ﬁrst 13 TeV results that combine several
multilepton ﬁnal states.134,135,136 The most challenging part of the analysis is the estimate of
the reducible background due to prompt-lepton misidentiﬁcation which must be measured in the
data. At 8 TeV, both processes were observed and found consistent with the Standard Model
predictions (the measured ttW cross section was about 1σ high in both ATLAS and CMS). The
preliminary results for 13 TeV are: σ(ttZ) = 0.92±0.30±0.11 pb, σ(ttW ) = 1.38±0.70±0.33 pb
+0.17
(ATLAS), and σ(ttZ) = 1.07 +0.35
−0.31 −0.14 pb (CMS). They agree with the Standard Model predictions computed at NLO, with the ttW measurement being again on the high side of the
prediction.
The current amount of 13 TeV data is 5
t
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in this observable (see Fig. 25). The measured
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agreement with the Standard Model predictions.
The D0 experiment has released a new measure- Figure 25 – Summary of AFB (tt) measurements by
ment of P and CP -odd observables, where the CDF and D0 compared to the Standard Model preCP -odd one was found compatible with zero as diction.
expected.140 Top-antitop spin correlations have
been established at the LHC and were used by ATLAS to put bounds on “stealth” supersymmetric top partners, so-called top squarks or stop.141 A 4.2σ evidence for spin correlations was
presented by D0.142 Highly suppressed FCNC processes such as t → gq, Zq, Hq were probed by
ATLAS and CMS with no signal seen.
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Figure 27 – Higgs boson production signal strengths (left panel) and decay signal strengths (right panel) from the
preliminary Run-1 combination of ATLAS and CMS Higgs coupling measurements.143 Also shown are the results
for each experiment. The error bars indicate the 1σ (thick lines) and 2σ (thin lines on the left panel) intervals.
The measurements of the global signal strength μ are also shown.

8.4

Higgs boson physics

In 2015 ATLAS and CMS accomplished a preliminary combination of their Run-1 Higgs boson
measurements.143,144 Among improved constraints on all couplings
it established the observation with
more than 5σ signiﬁcance of the
decay H → τ τ and the Higgs
boson production through vectorboson fusion (VBF). The resulting ratios of measured to predicted
signal strengths are shown for the
production and decay channels in
Fig. 27, where for the production
(decay) channels the corresponding Figure 26 – Display of a H → eeμμ candidate from 13 TeV proton–
decay (production) modes are as- proton collisions measured by ATLAS. The invariant mass of the
four lepton system is 129 GeV, the dielectron (dimuon) invariant
sumed to be Standard Model like. mass is 91 (29) GeV, the pseudorapidity diﬀerence between the two
No signiﬁcant deviation from one is jets is 6.4, the di-jet invariant mass is 2 TeV. This event is consistent
observed, albeit a somewhat higher with VBF production of a Higgs boson decaying to four leptons.
than expected ttH cross section is
seen. The expected increase in Higgs boson cross section at 13 TeV compared to 8 TeV is
between 2 and 2.4 for V H, ggH and VBF, but 3.9 for ttH. A luminosity of 3.3 fb−1 at 13 TeV
already attains roughly 80% of the Run-1 sensitivity for the latter mode.
Both ATLAS and CMS have ﬁnalised their Run-1 searches for lepton ﬂavour violation in Higgs
boson decays.145,146 While H → μe is severely bound from other ﬂavour physics measurements,
H → τ μ, τ e are only weakly constrained. CMS released early 2015 a H → τ μ result with a
slight (2.4σ) excess. ATLAS has completed its full analysis (including a search for H → τ e) for
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Figure 28 – Left: combined inclusive H → 4, γγ cross sections versus proton–proton CM energy as measured
by ATLAS and compared to the NNLO theoretical prediction. Right: CMS ﬁducial H → 4 cross section versus
CM energy.

this conference. The results for B(H → τ μ) are 0.53 ± 0.51% (< 1.43% at 95% CL) for ATLAS,
0.84 +0.39
−0.37 % (< 1.51%) for CMS, and B(H → τ e) = −0.3 ± 0.6% (< 1.04%) for ATLAS.
Although the sensitivity is yet marginal for inclusive Higgs boson production, ATLAS and CMS
have looked in their 13 TeV datasets for H → 4 and H → γγ events.147,148,149 The observed
signal yields are consistent with the theoretical predictions. Figure 28 shows the measured
inclusive Higgs boson production cross sections versus the proton–proton centre-of-mass energy
for ATLAS (left) and CMS (right).
The CMS collaboration released in record time ﬁrst 13 TeV results
g
t
for ttH production searches,150,151 which is the only currently accessible channel that directly measures the top–Higgs coupling (c.f.
Feynman graph in Fig. 29). All major Higgs boson decay channels,
H
γγ, multileptons, and bb, were analysed. In particular the latter two
channels represent highly complex analyses. The multilepton mode
targets Higgs boson decays to τ τ , W W → 22ν, and ZZ → 22ν, 4
g
t̄
together with at least one top-quark decaying leptonically. It requires at least two leptons with the same charge, which greatly re- Figure 29 – Feynman diagram
duces Standard Model backgrounds. The dominant remaining back- for Higgs boson production
grounds are misidentiﬁed prompt leptons and ttV production. The in association with two top
quarks probing the top–Higgs
H → bb mode is analysed in the one and two lepton channels. Here, coupling strength.
the biggest challenge represents tt production associated with heavy
ﬂavour quarks (c or b) originating mostly from gluon splitting, which is poorly known and needs
to be constrained from data simultaneously with the signal. Figure150 shows representative plots
for the three ttH channels. The results for the relative signal strengths are: μttH(→ γγ) = 3.8 +4.5
−3.6 ,
,
and
μ
=
−2.0
±
1.8.
No
signiﬁcant
excess
was
observed.
μttH(→ leptons) = 0.6 +1.4
ttH(→,bb)
−1.1
9

The LHC at 13 TeV — Searches for new physics

Many of the high mass and higher cross section searches for new physics already beneﬁt from
the 2015 13 TeV data sample to extend their sensitivity. It represents thus a fresh start after the
negative beyond the Standard Model searches from Run-1. The legacy of Run-1 also contained
a small number of anomalies that needed to be veriﬁed in the Run-2 data. Only 13 TeV searches
are discussed in the following.
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9.1

Additional Higgs bosons

The observed 125 GeV Higgs boson completes the four degrees of freedom of the Standard
Model BEH doublet. Nature may have chosen a more complex scalar sector of, e.g., two BEH
doublets, which extends the scalar sector by four more Higgs bosons, of which two are neutral
(one CP -even and one CP -odd) and the other two are charged. Both ATLAS and CMS have
searched152 for such additional Higgs bosons in Run-1 and Run-2. For H → τ ν (H/A → τ τ ), the
sensitivity of the new data exceeds that of Run-1 for masses larger than 250 GeV (700 GeV). The
search for A → Z(→ , νν)h125 (→ bb) features improved sensitivity beyond about 800 GeV.
Searches for H → ZZ(→ qq, ννqq, 4) and W W (→ νqq) target the > 1 TeV mass range
where the bosons are boosted and their hadronic decays are reconstructed with jet substructure
techniques. The search for a resonance decaying to hh125 (→ bbγγ) had a small excess in Run-1
at about 300 GeV, which could not yet be excluded at 13 TeV. Also performed were searches for
resonant and non-resonant hh125 (→ bbτ τ ) production. None of these many searches exhibited
an anomaly so far in the 13 TeV data.

9.2

New phenomena with high-transverse-momentum jets and leptons

Among the ﬁrst searches performed at any signiﬁcant increase of collision energy are those for
heavy strongly interacting new phenomena.153 Figure 31 shows on the left panel the ATLAS dijet
invariant mass spectrum154,155 and on the right panel the CMS multijet ST (deﬁned as the scalar
sum of the jet transverse momenta) distribution.156,157 The measured spectra are compared to
phenomenological ﬁts using smoothly falling functions as expected from the QCD continuum.
No signiﬁcant deviation from these ﬁts is seen in the data. The experiments have also looked
at dijet angular distributions versus the dijet mass which add further sensitivity to phenomena
described by eﬀective contact interactions. An ATLAS analysis158 looked for new physics in

the
pT spectrum of events with at least one high-pT lepton and jets. ATLAS and CMS
have also looked for resonances decaying to heavy-ﬂavour quarks,159,160,162 X → bb, tt. None
of these searches exhibited an anomaly. Second generation scalar lepto-quark i pair production
was searched for by CMS161 in the (μq–μq) ﬁnal state excluding such particles below a mass of
1.2 TeV in case of 100% branching fraction to μq.
i

Lepto-quarks are hypothetical particles carrying both lepton and baryon numbers.
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Figure 31 – Dijet invariant mass distribution measured by ATLAS (left) and ST spectrum in multijet events
measured by CMS (right). The data are compared to ﬁts using smoothly falling functions. Also shown are
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Important canonical searches involve
charged and charged–neutral dilepton
pairs.163 Excellent high-mass DrellYan background modelling is crucial here, which requires to pair detailed diﬀerential cross-section measurements with these searches. HighpT muon reconstruction challenges
the detector alignment in particular for the complex ATLAS muon
spectrometer structure.164 Figure 33
shows the ATLAS dielectron mass
distribution165 (left panel) and the
CMS166 transverse mass between the
muon and the missing transverse mo- Figure 32 – Display of the highest-mass dilepton pair measured by
mentum (measuring the neutrino from CMS at 2.9 TeV mass. Each electron candidate has 1.3 TeV ET ,
and the two candidates are back-to-back in azimuthal angle. For
the transverse balancing of the event, comparison, the highest-mass Run-1 events found by CMS were
right panel). Figure 32 shows a display at 1.8 TeV (ee), 1.9 TeV (μμ).
of the highest-mass dilepton events
measured by CMS in the 2015 data. No anomaly was found. Limits for the traditional sequential Standard Model Z  (W  ) benchmark are set at 3.4 TeV (4.4 TeV) (for comparison:
2.9 TeV (3.3 TeV) at 8 TeV). ATLAS and CMS also looked into high-mass eμ (lepton ﬂavour
violation) production.167,168 The main background here are dilepton top-antitop events. Again,
no anomaly was seen.

528

Data
Z/a *
Top Quarks
Diboson
Multi-Jet & W+Jets
Z’r (3 TeV)
RLL = 20 TeV

ATLAS Preliminary
s = 13 TeV, 3.2 fb-1
Dilepton Search Selection

106
105
104
3

10

Events

Events

2.2 fb-1 (13 TeV)
10

105

CMS
Preliminary

Data
W  

miss

tt

+E

T

Z/  *
Diboson

104

SSM W' 2.4 TeV
SSM W' 3.6 TeV

3

10

2

10

2

10

10

10

1

1

10<1

101

Data/MC

10<2
Data / Bkg

6

1.4
1.2
1
0.8
0.6

2
1.5
1
0.5
Systematic uncertainty band

90
1100
00

200

300 400

2000 3000
1000
Dielectron Invariant Mass [GeV]

0

2× 102

3× 102

10

3

2× 10

3

3× 10

3

MT (GeV)

103
ATLAS Preliminary
102

2.6 fb-1 (13 TeV)

104

Data 2015

s = 13 TeV, 3.2 fb-1

Fit bkg estimation
Fit exp. stats error

WZ selection

Events / 94.7 GeV

Events/100 GeV

Figure 33 – Dielectron mass distribution measured by ATLAS (left) and the muon–neutrino transverse mass
distribution from CMS (right). The data are compared to predictions from (mostly) MC simulation. Also shown
are distributions for benchmark signal models.

CMS

CMS data

Preliminary

2 par. background fit

103

W'(2 TeV)WZ ( = 0.029 pb)

WZ, high-purity

102

10

|| < 2.4, p > 200 GeV
T

Mjj > 1 TeV, | | < 1.3
jj

10

1
1

2
0
-2
1000

10-132

Data-Fit


Pull

10-1
1
0
-1
-2
-3

1200

1400 1600

1800

2000

2200 2400
mJJ [GeV]

1000

1500

2000

2500

3000

3500

Dijet invariant mass [GeV]

Figure 34 – Dijet invariant mass distributions in the search for a heavy resonance decaying to a W and a Z boson,
each of which decays hadronically into a merged jet. The left plot shows ATLAS, the right CMS.

9.3

Diboson resonances (V V , V h, hh)

Also 13 TeV searches for a diboson resonance were promptly released by ATLAS and CMS.169
The high pT of the bosons boosts the hadronic decay products so that jets are merged and
analysed using substructure techniques to suppress strong-interaction continuum background.
An excess of events was seen at 8 TeV in the fully hadronic X → V V (V = W, Z) resonance
searches170,171 around 2 TeV (globally 2.5σ for ATLAS in the W Z mode), which was however
not observed in the other weak gauge boson decay channels of similar sensitivity. Figure 34
shows the 13 TeV dijet mass distributions after substructure analysis for ATLAS172 (left) and
CMS173 (right). There is no hint of an excess around 2 TeV, but the current statistical precision
is not large enough174 to fully exclude the anomaly seen at 8 TeV. Other diboson resonance
searches also do not exhibit discrepancies from the Standard Model expectation.
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9.4

Supersymmetry

Both ATLAS and CMS have updated their most sensitive searches for high-cross-section strong
supersymmetric squark and gluino production using the 13 TeV data sample175 (c.f. Fig. 36
for representative simpliﬁed models). Although the jets plus missing transverse momentum
searches beneﬁt from improved background modelling, owing to more accurate MC generators
and improved tuning, discrepancies in the extreme phase space regions of these searches remain
and are corrected using scale factors determined in data control regions. A total of seven
early hadronic 13 TeV analyses were performed by ATLAS and CMS in time of the conference
selecting up to ten jets and up to three b-tagged jets.176,177 None of these searches observed
a signiﬁcant excess of events in the signal regions. Representative distributions and limits are
shown in Fig. 35. In the simpliﬁed models used to interpret the searches gluino masses up to
1.7 TeV could be excluded in case of light or moderate-mass neutralinos, exceeding the Run-1
limits by up to 300 GeV.
Inclusive supersymmetry searches also involved events with leptons, where single lepton, dilepton
(on and oﬀ the Z mass resonance) and same-charge dilepton signatures with additional jets
and missing transverse momentum were studied.178 Such signatures can occur for example when
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Figure 36 – Simpliﬁed models for supersymmetric squark and gluino pair production at the LHC. The right-hand
process can occur if the top squark is lighter than the ﬁrst and second generation squarks as is possible in models
with large squark mixing.
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Direct production of pairs of third generation bottom and top squarks was also already studied by
both ATLAS and CMS.185,186,162 The sensitivity
of these searches does only moderately exceed that
of Run-1 due to the relatively low cross sections
of third generation scalar squark production (topsquark pair production has an about six times
lower cross section as the corresponding top-quark
pair production at equal mass). A total of ten
13 TeV analyses targeted this production and also
that of vector-like quark production. Vector-like
quarks are hypothetical fermions that transform
as triplets under colour and that have left- and
right-handed components with same colour and
electroweak quantum numbers. For these searches,
signatures for pair or single production and decays
to bW , tZ and tH were studied.187,188 Also considered were exotic X5/3 → tW particles. No anomaly
was seen in these searches.

Events / 20 GeV

gluinos (assumed to be Majorana fermions) decay via intermediate charginos or higher neutralino
states or via top squarks. These searches beneﬁt from reduced background levels than in the
fully hadronic cases, but often also have lower signal eﬃciencies due to small leptonic branching
fractions. A total of eight searches were presented179,180,181,182 with only one (non-signiﬁcant)
anomaly seen. The ATLAS search in Z →  plus jets plus missing transverse momentum ﬁnal
states180 exhibits a modest excess of 2.2σ in a signal region that had already shown a 3.0σ
excess in the corresponding 8 TeV ATLAS analysis.183 Figure 37 shows the observed dilepton
mass distribution in data compared to the Standard Model expectation. This excess was not
conﬁrmed by CMS at 8 TeV,184 neither at 13 TeV.182 A small excess seen by CMS at 8 TeV
(2.6σ) in the oﬀ-Z dilepton mass region184 was not conﬁrmed in the 13 TeV data.
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ATLAS in a 13 TeV a Z plus jets plus missing transverse momentum search in the dilepton ﬁnal state
compared to the Standard Model expectation.

ATLAS searched for top squark pair production with R-parity violating decays governed by
non-zero λ323 couplings to a pair of bs quarks189 that leads to a four-jet ﬁnal state with no
missing transverse momentum. Employing a hadronic trigger and a data-driven background
determination, top squark masses between 250 GeV and 345 GeV were excluded at 95% CL.
The production of long-lived massive particles as it can occur due to large virtuality, low coupling
and/or mass degeneracy in a cascade decay, e.g., via the scale-suppressed colour triplet scalar
from unnaturalness presented at this conference,190 is an important part of the LHC search
programme.191 ATLAS and CMS presented searches for heavy long-lived supersymmetric particles at 13 TeV using measurements of the speciﬁc ionisation loss in the tracking detectors
and time-of-ﬂight in the calorimeters and muon systems.192,193 Figure 38 shows on the left the
distribution of the reconstructed particle mass in CMS compared to the background expectation determined from data together with the distribution of a signal benchmark. The right plot
shows limits on the gluino mass versus its lifetime obtained by ATLAS from several analyses
covering the full lifetime spectrum.

9.5

Dark matter production

If dark matter particles (assumed to be weakly interacting and massive, WIMPs) interact
with quarks and/or gluons they can be directly pair produced in the proton collisions at the
LHC.194,195 Since the WIMPs remain undetected, to trigger the events a large boost via initial
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state jet or photon radiation (or other recoiling particles) is needed leading to large missing
transverse momentum (MET) from the recoiling WIMP pair. The ﬁnal state signature depends
on the unknown details of the proton–WIMP coupling requiring a large range of “X + MET”
searches. The most prominent and among the most sensitive of these is the so-called “mono-jet”
search, which extends to a couple of high-pT jets recoiling against the MET. Large irreducible
Standard Model backgrounds in this channel stem from Z(→ νν) + jets and W (→ ν) + jets
events, where in the latter case the charged lepton is either undetected or a hadronically decaying tau lepton. These backgrounds are determined in data control regions requiring accurate
input from theory to transfer the measured normalisation scale factors to the signal regions.
Several 13 TeV results were already released by ATLAS and CMS: jets + MET,196,197 photon
+ MET,198 Z/W + MET,199,200 and bb/tt + MET.201 None has so far shown an anomaly.
Figure 39 shows missing transverse momentum distributions measured by ATLAS and CMS in
jets + MET and bb/tt + MET searches, respectively. Figure 40 shows for a speciﬁc benchmark
model (see ﬁgure caption) ATLAS exclusion regions in the DM versus the model’s mediator
mass plane as obtained from the jets + MET and photon + MET analyses as well as from the
dijet reaonance search. These searches have complementary sensitivity.

9.6

Diphoton resonance

Photons have been used at all times in all areas of science as detection probes. A celebrated
recent example was the discovery of the Higgs boson via (among other channels) the decay
H → γγ. Searches for a new resonance in the diphoton mass spectrum were performed by
ATLAS203,204 and CMS205 in Run-1 looking for a low to medium mass scalar resonance, or a
medium to high mass spin-two resonance motivated by strong gravity models. Diphoton spectra
were also analysed in view of high-mass tail anomalies due to new nonresonant phenomena.
Searches involving at least three photons were used during Run-1 to look for new physics in
Higgs or putative Z  decays.206
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Preliminary analyses of the 13 TeV diphoton data presented at the 2015 end-of-year seminars
showed enhancements at around 750 GeV invariant diphoton mass in both ATLAS and CMS.
This conference featured updated analyses, still preliminary, of the 2015 and for ATLAS also
the 8 TeV Run-1 datasets.207,208,210,211
ATLAS207 showed dedicated searches for a spin-zero and a spin-two diphoton resonance. The
main diﬀerence between these searches are the photon acceptance requirements: for the spinzero case these are ET (γ1 ) > 0.4 · mγγ , ET (γ2 ) > 0.3 · mγγ , where the indices 1, 2 indicate the
leading and subleading photon. In the spin-two case, the ﬁxed requirement ET (γ1/2 ) > 55 GeV
is applied. The diﬀerences are motivated by the diﬀerent photon decay angle behaviour in
the centre-of-mass of the resonance, resulting in more low-ET forward photons in the spin-two
case. Photons are tightly identiﬁed and isolated giving a typical photon purity of about 94%.
The background modelling is empirical in the spin-zero analysis, and theoretical in the spintwo case for the dominant irreducible diphoton contribution (the small misreconstructed photon
background is determined from data and extrapolated to high mass). This choice is motivated
by the high mass reach of the spin-two search.
The top panels of Fig. 41 show the diphoton invariant mass spectra observed with the spin-zero
(left) and spin-two (right) selections together with the background estimations. The bottom
panels show the local signiﬁcances obtained when scanning a signal plus background model with
varying signal mass and width. The lowest compatibility of the data with the backgroundonly hypothesis is found for the spin-zero case at around 750 GeV and a signal width of about
45 GeV (6% relative to the mass). The p-value of that point is found to correspond to a local
signiﬁcance of Z = 3.9σ. Taking into account the statistical trials factor inherent in the signal
mass and width scan reduces the signiﬁcance to globally 2.0σ. The corresponding values for
the spin-two case are: largest local signiﬁcance at around 750 GeV and relative width of 7%,
local / global signiﬁcances of 3.6σ / 1.8σ. ATLAS compared the event properties in the excess
interval (700–800 GeV) with those in the upper and lower sidebands and did not ﬁnd statistically
signiﬁcant diﬀerences. ATLAS also updated its 8 TeV diphoton resonance searches to the latest
photon calibration and 13 TeV analysis methods, ﬁnding a modest 1.9σ excess at 750 GeV mass
and assuming 6% signal width in the spin-zero analysis, and no excess in the spin-two analysis.
Assuming the putative resonance to be produced by gluon fusion the production cross section is
expected to increase by a factor of 4.7 between 8 TeV and 13 TeV. The compatibility between
the observations in the two datasets is then estimated to be at the 1.2σ level for the spin-zero
analysis. Would the resonance be produced by light quark–antiquark annihilation, the crosssection scale factor would reduce j to 2.7 leading to a compatibility at the 2.1σ level between the
two datasets. The corresponding numbers for the spin-two analysis and production via gluon
fusion / light quark–antiquark annihilation are 2.7σ / 3.3σ.
ATLAS also searched for a resonant signal in the Zγ ﬁnal state209,152 using leptonic and hadronic
Z boson decays and empirical background ﬁts. No signiﬁcant excess was seen in either spectrum.
CMS208 searched agnostically for a spin-zero or spin-two resonance. The 13 TeV analysis was
updated for this conference with a reﬁned electromagnetic calorimeter calibration leading to
an about 30% improved mass resolution above mγγ ∼ 500 GeV. CMS also included 0.6 fb−1
of solenoid-oﬀ data. Photons are selected with ET (γ1/2 ) > 75 GeV and requiring at least one
photon to lie in the barrel (absolute pseudorapidity lower than 1.44). The analysis is split into
barrel-barrel and barrel-endcap categories that are ﬁt simultaneously. Dedicated energy and
eﬃciency calibrations were developed for the solenoid-oﬀ data giving a slightly lower photon
identiﬁcation eﬃciency and better energy resolution compared to the solenoid-on data. Also the
primary vertex ﬁnding probability is reduced, which aﬀects the diphoton mass resolution. The
j
Annihilation of heavy quarks would lead to a larger expected 13 TeV to 8 TeV cross-section ratio of 5.1 for
cc and 5.4 for bb.
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Figure 41 – Top panels: diphoton invariant mass spectra observed with the spin-zero (left) and spin-two (right)
selections compared to background estimations. The total numbers of selected events entering the plots are 2878
(5066) for the spin-zero (spin-two) cases. The bottom panels show the local signiﬁcances obtained when scanning
a signal plus background model with varying signal mass and width. Left for the spin-zero and right for the
spin-two selections.

backgrounds in all categories are ﬁt using empirical functions.
Figure 42 shows the diphoton invariant mass distributions in the four data categories (barrel/endcap, solenoid-on/oﬀ). The resulting p-values versus mass for the narrow-width hypothesis (preferred by the data) are shown in Fig. 43 for the spin-zero (left panel) and spin-two (right
panel) cases. In these plots, the red dotted line shows the 13 TeV dataset, the blue dotted
line the 8 TeV dataset, and the black solid line their combination computed according to the
signal model assumed. The lowest p-values are found at around 750 GeV mass (760 GeV for the
13 TeV data alone). The corresponding local / global signiﬁcances are 3.4σ / 1.6σ, reducing to
2.9σ / < 1σ for the 13 TeV data alone.
The upcoming restart of the LHC is expected to clarify the current uncertainty in the interpretation of these ﬁndings.
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Conclusions

The 51st edition of the Moriond Electroweak and Uniﬁed Theories conference has
been memorable. It exhibited once again the challenges today’s experimental
physics takes on and overcomes to perform groundbreaking measurements.
The discovery of the Higgs boson required the construction of a huge accelerator
and ultra-sophisticated particle detectors to produce Higgs-boson events and ﬁnd
them in several channels buried under 1012 times larger backgrounds. The direct
observation of gravitational waves required to measure over 4 km length a relative
deformation two hundred times smaller than the size of a proton. Similar things
can be said about neutrino physics, dark matter searches, etc.
Accomplishing these measurements requires great ideas, visionary leadership, longterm support by governments and society, innovative and highest quality hardware
and software, computing resources, operational and maintenance support, precise
and unbiased analysis, and above all: dedication.
Given what we have seen this week, I have no worry. We live in an extraordinary period for
fundamental experimental research in physics. Congratulations to the 50th anniversary of the
conference. There will be ample material for an exciting next half a century!
I thank the organisers for preparing a fascinating conference week and for giving me the opportunity to
present the experimental summary.
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Precision Measurement of B(B 0 → D∗− π + π − π + ) at BABAR
R. So
University of British Columbia, Vancouver, British Columbia, Canada
Using a sample of (470.9 ± 2.8) × 106 BB pairs, we measure the decay branching fraction
B(B 0 → D∗− π + π − π + ) = (7.26 ± 0.11 ± 0.31) · 10−3 , where the ﬁrst uncertainty is statistical
and the second uncertainty is systematic. This branching fraction is obtained by removing
the dominant doubly-charmed B 0 decay contribution from the visible branching fraction of
(7.37 ± 0.11 ± 0.31) · 10−3

1

Motivation

The BABAR Collaboration measured an excess of B → D(∗) τ − ν τ decays relative to B →
D(∗) μ− ν μ and B → D(∗) e− ν e 1 . The Belle Collaboration and the LHCb Collaboration also
observed comparable excesses 2,3 . The combined result is a 3.9σ deviation from the SM value 4 .
A measurement at a hadronic collider of B(B 0 → D∗− τ + ντ ) using τ + → π + π − π + ν τ decays,
normalized to B(B 0 → D∗− π + π − π + ), may yield the observation of a further deviation from
the SM. This possibility relies on a precise measurement of B(B 0 → D∗− π + π − π + ), which has a
current world average value of (7.0 ± 0.8) × 10−3 .
2

Analysis Procedure

Using a sample of (470.9±2.8)×106 BB pairs, we fully reconstruct the decay B 0 → D∗− π + π − π + ,
where D∗− → D0 π + and D0 → K + π + . The use of charge conjugate reactions is implied.
Loose selection kinematic selection criteria are
# applied to select signal decays. We measure the
spectrum of energy-substitued mass mES = s/4 − p2B for the selected B 0 candidates, where
pB is the CM-frame momentum of a B 0 candidate. Figure 1 shows the mES distribution in the
data and in simulated events.
We use an Argus function 5 to model the non-peaking background mES distribution, a Gaussian function to model the peaking background mES distribution, and a Crystal Ball function 6
to model the signal mES distribution. We perform an unbinned extended-maximum-likelihood
ﬁt and obtain 17767 ± 324 signal candidates. The ﬁt result is shown in Fig. 2.
We perform sideband subtraction of mES to obtain the 3π invariant mass spectrum of the
signal. Figure 3 is the 3π invariant mass distribution for the events in the signal region after
subtraction of the background from the sideband region normalized to the estimated number of
background events in the signal region. The dominant contribution comes from D∗− a+
1 . There
also is activity in the region 1.7–1.9 GeV/c2 , which may be due to the J P = 0− π(1800) meson.
A D∗− Ds+ peak is also apparent. Finally, we perform eﬃciency corrections as a function of 3π
mass.
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Figure 2 – The result of the unbinned extendedmaximum-likelihood ﬁt to the mES spectrum in data.
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Figure 3 – The background-subtracted invariant mass spectrum of the 3π system.

3

Results

Table 1 summarizes the systematic uncertainties for this analysis. Finally, the decay branching fraction value is found by dividing the corrected number of signal events after correction
for removal of the Ds+ region by the number of B 0 mesons in the entire BABAR dataset and
the relevant D∗− and D0 branching fraction values. Our ﬁnal branching fraction result is
(7.26 ± 0.11 ± 0.31) · 10−3 , where the ﬁrst uncertainty is statistical and the second uncertainty is
systematic. The result is consistent with the current world average, but is 2.4 times more precise.
The branching fraction value without removing the Ds+ contamination is (7.37±0.11±0.31)·10−3 .
Table 1: Summary of systematic uncertainties. The uncertainties are assumed to be uncorrelated, and so are
added in quadrature.

Source
ﬁt algorithm and peaking background
track-ﬁnding
π + π − π + invariant mass modeling
D∗− and D0 decay branching fractions
Υ (4S) → B 0B 0 decay branching fraction
K + identiﬁcation
simulation statistics
BB counting
Total
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Uncertainty
2.4%
2.0%
1.7%
1.3%
1.2%
1.1%
0.9%
0.6%
4.3%
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STATUS AND PROSPECTS OF THE BELLE II EXPERIMENT
L. Santelj (for the Belle II collaboration)
High Energy Accelerator Research Organization (KEK), Tsukuba, Japan
The Belle II experiment at the SuperKEKB e+ e− collider will start its operation in 2018, with
the goal of collecting 50 ab−1 of data. This will allow for high precision measurements in the
quark ﬂavor sector, opening a window into physics at the energies beyond achievable at the
high energy frontier experiments. We present the recent status of the SuperKEKB and the
Belle II detector construction, along with some physics prospects.

1

Introduction

The results of B factory experiments, Belle and BaBar, have conﬁrmed the Standard Model
(SM) picture of the quark ﬂavor sector and the complex phase of the CKM matrix as the main
source of the CP violation. However, at the current level of experimental precision, in most
ﬂavor-changing neutral-current processes the new physics (NP) contributions at the level of
∼ 20% compared to the SM are still allowed. In order to further constrain the NP models,
or potentially discover NP contributions, a signiﬁcantly larger amount of data is needed. For
this purpose the Belle experiment and the KEKB collider are being upgraded to the Belle II
and SuperKEKB, a 2nd generation B factory, which will enable to collect 50 times larger data
sample of B decays than available from the B factories.
2

SuperKEKB

The SuperKEKB is an asymmetric energy e+ e− collider, a successor of the KEKB 1 . It will
mostly operate at the energy of the Υ(4S) resonance, which decays into a pair of B mesons
(B B̄). Due to asymmetric energies of the e+ (4 GeV) and e− (7 GeV) beams, the B meson pair is
produced with the known Lorentz boost, allowing measurements of lifetimes, mixing parameters,
and time-dependent CP violation. The design luminosity of SuperKEKB is 8 × 1035 cm−2 s−1 ,
about 40 times larger that of KEKB. In order to achieve such a high luminosity, majority of
KEKB components needed to be upgraded or replaced, with the guiding idea being to squeeze
the beam vertical beta function at the interaction point (IP) down to 1/20 that of KEKB and
to increase the beam currents for a factor of 2 (while keeping the same beam-beam parameter).
To avoid the degradation of luminosity due to the hourglass eﬀect, which results from squeezing
the beta function far below the bunch length, a so-called nano-beam scheme of colliding narrow
beams with a large crossing angle is adopted. The crossing angle at SuperKEKB is increased to
83 mrad (from 22 mrad at KEKB), which requires the new ﬁnal-focusing quadrupole magnets
to be located much nearer to the IP than at KEKB.
By the beginning of 2016 most of the accelerator main components were installed and in
February the ﬁrst turns and successful storage of beams in both, electron and positron, rings
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were achieved. The installation and tuning of a new positron damping ring is underway and
ﬁnally the new super-conducting ﬁnal-focusing magnets will be installed early next year.

3

The Belle II detector

Due to the much increased event rate and radiation background levels at the SuperKEKB, and
in order to take advantage of newly available technologies, an upgrade of the Belle detector is
also necessary. As a more detailed description of the Belle II detector can be found elsewhere 2 ,
only a brief description and a current status of the detector main sub-systems is given here.
Closest to the IP is the vertexing detector. A new detector, consisting of two pixelated
DEPFET (Depleted P-channel Field Eﬀect Transistor) and four Double Sided Silicon Detector
layers, will be installed. The excellent spatial resolution of ﬁrst two layers and the reduced
beampipe radius (1 cm), which allows the ﬁrst layer to be placed only 1.4 cm from the IP, will
greatly improve the vertex position resolution. The comparison of the Belle and expected Belle II
vertex resolution is shown in Figure 1. In addition, the eﬃciency for KS0 vertex reconstruction
will increase, due to the larger volume of the vertexing detector.
The tracking system, the Central Drift Chamber (CDC), which starts just outside the vertexing detectors is also newly built. It has smaller drift cells and extends to the larger radius
than in Belle. Its construction has been completed and the cosmic ray test is ongoing.

Figure 1 – Left: The Belle II expected resolution of vertex z position. The red line is for tracks with at least
one hit in the ﬁrst two layers, the green line is for tracks with no such hits, and the black dashed line is for the
Belle detector. Right: Comparison of the amount of background from B 0 → K ∗0 γ decay to the reconstructed
B 0 → ρ0 γ decay at the Belle and Belle II (simulated data).

The particle identiﬁcation system of the Belle II will consist of two novel systems: the Time
of Propagation (TOP) counter in the barrel region and the Aerogel Ring Imaging Cherenkov
(ARICH) counter in the forward end-cap region. These two systems will replace Belle’s Cherenkov
threshold counter (ACC), with the main goal of improving the π/K discrimination. This is of
great importance not only for the reconstruction of decay modes (Figure 1, right) but also for
the eﬃciency of ﬂavor tagging algorithms. Very recently the installation of all 16 TOP modules
was completed. The ARICH, which is to be installed in the autumn, is being assembled.
On the outer side of PID detectors is the electromagnetic calorimeter (ECL), which reuses
CsI(Tl) crystals from Belle, but the readout electronics is newly developed to cope with higher
backgrounds. The outermost is KL0 and μ detector (KLM). Its endcaps now consist fully of
scintillator strips instrumented with silicon photomultipliers and in the barrel part the inner
two layers of RPCs were replaced by scintillator strips.
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4

Physics prospects of Belle II
(∗)

The very rich physics program of the Belle II covers measurements of B 0,± and BS decays,
charm physics, τ lepton physics and hadron spectroscopy. Large variety of measurements will
provide a way to observe many potential manifestations of NP, either by over-constraining the
ﬂavor sector of the SM, searches for the processes not allowed in the SM (like LFV τ decays),
or direct searches for NP at light (MeV-GeV) scales.
Due to the very diﬀerent environments of e+ e− and hadron collisions, the physics program of
Belle II is largely complementary (and in some cases competitive) to the B physics experiments
at hadron colliders, namely LHCb. Some strong points of Belle II are:
• The low background e+ e− environment allows for high eﬃciency reconstruction of ﬁnal
states with photons from B, π 0 , η, η  , etc decays. Neutral KL0 are also eﬃciently reconstructed.
• As the initial state is fully known (B B̄), the full reconstruction of one of B mesons in
a hadronic or semileptonic state allows for reconstruction of the other B in the ﬁnal
states with neutrinos. In addition, this enables measurements of inclusive decays such as
B 0 → Xs l+ l− , Xs γ.
• As the B mesons of a pair are in an entangled state, the ﬂavor of one can be inferred from
the decay products of the other with very high eﬃciency.
• In addition of producing large sample of B decays, at B factory also D mesons and τ
leptons are produced in copious amouts.
While the LHCb will dominate measurements with all charged ﬁnal states (due to very
large samples of B(s) decays), the Belle II will dominate ﬁnal states with neutrinos or multiple
photons. The physics program of the Belle II is in more detail described in reference 3 , and a
list of projected sensitivities to various ﬂavor observables can be found in reference 4 . Below we
list a few selected examples of projected sensitivity at Belle II.
4.1

CP violation in b → sss penguin decays

Comparing the time-dependent CP asymmetry parameters of penguin dominated b → sss decays
(e.g. B 0 → φKS0 , B 0 → η  KS0 ) with the tree dominated b → cc̄s decays (B 0 → J/ψKS0 ) is one
of gold-plated observables in search for the new CP violating phases. In the SM the diﬀerence
of these parameters is expected to vanish within small corrections (as Sb→c = sin 2φ1  Sb→s ).
However, NP can contribute in the loops of b → sss decays and induce deviations. At the
level of current experimental uncertainties no such deviations are observed, but as most of the
measurements are statistically limited a signiﬁcantly larger data sample of the Belle II will take
the sensitivity to the new level (see Figure 2 left).
4.2

B → D(∗) τ ν

The large mass of τ lepton makes the B → D(∗) τ ν decay kinematically suppressed compared
to the ordinary semileptonic B decays (with e or μ), but at the same time also sensitive to the
possible charged Higgs contributions. At the moment there is a large discrepancy of about 4σ
between the B → D(∗) τ ν decay rates as measured by Belle, BaBar and LHCb, and the SM
prediction. As can be seen from the middle plot of Figure 2, the Belle II is expected to reduce
the measured uncertainties of R(D(∗) ) by factor of ∼ 5, down to the level of current theory
precision.
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B → K (∗) νν

4.3

The rare B → K (∗) νν decays are one of the theoretically cleanest FCNC processes, and as such
provide an important test of the SM. In addition, they are very interesting in the view of recent
LHCb anomalies in exclusive b → sl+ l− decays. Provided that the rates of these decays are at
the level as predicted by the SM, the Belle II should be able to reach the level of B → K ∗ νν
(Figure 2 right), while the current constraints are an order of magnitude above it.

Figure 2 – Left: Projected sensitivity of the Belle II measurements of time-dependent CP violation parameters in
b → s penguin dominated B decays. Middle: Projected sensitivity of the R(B → D(∗) τ ν) measurements. Right:
Projected sensitivity of measurements of B → K (∗) νν branching fractions.

5

Schedule and Summary

The Belle II experiment, as the next generation B factory, will in the next few years become a
new major player at the precision frontier of NP searches. As mentioned, the ﬁrst beams have
just circulated around the SuperKEKB tunnel and the accelerator commissioning is ongoing. At
this point a simple commissioning detector (BEAST II) is placed around the interaction region
to measure and understand the background levels. The Belle II (without the vertexing detector)
will be moved to the beam line at the end of 2016, and collision tunning of accelerator and data
taking will start in late 2017. Finally, the installation of vertexing detector and the full physics
runs are planned for the second half of 2018. From then on, Belle II plans to collect ∼ 10 ab−1
of data per year, reaching its goal of ∼ 50 ab−1 by 2024.
The amount of collected data will signiﬁcantly exceed the data available from the B factories
already at the very early stages of the Belle II operation, so stay tuned for loads of new physics
(which is just around the corner).
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GLOBAL CONSTRAINTS ON HEAVY NEUTRINO MIXING

JOSU HERNANDEZ-GARCIA
Instituto de Fı́sica Teórica UAM/CSIC, Calle Nicolás Cabrera 13-15, Cantoblanco, Madrid, Spain
We derive constraints on the mixing of heavy Seesaw neutrinos with the SM ﬁelds. We explore
and compare both a completely general scenario where the heavy neutrinos are integrated out
and the more constrained case of only 3 extra heavy states. The latter assumption implies
non-trivial correlations that do not allow to saturate all model-independent bounds.

1

Introduction

The present evidence for neutrino masses and mixings demands an extension of the Standard
Model (SM) to account for them. The simplest and one of the most appealing possibilities, given
its symmetry with the quark sector, is the addition of fermion singlets, right-handed neutrinos,
to the SM particle content. However, even this simplest extension points towards the existence
of a new Majorana mass term for the right-handed neutrinos in the SM Lagrangian, allowed
by the SM gauge symmetry. Such a term would imply direct breaking of the Lepton number
symmetry and the introduction of a mass scale not directly related to the Higgs EWSM.
An interesting alternative to the famous Seesaw mechanism is that of explaining the smallness of neutrino masses not through a large hierarchy of scales but rather via an approximate
symmetry 1,2 . In particular, there are choices for the Majorana mass (mM ) and Yukawa (mD )
matrices such as the inverse 1,2 or linear 3 Seesaw mechanisms that, for a given assignment of the
charges among the extra states, approximately conserve B − L. Therefore, the Majorana masses
obtained via the Weinberg operator4 by the light neutrinos are necessarily suppressed by the
small B − L-violating parameters. Interestingly, higher order operators that would, a priori, be
more strongly suppressed than neutrino masses, are not necessarily protected by this symmetry
and can thus lead to sizable signals. In particular, apart from the Majorana nature of neutrino
masses, the most characteristic signals of the Seesaw mechanism with right-handed neutrinos
are deviations from unitarity of the lepton PMNS mixing matrix generated by the only d = 6
operator present at tree level.
In this work we will combine results from all these probes to derive updated constraints on
the presently allowed mixing among the extra massive neutrinos and the SM ﬂavour eigenstates.
We will present our results both, for a completely general Seesaw (G-SS) parametrization without
any further assumption about the extra massive states and for the more restricted assumption of
only three massive neutrinos (3ν-SS), in analogy to the three generations for all other fermions.
In this case, since the three extra neutrinos must also reproduce the correct pattern of masses
and mixings as observed in neutrino oscillations, correlations among the potentially observable
eﬀects are predicted and constraints are qualitatively diﬀerent from the G-SS.
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2

Parametrizations

Upon integrating out these new heavy states, their low energy phenomenology will be encoded
in a series of eﬀective operators. The ﬁrst such operator is the well-known Weinberg operator 4
that, upon electroweak symmetry breaking, induces the Majorana masses for the light neutrinos:
†
−1
∗
mUPMNS
 −mtD MN
mD ≡ −m̂,
UPMNS

(1)

where UPMNS is the Unitary mixing matrix that diagonalizes the symmetric mass matrix m̂
generated from the Weinberg operator. At tree level, the only d = 6 operator obtained upon
integrating out the heavy neutrinos induces non-canonical neutrino kinetic terms for the three
SM active neutrinos when the Higgs develops its vev 5 . After diagonalizing and normalizing the
kinetic terms, the mixing matrix appearing in charged current interactions will thus contain the
necessary rescaling to bring the neutrino kinetic term to its canonical form. Thus, the matrix
N describing the mixing between the neutrino mass eigenstates and the charged leptons via W
interactions will not be Unitary. Since any general matrix can be parametrized as an Hermitian
times a Unitary matrix, these deviations from unitarity can parametrized as 6 N = (I −η)UPMNS ,
where the small Hermitian matrix η encodes the deviations from unitarity in neutrino mixing.
The physical interpretation of η is also very transparent in terms of the mixing between the
extra heavy neutrinos and the SM ﬂavours. Indeed, if the full mass matrix is diagonalized by:
⎞
⎛
n
n
∞
∞


−ΘΘ†
−ΘΘ†
Θ ⎟
⎜

2n!
(2n + 1)! ⎟ UPMNS 0
⎜
n=0
n=0
⎟
,
(2)
U =⎜
n
n
∞
∞
†
†
⎟
⎜  −Θ Θ
 −Θ Θ
0
I
⎠
⎝ −
Θ†
(2n + 1)!
2n!
n=0

n=0

and Θ is the general matrix that describes the mixing between the heavy mass eigenstates and
the active neutrino ﬂavours. Thus, the non-unitary correction I − η can be identiﬁed with the
†
ﬁrst term of the expansion 1 − ΘΘ† /2 such that η = ΘΘ
2 . Furthermore, η is also (1/2 of)
the coeﬃcient of the d = 6 operator obtained upon integrating out the heavy neutrino ﬁelds
m† M −2 m

η = D 2N D . The d = 6 operator η is completely independent from the d = 5 m̂ and thus
from the neutrino masses and mixings measured in oscillation experiments 7,8 . However, both
m̂ and η are ultimately built from mD and MN and thus, in particular cases, may not be fully
independent. The only way to simultaneously have 3 massive extra neutrinos with potentally
observable mixing is through an underlying L symmetry 9,10 :
⎛
⎛
⎞
⎞
Yμ
Yτ
Ye
μ1 Λ μ3
vEW ⎝



⎝
⎠
 1 Ye  1 Yμ  1 Yτ
Λ μ2 μ4 ⎠ ,
and
MN =
(3)
mD = √
2
 Y   Y   Y 
μ μ Λ
2 e

2 μ

2 τ

3

4

/ parameters. By setting all i = 0 and μj = 0, L is recovered if
with all i and μj small L
Le = Lμ = Lτ = L1 = −L2 = 1 and L3 = 0. Also m̂ = 0 (3 massless neutrinos in the L = 0
limit), M1 = M2 = Λ (heavy Dirac pair) and M3 = Λ (heavy decoupled Majorana singlet), but:
⎛
⎞
|θ |2 θ θ∗ θ θ∗
Yα v
1 ⎝ e ∗ e μ2 e τ∗ ⎠
θμ θe |θμ | θμ θτ
with θα ≡ √ .
(4)
η=
2
2Λ
∗
∗
2
θ θ θ θ |θ |
τ e

τ μ

τ

So that large η is possible even in the limit of massless neutrinos when L is conserved. Upon
switching on the L-violating parameters in Eq. (3), m̂ that can reproduce the observed neutrino
oscillations are generated. However, these are not completely independent from η and the
relation Eq. (2.16) of 11 between the θα in Eq. (4) and m̂. Thus, this extra constraint will lead
to correlations among the heavy-active mixing parameters θα and through Eq. (4), not present
in the completely general scenario with more than 3 heavy neutrinos.
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3

Observables

Global constraints on the mixing between the heavy and active neutrinos will be derived through
2 had
a ﬁt to the following 28 observables: the W boson mass; the eﬀective θW : s2Wlep
eﬀ & sW eﬀ ; 4 ratios
0
π ,
of Z decays: Rl , Rc , Rb & σhad ; the invisible width of the Z Γinv ; 8 universality ratios: Rμe
W , RW , RK , RK , Rl & Rl ; 9 decays constraining the CKM unitarity and 3 radiative
Rτπμ , Rμe
τμ
μe
τμ
μe
τμ
decays: μ → eγ, τ → μγ & τ → eγ. The dependence of each observable on the non-unitarity
mixing matrix Nαi and the parameters ηαβ will be presented in the main article since it goes
beyond the scope of this proceeding. In Ref. 11 it was recently shown that loop level corrections
involving the new degrees of freedom can be safely neglected. However, many SM-mediated loop
corrections are relevant for these precision observables and will therefore be accounted for 12 .
4

Results

With the list of observables described in the previous section we construct a χ2 function to scan
the parameter spaces of the G-SS and the 3ν-SS. For the G-SS the free parameters of the ﬁt are
directly ηee , ημμ and ητ τ without further constraints and all the observables listed in Section 3
except for the LFV transitions. The LFV observables rather constrain the oﬀ-diagonal elements
of the matrix η. Regarding the 3ν-SS, the free parameters for the ﬁt are θe and θμ while θτ
is given by Eq. (2.16) of 11 once the light neutrino masses and mixings are speciﬁed through
the d = 5 operator m̂. For the 3ν-SS the LVF observables imply non-trivial constraints on the
values of θα and will hence be included in the list of observables of the global ﬁt.
In Fig. 1 we present our results from the global ﬁt, performed by scanning the relevant
parameter spaces through a MCMC. The results presented here correspond to the frequentist
conﬁdence intervals for 1σ, 90% and 2σ signiﬁcance. We present the results directly in the
heavy-active neutrino mixing θα for the 3ν-SS (bottom panels), To ease the comparison of the
√
constraints we present the results for the G-SS (upper panels) in the “equivalent” variable 2ηαα .

Figure 1 – Frequentist conﬁdence intervals at 1σ, 90% and 2σ on the parameter space of the G-SS (upper panels)
and the 3ν-SS (bottom panels).
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Table 1: Constraints on

√

√

G-SS
3ν-SS
5

2ηee ,

√

2ημμ , and

2ηee or |θe |
1σ
2σ
0.029+0.012
< 0.050
−0.019
0.036+0.009
< 0.052
−0.022

√

2ητ τ for the G-SS and on |θe |, |θμ |, and |θτ | for the 3ν-SS.


2ημμ or |θμ |
1σ
2σ
< 0.012 < 0.021
< 0.001 < 0.025

√

2ητ τ or |θτ |
1σ
2σ
0.046+0.016
< 0.075
−0.029
0.043+0.017
< 0.072
−0.026

Conclusions

We have obtained relevant constraints on this mixing when L is an approximate symmetry.
We ﬁnd a mild (∼ 90% CL) preference for non-zero mixing with the e ﬂavours with a best ﬁt
√
0.036+0.009
at 2ηe = 0.029+0.012
−0.019 for the G-SS and θe =
−0.022 for the 3ν-SS. This preference also
√
induces non-zero mixing with the τ ﬂavour 2ητ = 0.049+0.016
−0.029 for the G-SS and τ ﬂavour
√
2ητ = 0.043+0.017
−0.026 for the 3ν-SS so as to recover
 the correct pattern of neutrino masses and
mixings. On the other hand, an upper bound for 2ημ < 0.012 for the G-SS while in the 3ν-SS
small θμ < 10− 3 is preferred so as to keep μ → eγ at acceptable levels in presence of non-zero
θe . At the 2σ level the following upper bounds are found: θe < 0.050 (0.052), θμ < 0.021 (0.025)
and θτ < 0.075 (0.072) for the G-SS (3ν-SS).
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First observation of Λ0b → ΛK + π − and Λ0b → ΛK + K − decays at LHCb
Daniel O’Hanlon,
on behalf of the LHCb collaboration
Department of Physics, University of Warwick,
Coventry, CV4 7AL, United Kingdom
The physics potential for b-baryon decays has been relatively unexplored until the advent of
the LHC, and as such important questions still exist about their fundamental properties, such
as whether their decays exhibit CP violation. Presented here are observations of the decays
Λ0b → ΛK + π − and Λ0b → ΛK + K − , made at a signiﬁcance level of 8.1 and 15.8 Gaussian
standard deviations, respectively, and measurements of their branching fractions. The phasespace integrated CP asymmetries of these decays are also measured and found to be consistent
with zero. Limits are set on the branching fractions of other Λ0b and Ξ0b decays to Λh+ h−
(where h is a kaon or pion).

1

Introduction

Despite the rapid improvement in precision measurements of b-baryon properties aﬀorded by
the high energy and high intensity of the Large Hadron Collider, relatively few decay modes of
these particles have been exploited. In particular, of the possible decays to charmless hadronic
ﬁnal states, only the two body Λ0b → pπ − and Λ0b → pK − , the quasi-two-body Λ0b → Λφ, and
the three-body Λ0b → KS0 pπ − decays have been observed 1,2,3 .
The charmless decay modes are of great interest in particular, as in the Standard Model
these proceed either by loop-induced amplitudes or via the Cabibbo-Kobayashi-Maskawa matrix element Vub , and as such are expected to be suppressed. The interference between such
amplitudes provides potential for large CP violation, which in three-body decays can vary as a
function of the phase-space location 4 . More generally, decays of this type provide insights into
the mechanisms of hadronisation in b-baryon decays.
Here we report a search for the charmless decays of Λ0b and Ξ0b baryons to Λπ + π − , ΛK ± π ∓ ,
and ΛK + K − ﬁnal states 6 , using data collected by the LHCb experiment 5 corresponding to
1 fb−1 at a centre-of-mass energy of 7 TeV in 2011 and 2 fb−1 at a centre-of-mass energy of 8
TeV in 2012.
2

Analysis procedure

The b-baryon candidates are reconstructed by combining two oppositely charged tracks with a Λ
candidate, where the Λ candidates are reconstructed by combining p and π − tracks. To reduce
backgrounds from KS0 decays, loose particle identiﬁcation (PID) criteria, based primarily on the
information from the ring-imaging Cherenkov detectors, are imposed for the p track. Further
particle identiﬁcation criteria are required for the di-hadron pair from the Λ0b to separate the
dataset into the diﬀerent ﬁnal states under study. Intermediate charm states are vetoed, however
π − decay is used as a control channel.
data corresponding to the Λ0b → (Λπ + )Λ+
c
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All signal and background yields, as well as the yield of the control mode, are obtained
from a single simultaneous unbinned maximum likelihood ﬁt to the b-baryon invariant mass
distribution for each ﬁnal state in six subsamples, corresponding to three data-taking periods
and two reconstruction categories. This simultaneous ﬁt enables information on the K ↔ π
mis-ID in each spectrum to be constrained. The regions of the Λh+ h− invariant mass spectra
corresponding to the Λ0b and Ξ0b invariant masses were not inspected until the candidate selection
and ﬁt model was ﬁnalised, to avoid bias.
In addition to the mis-ID background, components are included in the ﬁt model to account
for a smoothly varying combinatorial background shape, comprised of hadrons that do not come
from the b-baryon decay, and partially reconstructed backgrounds that peak at a lower mass
than the signal, where a photon or pion is not reconstructed in the decay of a real b-baryon. A
boosted decision tree (BDT) classiﬁer, trained on sideband collision data and simulated signal
data, is used to further suppress the combinatorial background. The input variables to this
BDT were chosen such that the performance of the algorithm is optimal whilst minimising the
expected discrepancy between the simulated and collision data distributions.
The eﬃciency of the signal selection requirements is studied using simulated data, and for
the PID requirements, high-yield control samples of D0 → K − π + and Λ → pπ − decays. In
general, multi-body decays proceed via several intermediate quasi-two-body decays, as well as
a non-resonant decay, and hence their phase-space distributions are non-uniform and in this
case not known a priori. The eﬃciency is also phase-space dependent, and as such, an eﬃciency
correction is implemented using the product of one two-dimensional ‘Dalitz’ eﬃciency histogram
and three one-dimensional angular eﬃciency histograms. For signal modes with a signiﬁcant
yield, the distribution in the phase-space is obtained with the sPlot technique 7 , with the bbaryon candidate invariant mass used as the control variable. Where no such signal is observed,
the eﬃciency corresponding to a uniform phase-space distribution is used, and a systematic
uncertainty is assigned to account for the variation across the phase-space.
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Figure 1 – Results of the ﬁt for the Λ0b → (Λπ + )Λ+
π − control mode (left), and Λπ + π − signal (right)
c
ﬁnal states, for all subsamples combined. Superimposed on the data are the total result of the ﬁt as a
solid blue line, the Λ0b (Ξ0b ) decay as a short-dashed black (double dot-dashed grey) line, cross-feed as
triple dot-dashed brown lines, the combinatorial background as a long-dashed green line, and partially
reconstructed background components with either a missing neutral pion as a dot-dashed purple line or
a missing soft photon as a dotted cyan line.

3

Fit model and results

In the simultaneous maximum likelihood ﬁt, the probability density function that describes
each invariant mass distribution is constructed as a sum of individual components that correspond to the Λ0b and Ξ0b signal components, partially reconstructed backgrounds, the cross-feed
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backgrounds, and the combinatorial background.
The projections of this ﬁt model on the individual invariant mass spectra for each ﬁnal state
can be seen in Figs. 1 and 2, where each separate component, in addition to the total sum,
is indicated. When systematic uncertainties are taken into account, the statistical signiﬁcance
of the Λ0b → Λπ + π − signal is 4.7σ, the signiﬁcance of the Λ0b → ΛK + π − signal is 8.1σ, the
signiﬁcance of the Λ0b → ΛK + K − signal is 15.8σ, and the signiﬁcances of all other modes are
less than 3σ.
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Figure 2 – Results of the ﬁt for the ΛK ± π ∓ signal (left), and ΛK + K − signal (right) ﬁnal states, for all

subsamples combined. Superimposed on the data are the total result of the ﬁt as a solid blue line, the Λ0b
(Ξ0b ) decay as a short-dashed black (double dot-dashed grey) line, cross-feed as triple dot-dashed brown
lines, the combinatorial background as a long-dashed green line, and partially reconstructed background
components with either a missing neutral pion as a dot-dashed purple line or a missing soft photon as a
dotted cyan line.

3.1

Branching fractions

Branching fraction central values and conﬁdence intervals are obtained by combining the individual branching fractions for each of the six data-taking categories, taking systematic uncertainties
into account. Upper limits are calculated using a Bayesian prescription, with a prior removing
the unphysical region.
The results for the absolute branching fractions are

fΞ0
b

f Λ0

B(Λ0b → Λπ + π − ) =

(4.6 ± 1.2 ± 1.4 ± 0.6) × 10−6 ,

B(Λ0b → ΛK + π − ) =

(5.6 ± 0.8 ± 0.8 ± 0.7) × 10−6 ,

B(Λ0b

→

ΛK + K − )

× B(Ξ0b → Λπ + π − ) =

b

<
fΞ0

b
f Λ0
b

fΞ0
b

f Λ0

(15.9 ± 1.2 ± 1.2 ± 2.0) × 10−6 ,

=

×
×

B(Ξ0b

B(Ξ0b

→
→

ΛK − π + )

ΛK + K − )

(1.3 ± 0.6 ± 0.5 ± 0.2) × 10−6 ,
1.7 (2.1) ×

10−6

at 90 (95) % conﬁdence level ,

=

(−0.6 ± 0.5 ± 0.3 ± 0.1) × 10−6 ,

<

0.8 (1.0) × 10−6 at 90 (95) % conﬁdence level ,

<

0.3 (0.4) × 10−6 at 90 (95) % conﬁdence level ,

b

where the ﬁrst quoted uncertainty is statistical, the second is systematic, and the last is due
to the precision with which the normalisation channel branching fraction is known. The upper
limits on the Ξ0b include a factor corresponding to the currently unknown ratio of the Ξ0b and Λ0b
production fractions.
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3.2

CP asymmetry measurements

The simultaneous extended maximum likelihood ﬁt is modiﬁed to allow the determination of
the raw asymmetry, deﬁned as
Nfcorr − Nfcorr
¯
Araw
,
CP =
Nfcorr + Nfcorr
¯
0
0
where Nfcorr (Nfcorr
¯ ) is the eﬃciency-corrected yield for Λb (Λ̄b ) decays. The use of the eﬃciencycorrected yields accounts for the possibility that there may be larger CP violation eﬀects in
certain regions of phase-space.
To measure the parameter of the underlying CP violation, the raw asymmetry has to be
corrected for possible small detection (AD ) and production (AP ) asymmetries, ACP = Araw
CP −
− control mode, which
π
(AP + AD ). This can be conveniently achieved with the Λ0b → (Λπ + )Λ+
c
is expected to have negligible CP violation. Since this mode shares the same initial state as
the decay of interest, it has the same production asymmetry; moreover, the ﬁnal-state selection
diﬀers only in the PID requirements and therefore most detection asymmetry eﬀects also cancel.
Thus, the results for the phase-space integrated CP asymmetries, with correlations taken
into account, are

ACP (Λ0b → ΛK + π − ) = −0.53 ± 0.23 ± 0.11 ,
ACP (Λ0b → ΛK + K − ) = −0.28 ± 0.10 ± 0.07 ,
where the uncertainties are statistical and systematic, respectively.
4

Summary

The Λ0b → ΛK + π − and Λ0b → ΛK + K − decay modes are observed for the ﬁrst time, and their
branching fractions and CP asymmetry parameters are measured. No evidence is seen for CP
violation in the phase-space integrated decay rates of these modes. Evidence is seen for the
Λ0b → Λπ + π − decay, and limits are set on the branching fractions of all Ξ0b decays under study.
Recent theoretical predictions of Λ0b → Λf0 decays indicate that these modes could dominate
the Λ0b → Λπ + π − decay rate, whereas the Λ0b → ΛK + K − decay rate cannot be explained purely
by the Λ0b → Λφ decay 8,9 .
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Neutrino Oscillation Physics Potential of T2K Phase 2 - a Possible Extension of
The T2K Experiment
S. V. Cao
Physics Department, Kyoto University
Oiwakecho Kitashirakawa Sakyo-ku Kyoto 606-8502, Japan

T2K (Tokai to Kamioka) is the world’s ﬁrst oﬀ-axis long-baseline experiment which was designed for the precision measurement of neutrino oscillations. A high intensity, highly pure νμ
(ν μ ) beam, produced at J-PARC, Japan, is employed to observe neutrino oscillation patterns
at the T2K far detector, Super-Kamiokande, which is located 295 km away from the neutrino
production point at an angular oﬀset of 2.5 degrees from the beam direction. In 2013, νμ → νe
appearance, a primary goal of T2K, was discovered with 7.3σ signiﬁcance. This result leads
us to re-evaluate the physics potential and the possibility for an extension of the T2K experiment. In this report, neutrino oscillation sensitivities are studied with a total exposure
of 20 × 1021 POT, which can be achieved by 2026 with a possible upgrade of the J-PARC
beam power. This amount of data exposure, along with T2K hardware upgrades and analysis
improvements, allows us to intensively explore CP violation in the lepton sector, to precisely
measure neutrino oscillation parameters, and to positively search for unknown physics.

1

Introduction to the T2K experiment

In 2013, with 6.6×1020 POT, just 8.4% of the currently approved exposure, νμ → νe appearance,
a primary goal of T2K, was discovered with 7.3σ signiﬁcance 1 . A joint ﬁtting with the νμ → νμ
disappearance using this data exposure hints at a maximum CP violation with δCP ∼ − π2 and
normal mass hierarchy 2 . If the maximum CP violation is assumed, T2K with the fully approved
exposure, predictedly ﬁnishing data taking by 2020, would observe the CP violation with 90%
C. L. 3 . By that time, the Main Ring (MR) beam power is predicted to be around 750 MW
by reducing the repetition cycle from 2.48 s to 1.3 s. To prepare for the next generation of the
long baseline neutrino experiments at J-PARC, T2HK (Tokai to Hyper-Kamiokande) 4 , the MR
beam power is planned to upgrade up to 1.3 MW by further reducing the repetition cycle and
increasing the intensity of proton per pulse. This would be happened around 2026, i.e 6 years
after ﬁnishing the T2K data-taking. T2K Phase 2, which is proposed to extend the data-taking
until 2026, would anticipatedly accumulate 20 × 1021 POT in total. Such high statistic would
improve substantially the sensitivity to the CP violation on a wide range of δCP .
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2

Eﬀectively statistic and systematic improvements

Along with the MR beam power upgrade, increasing the T2K horn current from 250 kA to 320 kA
would gain roundly 10% neutrino ﬂux and reduces the wrong-side background contamination
by 5-10%. The proposed T2K Phase 2 thereby would get beneﬁt from this upgrade with an
equivalent increase of 10 − 15% statistic. Also the analysis improvements such as enlarging the
ﬁducial volume of T2K far detector, and including the charged-current 1π events into the signal
sample potentially increase the statistic up to 40%. In short, a combination of the ν beam
line upgrade and the analysis improvements would eﬀectively increase data sample up to 50%.
Table 1 shows the event number prediction of the proposed T2K Phase 2 statistics at the far
detector. The oscillation parameters are given by sin2 θ12 = 0.304, Δm212 = 7.53 × 10−5 eV2 ,
sin2 θ23 = 0.5, Δm232 = 2.509 × 10−3 eV2 , and sin2 2θ13 = 0.085. An equal timing of data-taking
in the ν-mode and the ν̄-mode is assumed.
Table 1: Number of events expected to be observed at the T2K far detector for 10×1021 POT ν- + 10×1021 POT ν̄mode with a 50% eﬀectively statistic improvement. Assumed relevant oscillation parameters are: sin2 2θ13 = 0.085,
sin2 θ23 = 0.5, Δm232 = 2.509 × 10−3 eV2 , and normal mass hierarchy.

ν-mode
νe sample
ν̄-mode
ν̄e sample

True δCP
0
−π/2
0
−π/2

ν-mode νμ sample
ν̄-mode ν̄μ sample

Total
454.6
545.6
129.2
111.8

Total
2612.2
1217.5

Signal
νμ → νe
346.3
438.5
16.1
19.2

Beam CC
νμ
2290.5
482.1

Signal
ν̄μ → ν̄e
3.8
2.7
71.0
50.5

Beam CC
νe + ν̄e
72.2
72.2
28.4
28.4

Beam CC
νμ + ν̄μ
1.8
1.8
0.4
0.4

NC
30.5
30.5
13.3
13.3

Beam CC
ν̄μ
150.0
672.5

Beam CC
νe + ν̄e
1.6
0.6

νμ → νe +
ν̄μ → ν̄e
7.0
1.0

NC
163.1
61.3

Table 2: Errors on the number of predicted events in the Super-K samples from individual systematic error
sources in ν mode ν̄ mode. Also shown is the error on the ratio 1Re events in ν mode/ν̄ mode. The uncertainties
represent work-in-progress for T2K neutrino oscillation results in 2016.

Error Type
SK Detector
SK Final State & Secondary Interactions
ND280 Constrained Flux & Cross-section
σνe /σνμ , σν̄e /σν̄μ
NC 1γ Cross-section
NC Other Cross-section
Total Systematic Error
External Constraint on θ12 , θ13 , Δm221

δNSK /NSK (%)
1-Ring μ
1-Ring e
ν mode ν̄ mode ν mode ν̄ mode
4.6
3.9
2.8
4.0
1.8
2.4
2.6
2.7
2.6
3.0
3.0
3.5
0.0
0.0
2.6
1.5
0.0
0.0
1.4
2.7
0.7
0.7
0.2
0.3
5.6
5.5
5.7
6.8
0.0
0.0
4.2
4.0

ν/ν̄
1.9
3.7
2.4
3.1
1.2
0.1
5.9
0.1

Systematics, categorized into three sources: neutrino ﬂux, neutrino interaction model, and
detector model errors, if improved, is an important key to enhance the CP violation search. Table 2 shows the systematic uncertainty, labeled as the 2016 work-in-progress errors, on the event
prediction at the T2K far detector. The total systematic errors on event samples are varied from
5.5% to 6.8%. The neutrino ﬂux prediction error, which is currently dominated by the hadron
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interaction modeling can be improved by using the T2K replica target data from NA61/SHINE.
Also, νe scattering measurement in the future would be helpful to reduce this error. For the ν
interaction model, knowledge of ν and ν interactions would be improved signiﬁcantly thank for
additional exposure of T2K itself and measurement from other ν experiments in the world. For
the detector systematic uncertainty, an improvement is foreseen by including the cross section
modeling from the T2K data, and utilizing other data sources like calibration, entering muons,
and decay electrons rather than ﬁtting only the atmospheric neutrino data as the current analysis strategy. Considering these expected improvements, 4% systematic error is predicted to be
reachable by the time of the proposed T2K Phase 2. To model this improvement, the covariance
matrix, which is used to describe the current systematic error, is scaled by a factor of 2/3. The
one with modiﬁed covariance matrix is labeled as the improved systematic errors.
3

Sensitivity of T2K Phase 2 to CP violation

Work in Progress

20

20x1021 POT w/ eff. stat. & sys. improvements
7.8x1021 POT w/ 2016 sys. errs.
True sin2θ23=0.43
True sin2θ23=0.50
True sin2θ23=0.60

15

10

3σ C.L.
99% C.L.

5
90% C.L.

0
−200

−100

0

100

Work in Progress

Δ χ2 to exclude sinδCP=0

Δ χ2 to exclude sinδCP=0

It is assumed that the T2K Phase 2 exposure is taken equally in ν-mode and ν̄-mode. The ν
mass hierarchy is assumed to be known. Several experiments have been built for determining
the ν mass hierarchy and these programs can be happened before or during the proposed period
of T2K Phase 2. Sensitivity of T2K Phase 2 to the CP violation plotted as a function of true
δCP and POT exposure is shown in Figure 1 in which the systematic improvement is considered.
15

True sin2θ23=0.50

10

True δCP(°)

w/ eff. stat. improvements (no sys. errors)
w/ eff. stat. & sys. improvements

True sin2θ23=0.60
3σ C.L.

99% C.L.

5
90% C.L.

0
0

200

True sin2θ23=0.43

5

10

15

20

Protons-on-Target (x1021)

Figure 1 – Sensitivity of T2K Phase 2 to CP violation plotted as function of true δCP (left) and function of POT
(right). The normal mass hierarchy is assumed and the improved systematic error is applied. The right plot
assumes δCP = − π2 . 0.43 and 0.6 are the 90% C. L. edges of currently measured sin2 θ23 by T2K.

The sensitivity to the CP violation depends on the value of θ23 . If the 2016 work-in-progress
systematic uncertainty is deployed, fractional region in which CP conservation, sin δCP = 0,
can be exuded at the 99% (3σ) C. L. is 34.7-46.6% (5.2-28.3%) respectively. If systematic
improvement is taken into account, the corresponding fractional region is 41.8-51.5% (23.939.7%). If systematics are removed completely, 49.1-57.5% (36.7-47.9%) of δCP can be explored
at the 99% (3σ) C. L. signiﬁcance respectively. Above results are with the normal mass hierarchy
and δCP = − π2 assumed. Due to the symmetry of the ν oscillation probabilities, it is expected
that the above conclusions are also held for the case of inverted mass hierarchy and δCP = π2
but switching θ23 from low octant to high octant or via versa. This study assumes that the
ν-mode and the ν̄-mode share the same running time. Additional study shows that taking data
equally in ν-mode and ν̄-mode is not the most optimal conﬁguration for every true value of θ23
but gives high sensitivity to the CP violation in overall range of θ23 .
4

Sensitivity of T2K Phase 2 to atmospheric parameters

The improved systematic errors, which is discussed in Section 2, are not included in this study
since the eﬀect on the atmospheric oscillation parameter is fairly small. The normal mass
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hierarchy is assumed to be true in this study but the physics output would not change much when
switching to the inverted mass hierarchy. Figure 2 shows the expected 90% C.L. signiﬁcance
contour for Δm232 vs sin2 θ23 for the full T2K Phase 2 statistic for two cases (sin2 θ23 =0.5, 0.6).
Work in Progress

−3

3 ×10

Stat. only

7.8x1021 POT, 90% C.L

Systematics

Work in Progress

−3

3 ×10

2.8

20x1021 POT w/improvement, 90% C.L

Δ m232

Δ m232

2.8

Current POT , 90% C.L

2.6

2.4

Current POT , 90% C.L

Stat. only

7.8x1021 POT, 90% C.L

Systematics

20x1021 POT w/improvement, 90% C.L

2.6

2.4

2.2

0.4

0.5

2.2

0.6

sin2θ23

0.4

0.5

0.6

sin2θ23

Figure 2 – Expected 90% C.L. signiﬁcance sensitivity to Δm232 and sin2 θ23 with the work-in-progress 2016
systematic error. The full T2K Phase 2 exposure of 20 × 1021 POT with a 50% eﬀectively statistic improvement
is compared to the approved T2K exposure and the current exposure which corresponds to 6.9 × 1020 POT νand 4.0 × 1020 POT ν̄-mode. The left is with true sin2 θ23 =0.5, the right is with true sin2 θ23 =0.6.

Resolving the octant θ23 degeneracy would be explored by the proposed T2K Phase 2 if θ23 is
not maximum. More speciﬁcally, the octant degeneracy can be solved by more or less 3σ if the
θ23 ≥ 0.6 or θ23 ≤ 0.43. If sin2 θ23 is maximum, the expected 1σ precision of sin2 θ23 is 1.7◦ . For
the case of sin2 θ23 = 0.43, 0.6, the uncertainty is 0.5◦ , 0.7◦ respectively. For the proposed T2K
Phase 2, precision of Δm232 can be achieved around 1%.
5

Summary and outlook

The T2K Phase 2 will be proposed as a T2K extension up to 2016. Exposure of 20 × 1021 POT,
projected with the MR beam power upgrade, along with the neutrino beam line upgrade and
the analysis improvements, as well as the systematic improvements allows to explore the CP
violation at 3σ or higher signiﬁcance at the maximum CP violation. The fractional region where
the CP violation can be explored with 99% (3σ) C.L signiﬁcance is 41.8%-51.5% (23.9%-39.7%)
respectively, depending on the true value of θ23 . Also Δm232 would be measured with precision
up to 1%. If θ23 is not maximum, the proposed T2K Phase 2 enables to resolve the octant
degeneracy up to 3σ in case of sin2 θ23 ≤ 0.43 and sin2 θ23 ≥ 0.6.
Besides, the T2K Phase 2 would allow to make the world-leading searches for the nonstandard neutrino interaction physics in both near and far detectors. The Lorentz violation
search, which has been explored with T2K via the sidereal time dependence, would improve its
sensitivity signiﬁcantly with statistics of T2K Phase 2. Such high statistics is also extremely
important for searching the sterile neutrinos by the intermediate baseline programs. Other potential physics are non-standard neutrino productions and/or interactions, heavy sterile neutrino
decay and neutrino magnetic moments. All of these make the proposed T2K Phase 2 interested
to pursue before the next long baseline neutrino experiments expectedly start.
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B-HADRON PRODUCTION ASYMMETRIES AT LHCb
F. FERRARI on behalf of the LHCb Collaboration
Università di Bologna, Dipartimento di Fisica e Astronomia, via Irnerio 46,
Bologna (40126), Italy
Istituto Nazionale di Fisica Nucleare - Sezione di Bologna, viale B. Pichat 6/2,
Bologna (40127), Italy
Using a data sample corresponding to an integrated lumunosity of 1.0 fb−1 , collected by LHCb
in pp collisions at a centre-of-mass energy of 7 TeV, the B 0 and Bs0 production asymmetries,
AP (B 0 ) and AP (Bs0 ), are determined. These quantities are measured by means of an untagged time-dependent analysis of B 0 → J/ψK ∗0 , B 0 → D− π + and Bs0 → Ds− π + decays.
The production asymmetries are measured as a function of the trasverse momentum and pseudorapidity of the B 0 and Bs0 mesons. Finally, the total production asymmetries integrated
over pT and η in the range 4 < pT < 30 GeV/c and 2.5 < η < 4.5 are determined and they
are found to be AP (B 0 ) = (−0.35 ± 0.76 ± 0.28)% and AP (Bs0 ) = (1.09 ± 2.61 ± 0.61)%, where
the ﬁrst uncertainties are statistical and the second systematic.

1

Introduction

The production of b and b̄ hadrons in pp collisions at the LHC are not expected to be equal.
This is due to the fact that the b̄ quarks produced in the pp interaction might combine with
the valence quark of the collinding protons, whereas the same is not true for the b quarks. As a
consequence, one could expect a slight excess in the production of B 0 and B + mesons over B̄ 0
and B − mesons, which has to be compensated by an opposite asymmetry in the other b meson
and baryon species. Some theoretical prediction also foresee an enhancement of this eﬀect in the
forward region, where the bb̄ pair is closer to the valence quarks of the colliding protons. Finally,
there could also be other eﬀects kicking in at high transverse momenta of the b mesons 1,2,3 .
The determination of the impact of this phenomenon, referred to as production asymmetry,
is of fundamental importance for CP violation measurements. In fact, one must disentangle
the CP asymmetry from other spurious eﬀects that could potentially mimic the eﬀect of CP
violation. The production asymmetry for B 0 and Bs0 mesons is deﬁned as:
0
)=
AP (B(s)

0 ) − σ(B 0 )
σ(B̄(s)
(s)
0 ) + σ(B 0 )
σ(B̄(s)
(s)

(1)

where σ stands for the production cross-section.
The production asymmetries of B 0 and Bs0 mesons are determined by means of an untagged
time-dependent analysis of the B 0 → J/ψK ∗0 , B 0 → D− π + and Bs0 → Ds− π + decays. The
production asymmetries are ﬁrstly determined in bins of pT and η of the B 0 and Bs0 mesons,
in order to investigate whether there is a dependence on such quantities. Finally, the overall
production asymmetries are obtained integrating over pT and η in the range 4 < pT < 30 GeV/c
and 2.5 < η < 4.5.
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The analysis presented is performed using the data collected by LHCb during 2011 at a
centre-of-mass energy of 7 TeV, corresponding to an integrated luminosity of 1 fb−1 .
2

Fit model

Each signal and background contribution to the invariant mass and decay time spectra of every
mode is modelled with appropriate probability density functions (PDFs). In the following section
the ﬁt employed model is described.
2.1

Mass model

The signal component for each mode is obtained convolving a double Gaussian function with a
function parameterizing the ﬁnal state radiation. The resulting PDF for the B meson mass is
given by:
g(m) = A [Θ(μ − m)(μ − m)]s ⊗ G(m),

(2)

where A is a normalization factor, Θ is the Heaviside function, G(m) is the sum of two Gaussian
functions with diﬀerent widths and zero mean, μ is the B meson mass, and s is a parameter
governing the amount of ﬁnal state radiation and it is determined using fully simulated events.
The combinatorial background is modelled using an exponential function. In the case of B 0 →
D− π + and Bs0 → Ds− π + decays there is also a background due to partially reconstructed decays
where a γ or a π 0 are missed. This contribution is modelled by means of a kernel estimation
technique 4 based on invariant mass distributions obtained from fully simulated events.
2.2

Decay time

0 or B̄ 0 meson to a ﬂavour speciﬁc f or f¯ ﬁnal
The time dependent decay rate of a neutral B(s)
(s)
state is given by the PDF:

h(t, ψ) = K (1 − ψACP )(1 − ψAf )
/



0
ΔΓt
e−Γt Λ+ cosh
+ ψΛ− cos(Δmt) ⊗ R(t)(t)
2

(3)

where K is a normalization factor, (t) is the acceptance as a function of the decay time, R(t) is
the decay time resolution function, Δm ≡ mH − mL and ΔΓ ≡ ΓL − ΓH are the mass and decaywidth diﬀerences. The subscripts H and L denote the heavy and light eigenstates respectively.
The ACP and Af quantities are the ﬁnal state physical and detection asymmetry, respectively.
The observables of the PDF are the decay time t and the tag of the ﬁnal state ψ, that takes the
values ψ = 1(−1) for the ﬁnal state f (f¯). The terms Λ+ and Λ− are deﬁned as:
 q 1−ψ
 q −1−ψ
 
 
± (1 + AP ) 
,
Λ± ≡ (1 − AP ) 
p
p

(4)

where p and q are complex parameters entering the deﬁnition of the mass eigenstates and AP is
the production asymmetry.
The combinatorial and partially reconstructed backgrounds are parameterized in an empirical way by studying the low and high invariant mass sidebands from data. As for the invariant
mass spectra case, the partially reconstructed components are present only in B 0 → D− π + and
Bs0 → Ds− π + decays.
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Figure 1 – Production asymmetries of (top) B 0 and (bottom) Bs0 mesons as a function of (left) transverse
momentum and (right) pseudorapidity. The error bars include both statistical and systematic errors. No evidence
of a dependency on such quantities is found.

3

Determination of the production asymmetries

The production asymmetries for each decay mode are determined by means of simultaneous
invariant mass and decay time ﬁts to the relative spectra. A global ﬁt to the total sample of
selected events is performed for each of the three decay modes. Furthermore, in order to investigate whether the production asymmetries show a dependence on the transverse momentum and
pseudorapidity of the B 0 and Bs0 , the ﬁt is repeated in diﬀerent (pT , η) bins.
4

Results

The integrated value of AP is given by:
AP =




ωi AP,i

(5)

i

where ωi = fi / i fi . The quantity fi is the fraction of B mesons produced in the i-th kinematic
bin. The values of the ωi are obtained using simulated events. The values of AP (B 0 ) are
determined separately for B 0 → J/ψK ∗0 and B 0 → D− π + modes and then averaged.
The overall production asymmetries of B 0 and Bs0 mesons in the ranges 4 < pT < 30 GeV/c
and 2.5 < η < 4.5 are found to be:
AP (B 0 ) = (−0.35 ± 0.76 ± 0.28)%
AP (Bs0 ) = ( 1.09 ± 2.61 ± 0.66)%
where the ﬁrst uncertainties are statistical and the second systematics. Finally, the dependences
of AP (B 0 ) and AP (Bs0 ) on pT and η are shown in Fig. 1. The numerical values are reported in
Tables 1 and 2.
No clear evidence of dependency of the production asymmetries on pT and η is observed.
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Table 1: Value of the production asymmetry AP (B 0 ) in bins pT and η from B 0 → J/ψK ∗0 and B 0 → D− π +
decays. The ﬁrst uncertainty is statistical and the second systematic.

Variable
pT (GeV/c)

η

Bin
( 4, 7)
( 7, 12)
(12, 30)
(2.5, 3.0)
(3.0, 3.7)
(3.7, 4.5)

AP (B 0 )
0.0033 ± 0.0111 ± 0.0028
−0.0167 ± 0.0084 ± 0.0028
0.0001 ± 0.0130 ± 0.0029
0.0264 ± 0.0161 ± 0.0030
−0.0232 ± 0.0093 ± 0.0028
−0.0203 ± 0.0125 ± 0.0021

Table 2: Value of the production asymmetry AP (Bs0 ) in bins pT and η from Bs0 → Ds− π + decays. The ﬁrst
uncertainty is statistical and the second systematic.

Variable
pT (GeV/c)
η

Bin
( 4, 8)
( 8, 12)
(12, 30)
(2.5, 3.5)
(3.5, 4.5)

AP (Bs0 )
0.0069 ± 0.0351 ± 0.0067
0.0435 ± 0.0283 ± 0.0039
−0.0334 ± 0.0296 ± 0.0038
0.0315 ± 0.0342 ± 0.0060
−0.0286 ± 0.0412 ± 0.0088

The LHCb Collaboration is continuing its campaign in the b hadron production asymmetries
sector and an update of this measurement with the full Run 1 data sample, together with the
determination of AP (B + ) and AP (Λ0b ), is ongoing.
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OPPORTUNITIES WITH (SEMI)LEPTONIC RARE CHARM DECAYS
STEFAN DE BOER
Fakultät für Physik,
TU Dortmund, Otto-Hahn-Str.4, D-44221 Dortmund, Germany
We study (semi)leptonic rare charm decays and its opportunities in searches for physics beyond
the Standard Model (BSM). In particular, we analyse the impact of potential BSM physics in
c → ull transitions, notably branching ratios, angular observables, asymmetries and Lepton
Flavour Violating (LFV) decays. Testable eﬀects are worked out model-independently and
within Leptoquark models supplemented with ﬂavour patterns to link K/B decays.

1

Introduction

Flavour Changing Neutral Current (FCNC) induced (semi)leptonic charm decays are rare in the
SM due to an eﬀective Glashow-Iliopoulos-Maiani (GIM) mechanism 1 and additionally loopsuppressed, thus sensitive to BSM physics. On the experimental side smaller upper limits on
the branching ratios have been set, notably on the non-resonant mode B nr (D+ → π + μ+ μ− ) <
7.3 × 10−8 2 and recently B(D0 → e± μ∓ ) < 1.3 × 10−8 3 . On the theoretical side the convergence
of calculations by means of αs and ΛQCD /mc is questionable. In particular, rare charm decays
are unique up-type quark FCNC transitions complementary to K/B physics.
We present opportunities with (semi)leptonic rare charm decays in searches for BSM physics,
that is complementary observables model-independently and within Leptoquark models supplemented with ﬂavour patterns to link K/B decays based on reference 4 . In the next section we
present the observables one by one, emphasising its potential and downside, each.
2

Opportunities with (semi)leptonic rare charm decays

First, we have a look at the dilepton mass (q 2 ) decay distribution of D+ → π + μ+ μ− in Figure 1
(left plot). We see that the contributions from resonant modes are larger than the non-resonant
SM branching ratio. At high q 2 , above the φ resonance, the experimental upper limit is above
the resonant branching ratio, thus opening a window to make BSM eﬀects visible. A closer look
at Figure 1 (right plot) shows two distributions within a model-independent BSM approach
consistent with the experimental limit on B(D0 → μ+ μ− ) above the resonant branching ratio.
On the downside BSM eﬀects have to be large to be observed in the branching ratio, guiding us
to approximative SM null-test observables.
Second, semileptonic angular observables are deﬁned via
1
3
1 dΓ
= (1 − FH )(1 − cos2 θ) + AF B cos θ + FH ,
Γ d cos θ
4
2

(1)

where θ is the angle between the l− and the D+ in the dilepton center-of-mass frame. Within the
model-independent BSM approach at high q 2 the forward-backward asymmetry is constrained
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to be
and the ﬂat term

|AFB (D+ → π + μ+ μ− )|  0.6

(2)

FH (D+ → π + μ+ μ− )  1.5 .

(3)

Figure 1 – The q 2 distribution of the branching ratio of D+ → π + μ+ μ− . The dashed black line is the binned
90% CL experimental upper limit. The orange band represents the resonant modes modelled via a Breit-Wigner
shape to ﬁt the data and varying the relative strong phases, the solid blue curve is the non-resonant SM (nextto)next-to-leading order QCD prediction within an operator product expansion at μc = mc and the lighter blue
band its μc -uncertainty. The right plot shows q 2 ≥ (1.25 GeV)2 and two additional (dot-dashed cyan and dotted
purple) curves for potential BSM Wilson coeﬃcients. Figures taken from reference 4 .

The angular observables vanish in the SM. Additionally, the semileptonic decays D+ →
π + e± μ∓ and D+ → π + ν ν̄ are SM null-tests. Within the model-independent BSM approach
the LFV and dineutrino branching ratios may be close to the experimental limit B(D+ →
π + e± μ∓ )  3 · 10−6 @CL=90% 5 and B(D+ → π + ν ν̄) ∼ 10−5 , where we suppose the dineutrino branching ratio to be observable at BESIII 6 . Thus, any non-zero measurement of any
of the branching ratios or the angular observables is due to BSM eﬀects. On the downside no
correlations to current observables measured experimentally exist, guiding us towards a modeldependent BSM approach.
As a BSM scenario, we take leptoquark models that induce c → u transitions, where its
quantum numbers are given in Table 1.
Table 1: Scalar and vector leptoquarks (LQ) and their quantum numbers (SU (3)C , SU (2)L , Y ).

Scalar LQ
S1 (3, 1, −1/3)
S2 (3, 2, −7/6)
S3 (3, 3, −1/3)

V ector LQ
Ṽ1 (3, 1, −5/3)
V2 (3, 2, −5/6)
Ṽ2 (3, 2, 1/6)
V3 (3, 3, −2/3)

Leptoquark models are of recent interest as they may generate Lepton Non-Universality
(LNU) in R(K) and R(D∗ ) 7,8,9 and may induce the 750 GeV diphoton decay 10,11 . We order
them into two classes, where leptoquarks coupling to quark singlets are labelled case (1) and
leptoquarks coupling to quark doublets are labelled case (2). The couplings and masses of the
leptoquarks are constrained by collider experiments and, e.g. μ → eγ and μ − e conversion
in nuclei and observables in K physics for case (2). 4 Additionally, we correlate the couplings
via ﬂavour patterns inspired by Frogatt-Nielsen U (1) (quarks, rows) and A4 (leptons, columns)
symmetries, e.g. 12
⎛
⎞
⎛
⎞
⎛
⎞
ρd κ ρd ρd
0 ∗ 0
∗ 0 0
⎝
⎠
⎝
⎠
⎝
ρκ ρ ρ
0 ∗ 0
0 ∗ 0 ⎠,
λi,ii,iii ∼
,
,
(4)
κ
1 1
0 ∗ 0
0 ∗ 0

570

where λi is a hierarchical ﬂavour pattern, λii is a single lepton pattern and λiii is a ﬁrst two
generation diagonal pattern.
Third, leptoquark models correlated via ﬂavour patterns and consistent with current constraints yield the branching ratios of semileptonic and leptonic modes given in Table 2, where
the branching ratios of c → ue+ e− modes are SM-like, thus LNU in charm decays may be generated. Note that B(D0 → μ± e∓ ) as measured recently tests the leptoquark models and ﬂavour
patterns. On the downside correlations to K/B decays are not measurable, guiding us to a
resonance catalysed observable 14 .
Table 2: Branching ratios on the full q 2 -bin (high q 2 -bin) for two classes of leptoquark models supplemented with
ﬂavour patterns and its experimental sensitivity 13 . The complete table can be found in 4 .

(ii.1)
(iii.1)
exp.

(ii.1)
(iii.1)
exp.

B(D+ → π + μ+ μ− )
 7 · 10−8 (2 · 10−8 )
SM-like
< 7.3 · 10−8 (2.6 · 10−8 )

B(D+ → π + e± μ∓ )
0
 2 · 10−6
 3 · 10−6

B(D0 → μ+ μ− )
 3 · 10−9
SM-like
< 6.2 · 10−9

B(D0 → μ± e∓ )
0
 4 · 10−8
< 1.3 · 10−8

B(D+ → π + ν ν̄)
 8 · 10−8
 2 · 10−6
∼ 10−5

Fourth, the CP asymmetry is deﬁned as
ACP (q 2 ) =  q2
max
2
qmin

dΓ/dq 2 − dΓ̄/dq 2

,

(5)

dq 2 (dΓ/dq 2 + dΓ̄/dq 2 )

where dΓ̄/dq 2 is the rate distribution of the CP -conjugated mode, D− → π − l+ l− . The CP
asymmetry, negligible in the SM, for leptoquark models supplemented with ﬂavour patterns
and consistent with current constraints is shown in Fig. 2. Around the φ resonance (left plot)
the CP asymmetry is sensitive to BSM physics generating the operator Q9 = (ūL γμ cL )(¯lγ μ l)
independent of the resonant phases. At high q 2 (right plot) a small BSM induced Wilson
coeﬃcient C9 , e.g. as linked to K/B physics, may induce larger CP asymmetries.

Figure 2 – The CP asymmetry normalized to the shown bins for case (ii.2) around the φ resonance (left plot) and
at high q 2 (right plot). From yellow (upper curves above φ) to red (lower curves above φ) each bunch represents
the resonant phase δφ = π/2, π, 0, 3/2π. The vertical lines are (mφ ± Γφ )2 . Figures taken from reference 4 , where
additional plots for case (ii.1) can be found.

3

Conclusion

We have presented BSM opportunities with (semi)leptonic rare charm decays. Notably, B(D+ →
π + μ+ μ− ) above the φ-resonance, angular observables, CP asymmetries, LFV and dineutrino
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decays are complementary to search for potential BSM physics. Additionally, leptoquark models
link charm and K/B physics, e.g. LNU, thus ﬂavour models are testable.
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ON THE STUDY OF SOLAR FLARES WITH NEUTRINO OBSERVATORIES.
G. de Wasseige for the IceCube Collaboration
Vrije Universiteit Brussel
Inter university Institute for High Energies IIHE(ULB-VUB)
Pleinlaan 2, 1050 Ixelles, Brussels, Belgium

Since the end of the eighties, in response to a reported increase of the total neutrino ﬂux in
the Homestake experiment in coincidence with solar ﬂares, neutrino detectors have searched
for signals of neutrinos associated with solar ﬂare activity. Protons which are accelerated
by the magnetic structures of such ﬂares may collide with the solar atmosphere, producing
mesons which subsequently decay, resulting in neutrinos at O(MeV-GeV) energies. The study
of such neutrinos would provide a new window on the underlying physics of the acceleration
process. The sensitivity to solar ﬂares of the IceCube Neutrino Observatory, located at the
geographical South Pole, is currently under study. We introduce a new approach for a time
proﬁle analysis. This is based on a stacking method of selected solar ﬂares which are likely to
be connected with pion production. An initial approach towards a neutrino search using the
current IceCube experiment as well as ﬁrst eﬀorts to improve the detection eﬃciency in the
future are presented.

1

Introduction

In 1988, the Homestake experiment observed an increase in the total number of neutrino events
in possible correlation with energetic solar ﬂares 1 . Bahcall predicted that if this increase were
indeed due to solar ﬂares, this would lead to large characteristic signals in neutrino detection
experiments 2 . After Bahcall’s prediction, neutrino detectors such as Kamiokande 3 and SNO 4
performed several studies. Even though these detectors used diﬀerent solar ﬂare samples and
analyses, they were not able to conﬁrm the possible signal seen by Homestake.
Solar ﬂares convert magnetic energy into plasma heating and the kinetic energy of charged
particles such as protons. Protons injected downwards from the coronal acceleration region will
interact with the dense plasma in the lower solar atmosphere as indicated in Eq. (1).
p + p or p + α −→

⎧
+
⎪
⎨ π + X;

π 0 + X;
⎪
⎩ π − + X;

π + −→ μ+ + νμ ; μ+ −→ e+ + νe + ν̄μ
π 0 −→ 2γ
π − −→ μ− + ν̄μ ; μ− −→ e− + ν̄e + νμ

(1)

In addition to producing neutrinos, solar ﬂares emit radiation across the entire electromagnetic
spectrum 5 . Gamma-rays are produced by both neutral pion-decay and secondary electron
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bremsstrahlung 6 . The neutrinos, tied to the commonly detected gamma-rays from neutral pion
decay as shown in Eq. (1), would constitute a new multi-messenger approach to study hadron
acceleration in solar ﬂares, providing new constraints on the proton spectral index and the
composition of the accelerated ﬂux. Also, as pointed out by R.J. Murphy et al. 7 concerning
gamma-rays and neutrons, solar ﬂare neutrinos would oﬀer the potential to learn about the
structure and evolution of the ﬂare environment.
2

Evaluation of the solar ﬂare neutrino ﬂux

In order to evaluate the neutrino ﬂux produced by a single solar ﬂare, we have designed a
Geant4 8 simulation of proton-nucleus interactions in the Sun’s chromosphere. For this we have
used the ‘Model of Chromospheric Flare Regions’ 9 to deﬁne the density proﬁle of the interaction
region and injected a proton beam in the direction of Earth hitting the chromosphere at the
edge, which we indicate as tangent injection.
In order to be as model-independent as possible, one of the proton spectra injected in
this simulation has been derived from gamma-ray observations of the June 3, 1982 event by
R.J. Murphy and R. Ramaty 10 . We will call this E −3.1 proton spectrum Model A. A second
E −2 proton spectrum, expected from generic Fermi shock acceleration, has also been simulated
and will be referred to as Model B. The details of these two diﬀerent models are presented in
Table 1 and their inﬂuence on the solar ﬂare neutrino ﬂux in direction of Earth is shown in
Figure 1. Here it can be seen that, while both models lead to neutrino energies above 1 MeV,
the E −2 spectrum yields a signiﬁcant increase compared to Model A.
Table 1: Details of the two models of diﬀerent simulated proton spectra. The last column represents the total
number of protons which have been accelerated to an energy E > 30 MeV by the solar ﬂare. These numbers have
been obtained by assuming that the total solar ﬂare energy is the same in both models a .

Average ν yield per injected proton

Model
Model A
Model B

Proton spectrum
E −3.1
E −2

Total number of protons
2.2 × 1033
7.9 × 1032

Influence of the proton spectral index
htemp
Entries
Mean
RMS

Model A

−1

10

5904
94.96
115.2

Model B
−2

10

10− 3

10− 4

103

102

ν energy (MeV)

Figure 1 – Inﬂuence of the spectral index of the accelerated proton ﬂux on the solar ﬂare neutrino yield. Model
A and Model B are described in the text.

In our studies, a pure accelerated proton ﬂux has been assumed b . A mixed accelerated ﬂux
a
Even though this approximation may not be correct for a general ﬂare, it becomes reasonable for the solar
ﬂare sample which will be considered in this context.
b
The composition of the simulated atmosphere is nevertheless a mixing of Hydrogen and Helium in a ratio
He:H = 1:9 as is commonly used.
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would increase the neutrino ﬂux directed to Earth.
In order to evaluate the feasibility that IceCube would be able to see a signal from solar
ﬂares, we have investigated a tangent injection of a proton spectrum based on Model A regarded
here as an optimistic but realistic case. The solar ﬂare neutrino ﬂux is calculated for the two
extreme upper cutoﬀ values of the proton spectrum, 1 GeV and 5 GeV, as presented in Table 2.
The evidence for such cutoﬀ behavior has been demonstrated by Heristchi et al. 11 . Table 2
divides and presents the spectrum in two energy ranges, as relevant to detectors of diﬀerent sizes:
with kiloton-scale neutrino detectors sensitive to below 100 MeV, and megaton-scale detectors
sensitive to neutrinos above 100 MeV by means of advanced data analysis techniques.
Table 2: Expected neutrino ﬂuence at Earth and spectrum for one single solar ﬂare. The numbers presented in
this table have been obtained from the simulation of a tangent injection of the proton spectrum described by the
Model A with an upper cutoﬀ at 1 GeV (a) and 5 GeV (b).

Neutrino energy range
10 - 100 MeV
> 100 MeV

3

Neutrino ﬂuence at Earth
398a - 770b ν cm−2
221a - 783b ν cm−2

Corresponding neutrino spectrum
E0
E−2.3

IceCube and solar ﬂare neutrinos: A novel idea for a stacking analysis

IceCube 12 , the neutrino observatory buried in the Antarctic ice, is made of 86 vertical strings
most of which are spaced apart by 125 meters. Each string contains 60 digital optical modules
placed between 1450 and 2450 meters below the surface of ice. These modules detect Cherenkov
light emitted by charged particles produced in neutrino interactions with the nearby ice or
underlying bedrock. Even though IceCube has been optimized to detect TeV-scale neutrinos, it
contains a denser sub-detector for studying neutrinos with lower energies called DeepCore. It
consists of 15 strings and has an energy threshold of roughly 10 GeV. The higher sensitivity of
DeepCore to atmospheric neutrino oscillations and dark matter searches is achieved by placing
higher-quantum-eﬃciency DOMs closer to each other on strings (with 7 m spacing) and the
strings themselves closer to each other (only 70 m apart) 13 .
The sensitivity of IceCube to solar ﬂare neutrinos has been estimated in 14 where it is shown
that using DeepCore appears to be a promising way to detect solar ﬂare neutrinos with energies
above 100 MeV by searching for causally connected signal clusters within a predeﬁned solar ﬂare
time window. However, even if a detection during an individual ﬂare might be possible, a stacking
of solar ﬂare events will be more promising. In order to maximize the detection probability, we
deﬁne new criteria on the solar ﬂare selection, rather than considering systematically every solar
ﬂare with a total number of registered photon counts I > Ithreshold 4 . The sample is restricted
to solar ﬂares for which pion-decay gamma-rays have been observed (e.g., by Fermi-LAT 17 ). We
call these speciﬁc solar ﬂares ‘pion-ﬂares’. We use satellite data as a reference for a time-proﬁle
analysis as outlined in 15 . For this, we intend to use the observed light curves of Fermi-LAT as
a template to deﬁne a time window for neutrino observation 16 . Using this technique, it follows
that, as shown in Figure 2, a few solar ﬂares would already lead to a detection in the DeepCore
region of IceCube assuming Model A. Considering that an estimated minimum of ﬁve pion-ﬂares
is required for a 5 σ detection, the current list presented by the Fermi collaboration 17 constitutes
an excellent starting point to search for neutrino emission from solar ﬂares.
4

Summary

We have designed a Geant4 simulation that considers the current parameters related to the
hadron acceleration in solar ﬂares and evaluates the solar ﬂare neutrino ﬂux directed to Earth.
It appears that a signal from a single ﬂare might be seen by detecting neutrinos above 100 MeV.
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Figure 2 – Comparison of the expected detected events and the required number of events per ﬂare for a 1, 3 or
5 σ detection in DeepCore. The expected signal bounds have been obtained assuming the two upper cutoﬀ values
considered in Table 2. A 5 σ detection can be achieved with a sample of as few as ﬁve pion-ﬂares in the case of
Model A, using a tangent injection and an upper cutoﬀ of 5 GeV.

However, in view of maximizing the detection probability, we have developed a new way to
search for solar ﬂare neutrinos by deﬁning a speciﬁc solar ﬂare sample as well as a narrow
time-window in which we expect the neutrino production to occur. According to the current
simulation, ﬁve ‘pion’ solar ﬂares in a stacked analysis would be required for a 5 σ detection in
the most optimistic case for a realistic proton spectrum.
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MEASUREMENTS OF Zγ AND Zγγ PRODUCTION IN PP COLLISIONS AT 8
TEV WITH THE ATLAS DETECTOR
E.Yu. Soldatov
on behalf of the ATLAS Collaboration
Department of Elementary Particle Physics,
National Research Nuclear University ”MEPhI” (Moscow Engineering Physics Institute),
31 Kashirskoe shosse, Moscow, Russia, 115409
The production of Z bosons with one or two isolated high energy photons is studied using pp
collisions at 8 TeV. The analyses use a data sample corresponding to an integrated luminosity
of 20.3 f b−1 collected with the ATLAS detector during the 2012 LHC data taking. The
Zγ and Zγγ production cross sections are measured with leptonic (e+ e− , μ+ μ− , ν ν̄) decays
of Z bosons. They are then compared to cross-section predictions from the Standard Model
where the sources of the photons are radiation oﬀ initial-state quarks and radiative Z decay to
charged leptons. Events with high photon transverse energy are used to search for anomalous
triple gauge-boson couplings ZZγ and Zγγ. Events with high diphoton invariant mass are
used to search for anomalous quartic gauge-boson couplings ZZγγ and Zγγγ. No statistically
signiﬁcant deviations from Standard Model predictions are observed and limits are placed on
parameters used to describe anomalous triple and quartic gauge-boson couplings.

1

Introduction

The main motivation for measurements of Standard Model (SM) processes in ATLAS 1 is to test
theory with high precision and to search for any signs of new physics (NP). NP can be probed
indirectly, e.g. via the study of interactions between electroweak gauge bosons. This paper
places a focus on the interactions between Z bosons and photons in processes which have Zγ
and Zγγ ﬁnal states 2 . SM processes contribute to these ﬁnal states through the initial and ﬁnal
state radiation mechanisms. Examples of such processes for Zγ ﬁnal state is shown in Fig. 1.
The Standard Model does not predict any neutral triple or quartic gauge-boson vertices.
Physics beyond the Standard Model can induce such ”anomalous” couplings. These couplings
will modify total cross sections and the kinematics of the Zγ and Zγγ ﬁnal states particle.
− , ν

q̄

γ

q̄

−
Z/γ∗

Z
γ

+, ν̄

+
q

q

Figure 1 – Feynman diagrams of Zγ production: (a) initial-state photon radiation (ISR), (b) ﬁnal-state photon
radiation (FSR).
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2

Zγ ﬁnal states analysis

Zγ ﬁnal states have the following signatures in the detector:
• two charged leptons (e+ e− or μ+ μ− ) with pT > 25 GeV and one isolated photon with
ET > 15 GeV (+ − γ channels);
> 100 GeV and one isolated photon with ET >
• high missing transverse momentum pmiss
T
130 GeV (ν ν̄γ channel).
For + − γ channels a dominant background comes from Z+jets processes. It is estimated
using a 2D sideband method 2 . For the ν ν̄γ channel there are several main soures of background from γ+jets, W γ, W (eν) and Z+jets. They are estimated either by the construction of
background control regions (CR) or by 2D sideband methods 2 .
The results of the integrated and diﬀerential cross-section measurements for Zγ ﬁnal states
are presented in Fig. 2 and 3. The comparison with next-to-leading order (NLO) 3 and nextto-next-to-leading order (NNLO) 4 SM predictions are also shown. The measured cross sections
agree with the Standard Model predictions within uncertainties.
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Figure 2 – Comparison between the measured cross sections and the NNLO theory predictions for the pp → Zγ
process in the inclusive Njets ≥ 0 (left) and exclusive Njets = 0 (right) ﬁducial regions.
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Figure 3 – The measured (marker with error bars) and expected diﬀerential cross sections as a function of ETγ for
the pp → + − γ process (left) and the pp → ν ν̄γ process (right) in the inclusive Njets ≥ 0 ﬁducial regions. The
error bars on the data points show the statistical and systematic uncertainties added in quadrature. The MCFM
and NNLO predictions are shown with shaded bands that indicate the theoretical uncertainties. The SHERPA 5
predictions are shown with shaded bands indicating the statistical uncertainties from the size of the MC samples.
The lower plots show the ratios of the predictions to data (shaded bands). The error bars on the points show the
relative uncertainties of the data measurements themselves.
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3

Zγγ ﬁnal states analysis

Zγγ ﬁnal states also contain three channels of Z decay (e+ e− , μ+ μ− and ν ν̄) and these signatures
diﬀer from the Zγ ones by the presence of one more identiﬁed isolated photon. In the case of
> 110 GeV and ET (γ) > 22 GeV
the neutrino channel, the selection becomes diﬀerent: pmiss
T
are required for both photons.
For the + − γγ channel a dominant background comes from Z+jets and Z+γ+jets processes. It is estimated using a matrix CRs method 2 . Background sources and methods of their
estimation for the ν ν̄γγ channel are mostly the same as for the ν ν̄γ 2 .
The results of the integrated cross-section measurement for the Zγγ ﬁnal states are presented
in Fig. 4. They are compared to NLO SM predictions and the deviations are less than 2σ.
Although observed number of events is not large, the combined signiﬁcance for + − γγ ﬁnal
states is more than 5σ.
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Figure 4 – Comparison between the measured cross sections and the NLO theory predictions for the pp → Zγγ
process in the inclusive Njets ≥ 0 (left) and exclusive Njets = 0 (right) ﬁducial regions.

4

Anomalous gauge couplings

The results presented in Sec. 2 and 3 allow to set limits on anomalous gauge couplings 6,7 . The
yields of events from high energy region of the photon transverse energy distribution from the
Zγ analysis are used to set limits on anomalous triple gauge couplings (aTGC). The yields of
events from high mass region of the diphoton invariant mass from Zγγ analysis are used to set
limits on anomalous quartic gauge couplings (AQGC). In ﬁgures 5 and 6 the results for aTGC
and aQGC limits are respectively presented. They are compared to the previous results.
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Figure 6 – Comparison of the observed from Zγγ analysis ununitirized limits (ΛF F = ∞) for the aQGCs fT 0 /Λ4 ,
fT 5 /Λ4 , f T 9/Λ4 eﬀective ﬁeld theory parameters 7 (on the left) and LEP parameters 16 a0 /Λ2 and ac /Λ2 (on the
right) with previous ATLAS and CMS results 2,12,13,14,15 .

5

Conclusions

Precise measurements of the integrated and diﬀerential cross sections for Zγ with leptonic (e+ e− ,
μ+ μ− , ν ν̄) decays of Z bosons are presented. Integrated cross-sections measurements for Zγγ
with leptonic (e+ e− , μ+ μ− , ν ν̄) decays of Z bosons are also presented.
No statistically signiﬁcant deviations from the SM predictions are observed. Based on these
cross-section measurements, limits on aTGC and aQGC parameters are set.
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Confronting the improvements to track reconstruction algorithms for the ATLAS
inner detector with run 2 data from the LHC
R. Jansky on behalf of the ATLAS Collaboration
Institut für Astro- und Teilchenphysik, Leopold-Franzens-Universität, Innsbruck
√
With the increase in energy of the LHC to s = 13 TeV for run 2, events with dense environments become much more abundant. These environments are characterized by charged
particle separations of the order of ATLAS inner detector sensor dimensions and can be created by the decay of boosted objects. The performance of the track reconstruction in these
extreme conditions is presented using Monte Carlo Simulation. Further, the ineﬃciency of the
track reconstruction in the core of jets as a function of the transverse momentum of the jet between 200 GeV and 1600 GeV, using proton-proton data collected by the ATLAS experiment
√
at a center-of-mass energy of s = 13 TeV is discussed.

1

Introduction

The performance of the ATLAS 1 track reconstruction algorithms in dense environments, like the
core of jets with high transverse momentum (pT ), is important for numerous physics analyses,
such as searches for high-mass di-boson resonances 2 and topologies with boosted τ -leptons 3 .
It is also essential for several performance studies, including calibration of the jet energy scale
using charged particle quantities 4 and calibration of the jet mass in large radius jets 5 .
2

ATLAS inner detector

The inner detector provides position measurements for charged particles by combining information from three sub-detectors. Starting from the interaction point and focusing on the barrel
region, the high-granularity silicon pixel detector covers the vertex region and typically provides
four measurements per track, including the new innermost layer, the insertable B-layer (IBL) 6
added for run 2. The IBL has a mean radius of 33 mm and a typical IBL pixel has a size of
50 μm (250 μm) in the transverse (longitudinal) direction. For the remaining three layers of the
pixel system, located at mean radii of 50.5, 88.5, and 122.5 mm respectively, a typical pixel has
a size of 50 μm (400 μm) in the transverse (longitudinal) direction. Outside the pixel volume,
the silicon micro-strip detector (SCT) has four double-sided strip layers. The silicon detectors
are complemented by the transition radiation tracker (TRT).
3

ATLAS track reconstruction

Charged particle reconstruction begins with the conversion of the raw data from the pixel and
SCT detectors into three-dimensional measurements referred to as space-points. Charge deposited by charged particles in the pixel detector is often collected on multiple neighboring
pixels, and the total charge is predominantly determined by the incident angle of the particle
with respect to the sensor. If the spacial separation of charged particles traversing the module
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is only a few pixels, charge deposits overlap and a single merged cluster is reconstructed. Here,
a cluster is a group of pixel or SCT sensors associated together by the connected component
analysis 7 clustering algorithm. Charged particles which create merged clusters are more likely
to fail reconstruction than isolated particles. An artiﬁcial neural network is therefore used to
identify those clusters 8 .
After cluster creation, the primary track reconstruction algorithm utilizes iterative trackﬁnding seeded on combinations of space-points from the silicon detectors. A staged pattern
recognition approach is used: a loose track candidate search, which allows a number of combinatorial track candidates, is followed by a stringent ambiguity solver that compares and rates
the individual tracks by assigning a relative track score to each track. Details of the oﬄine track
reconstruction in ATLAS can be found elsewhere 9 .
4
4.1

Expected Track Reconstruction Performance in Dense Environments
Performance for Collimated Tracks

The eﬃciency for reconstructing all primary tracks in events in which none are expected to have
more than two shared SCT clusters is shown in Figure 1(a) for tracks from hadronic τ decays.
In events without inelastic interactions, such as hadronic interactions or photon conversions, the
track reconstruction eﬃciency is very close to 100%. A decrease in eﬃciency with momentum
is caused by pattern recognition errors like ineﬃciencies of the neural network used to identify
merged clusters. These ineﬃciencies are correlated with the increasing spacial collimation of the
τ decay products.
4.2

Performance for Tracks in Jets

Figure 1(b) shows the charged-primary particle reconstruction eﬃciency dependence on the
angular distance of a particle to the jet axis for simulated events with a 3 TeV Z  decaying to
a pair of top quarks. Jets were selected to have a pT between 450 GeV and 750 GeV. Charged
part
) of 100 mm and transverse
particles were required to have been created within a radius (Rprod
part
the entire SCT detector (Rdecay > 600 mm). A pT > 2 GeV requirement was also used.
Several particles from a displaced decay can create a single merged cluster. Clusters created
from more than two particles have been shown to reduce the cluster assignment eﬃciency and
track reconstruction eﬃciency in samples created from a single B + and single τ -lepton decaying
to three charged hadrons respectively 9 . The same eﬀect drives the reconstruction eﬃciency
decrease towards the core of a jet in fully simulated samples. The problem is exacerbate in
b-jets due to the displaced decay vertex of heavy-ﬂavour quarks.
5

Track Reconstruction Ineﬃciency in Jets

The dE/dx of a charged particle traversing a pixel sensor is measured from the charge collected
in the clusters associated with the reconstructed track. With single particles and thin layers,
one expects the dE/dx measurements to follow a Landau distribution. A single particle created
at a LHC pp collision is expected to be a minimum ionizing particle (MIP). Thus, two particles
contributing to the same cluster are expected to deposit double the energy of a single MIP.
By ﬁtting the cluster dE/dx for reconstructed tracks near the core of the jet, tracks reconstructed from single particles can be statistically separated from tracks reconstructed from
multiple particle contributions. This is due to the fact, that near the jet core the charged particle
density is high and particles can be heavily collimated. The tracks of these particles are thus
more likely to have been reconstructed from merged clusters. The fraction of lost tracks can be
inferred from the number of reconstructed tracks associated with a cluster dE/dx compatible
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the particle from the jet axis. 9

with multiple MIPs. By measuring the fraction of lost tracks in data and simulation, the residual
track reconstruction ineﬃciency can be estimated 10 .
Details on the jet reconstruction and selection, as well as the selections on reconstructed
tracks are given elsewhere 10 .
A cluster dE/dx distribution of tracks inside the jet core is ﬁt using two dE/dx template
distributions: a single-track template of the dE/dx distribution made from tracks reconstructed
from a cluster where a single particle contributed, and a multiple-track template of the dE/dx
distribution made from tracks reconstructed from a merged cluster, to which multiple particles
contributed. Examples of the resulting distributions are shown in Figure 2(a). The single-track
template, displayed as blue circles in Figure 2(a), contains a single peak at the dE/dx value
expected for a minimum ionizing particle traversing the 2nd layer of the pixel detector. The
multiple-track template, displayed as green squares in the same ﬁgure, instead exhibits a peak in
the dE/dx range of two particles. A third, smaller peak occurs at dE/dx > 3.2 MeV g−1 cm2 for
clusters created by three particles. To study the dependence of lost tracks on jet pT , the ﬁt was
performed in seven diﬀerent bins of jet pT ranging from 200 GeV to 1600 GeV in steps of 200
GeV in both data and simulation.

5.1

Systematic Uncertainties

Various potential sources of uncertainties were studied. For simulation, generator dependency
provides the dominant systematic uncertainty. This uncertainty was estimated by comparing
the ﬁt results on simulated samples made with the PYTHIA 8, SHERPA and HERWIG++
event generators.
The measured fraction of lost tracks, F lost , varies as a function of the range in dE/dx for
which the distribution is ﬁt. The eﬀect has been estimated by increasing the ﬁt range beyond the
baseline selection. The lower edge of the ﬁt range was chosen to include all statistically signiﬁcant
bins and results are found to be stable under its variation. For both data and simulation, F lost
changes as a function of the ﬁt range, increasing by about 5% over its previous value with each
increment. The second leading systematic uncertainty for data is the result of ﬁtting all data
jet pT bins with the templates from the lowest jet pT bin due to the limited statistics at higher
pT 10 .
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5.2

Results

Entries

Entries

Figure 2(b) shows the ﬁt result for data in one bin of jet pT . The single-track and multiple-track
dE/dx templates provide a good description to the dE/dx distribution. A comparison of F lost
as a function of jet pT for data and simulation is shown in Figure 3. As the jet pT increases, so
does F lost , with a similar trend observed in both data and simulation.
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Figure 2 – (a) Single-track and multiple-track templates for data with a jet pT in the range
200 GeV < pTjet < 400 GeV.
(b) Data dE/dx distributions with ﬁt results for a jet pT in the range
1000 GeV < pTjet < 1200 GeV. 10
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Figure 3 – The measured fraction of lost tracks, F lost , in the jet core (ΔR(jet,trk)< 0.05) as a function of jet
pT for data and simulation. Black error bars indicate statistical uncertainty while the grey and red error bands
indicate the total uncertainty for data and simulation respectively. 10
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TOTALLY ASYMPTOTICALLY FREE TRINIFICATION
G. M. PELAGGI
Dipartimento di ﬁsica dell’Università di Pisa & INFN Pisa,
Largo Bruno Pontecorvo, 3, 56123, Pisa, Italia

Reinterpreting the naturalness principle, we address the hierarchy problem, proposing a phenomenologically interesting extension of the SM with a gauge group SU (3)L ⊗ SU (3)R ⊗
SU (3)c , such that all the gauge, Yukawa and quartic couplings can be extrapolated up to
inﬁnite energy. We analyze which set of scalar or fermionic particles are needed to accomplish
this goal. Finally, we consider the predictions of these models about the recently measured
diboson and diphoton anomalies.

1

Introduction

The new physics that should solve the Higgs naturalness problem has not been seen yet at LHC, so
one could question if the principle of naturalness is still valid. In this work we want to reinterpret
this principle, saying that power divergent contributions to the dimensionful parameters of the
Standard Model (SM) are not physical, so we don’t have to worry about how to cancel them.
We call this framework “ﬁnite naturalness”. 1 This assumption, that may seem unmotivated at
ﬁrst, makes sense if we assume that the new physics scale is not far from the actual energies of
LHC and if we suppose that there are no scales bigger than that.
To do this, it is necessary that the model holds up to inﬁnite energy. We search for models
in which none of the couplings exit the perturbative regime, at all the scales, studying the
renormalization group equations. This desired behavior is called “Total Asymptotic Freedom”. 2 a
2

The model

First, the behavior of the SM has been considered. As all the abelian groups, the coupling of
U(1)Y gets a Landau pole, and so it’s not directly TAF. Considering, however, a SM in which
this coupling is set to zero, can lead to predictions that are not too far from the experimental
values. 2 Another way around to avoid Landau poles is to embed the hypercharge into a bigger
a
In this work we suppose that gravity doesn’t spoil this property of the model, so the TAF condition holds
also at energies bigger than the Planck mass.
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Field
u1R u2R
QR = ⎝d1R d2R
1
2
⎛dR1 dR
uL d1L
QL = ⎝u2L d2L
3
3
⎛uL dL
ν̄L eL
L = ⎝ ēL νL
eR ν R
H
⎛

⎞
u3R
3
dR ⎠
d3
R⎞
d¯1
R
⎠
d¯2
R
d¯3
R⎞
eL
νL ⎠
ν

spin SU(3)L SU(3)R SU(3)c
1/2

1

3

3̄

1/2

3

1

3̄

1/2

3

3̄

1

0

3

3̄

1

Table 1: Field content of minimal weak-scale triniﬁcation.

non-abelian group. In particular, we study the Triniﬁcation family of models, whose gauge group
is G333 = SU(3)L ⊗ SU(3)R ⊗ SU(3)c . b
We ﬁrst consider the properties of the simplest of the Triniﬁcation models, then we try to
understand how to expand it to get the TAF behavior.
2.1

Minimal Triniﬁcation

Minimal Triniﬁcation is the smallest extension that contains the SM. Its particle content is
summarized in Table 1. The scalar H is in the (3L , 3̄R ) representation and contains 3 Higgs
doublets. We must introduce at least two bi-triplets, H1 and H2 to break G333 to the SM
gauge group U(1)Y ⊗ SU(2)L ⊗ SU(3)c , and this to U(1)em ⊗ SU(3)c . The most generic vacuum
expectation values that allow this pattern are
⎛
⎞
0
0
vun
vdn vLn ⎠ .
(1)
Hn  = ⎝ 0
0 VRn Vn
The vacuum expectation values denoted with a capital V trigger the ﬁrst part of the pattern
and are bigger than those with the small v, that break the SM group.
The three triniﬁcation
gauge coupling constants (gL , gR , gc ) allow to reproduce those of the

SM (g3 , g2 , gY = 3/5 g1 ) as
gL = g2 ,

2g2 gY
gR = #
,
3g22 − gY2

g c = g3 .

(2)

It is important to note that gR is not a free parameter, its value is sharply predicted: gR = 0.444.
Considering the SM group unbroken (i.e. vun = vdn =vLn = 0), the SM vectors remain
2 ). The lightest vectors
massless, while the others take a mass proportional to V 2 ≡ n (Vn2 + VRn
are WR± , with a mass

2 V 2

gR
2
1 − (1 − 2α2 )2 + 4β 2 .
(3)
MW
± =
R
2

 2
where α ≡ n VRn /V 2 and β ≡ n Vn VRn /V 2 .
The SM chiral fermions are contained in a QR ⊕ QL ⊕ L multiplet as described in Table 1.
Each generation of QR ⊕ QL ⊕ L contains 27 fermions that decompose under the SM gauge
b
These models have been introduced as Grand Uniﬁcation theories 3 , and most of them provide also a permutation symmetry between the three sectors. We don’t consider this case since this symmetry is broken by the
predicted numerical values for the three gauge couplings.
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group as the usual 15 SM chiral fermions, plus a vector-like lepton doublet L ⊕ L̄ , a vector-like
right-handed down quark dR ⊕ d¯R , and two neutral singlets, denoted as νR and ν  in Table 1.
The SM Yukawa couplings are obtained from the G333 -invariant interactions
ij
−LY = yQn
QLi QRj Hn +

ij
yLn
Li Lj Hn + h.c.
2

(4)

where summation over n and i, j = {1, 2, 3} is implicit and with yL symmetric under i ↔ j.
To get the right masses for all the fermions with only two scalar ﬁeld, a big amount of ﬁnetuning is needed: to avoid this we can consider the models with three Higgses H1,2,3 . Having
three Yukawa couplings yQ1 , yQ2 , yQ3 allows to naturally adjust the masses of the SM quarks to
the known values and to set the masses of the new fermions above the experimental bounds.
2.2

A triniﬁcation TAF model

Minimal triniﬁcation has asymptotically free gauge one-loop β-functions
dgi
g3
= bi i 2 ,
d ln μ
(4π)

with

bL = bR = −5 +

n
,
3

bc = −5.

(5)

However, the quartics of minimal triniﬁcation do not satisfy the TAF conditions.
Since the particle content dictates the UV behavior of the couplings, we want to consider
all the models obtained by adding a combination of extra vector-like fermions to the minimal
one. The choices that keep the gauge couplings asymptotically free are ﬁnite in number, so a
systematic search can be performed. 4
An example of Triniﬁcation model that satisfy all TAF conditions is obtained adding to
the minimal one (already containing the chiral fermions QiL , QiR and Li ) a vector-like family of
quarks QL ⊕ Q̄L and/or QR ⊕ Q̄R .
Now the Lagrangian contains also extra fermion mass terms ML and MR and new Yukawa
couplings:




 

ni j
n
Q̄L Q̄R Hn∗ +
QLi QRj  Hn + yQ̄
−LY = MLi QLi Q̄L + MRj QRj  Q̄R + yQ

yLnij
Li Lj Hn∗ + h.c. (6)
2

where i , j  = {1, 2, 3, 4}. The scalar quartic potential remains as in the minimal case.
3

Diboson and diphoton anomalies

The Triniﬁcation models can provide also an explanation for the diboson excess at  2 TeV and
the diphoton excess at  750 GeV. 5
3.1

Diboson excess

LHC data showed an excess of di-boson events around 1.9 TeV in diﬀerent channels. 6 We interpret
this excess as the resonance of the WR± gauge boson in the processes pp → WR± → W ± Z,
pp → WR± → W ± h and pp → WR± → jj. Moreover, no excess is seen in the pp → WR± → ± ν
channel, as predicted from our model.
We perform a global ﬁt, assuming that WR only decays into jj, W Z and W h and using
the theoretical prediction BR(WR → W Z) = BR(WR → W h). The result of the ﬁt is g̃R =
gR cos(θD + θR )  0.25, where θD and θR parametrize the mixing angles between heavy fermions
and SU(2)R vectors, respectively.
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3.2

Diphoton excess

ATLAS and CMS showed an excess at 750 GeV 7 in the di-photon channel: it has been interpreted
as a new scalar with mass ≈ 750 GeV. It is produced by a couple of gluons and decays in two
photons through loops of extra fermions and/or scalars coupled to S by sizeable couplings.
Triniﬁcation has all the particles needed to follow this interpretation: extra scalars S as
singlets and/or doublets in the Higgs H multiplets; extra fermions D and L that extend the
SM chiral fermion content and receive masses only as yV ; Yukawa couplings y that can be big
enough to push the extra fermions above the experimental bounds.
In this model is possible to reproduce the γγ excess, keeping at the same time the production
of ZZ and W W under the bounds.
4

Conclusions

Total asymptotic freedom could be a way to bypass the hierarchy problem, allowing a model to
hold up to inﬁnite energy: the power divergences of the dimensionful parameters lose physical
meaning. A systematic search of the TAF behavior has been performed among the Triniﬁcation
models, and a few models show this feature. Moreover, this family of theories can explain the
di-boson excess at 1.9 TeV through the WR± gauge boson and the diphoton excess at 750 GeV as
the production of a new scalar, mediated by loops of extra scalars and/or fermions.
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Vertex identiﬁcation in the search for the Higgs boson decaying to two photons in
CMS
Inna Kucher on behalf of the CMS Collaboration
CEA Saclay IRFU/SPP (France)
A search for the Higgs boson decaying to two photons has been performed by the CMS
Collaboration at the LHC experiment using pp collisions at a center-of-mass energy of 13
TeV with an integrated luminosity of 2.7 f b−1 . In the decay of the Higgs boson into two
photons, the unconverted ﬁnal state photons are not detected in the tracker. Moreover, the
CMS electromagnetic calorimeter (ECAL) has no longitudinal segmentation, it is thus not
a pointing calorimeter. As a result, the primary vertex determination of the Higgs boson
decaying to two photons is not trivial. The vertex identiﬁcation algorithm used in the search
for the Higgs boson decaying to two photons is described, together with its performance.

1

Introduction

The Higgs boson decaying into two photons channel has a very small branching ratio, about
0.2%, but at the same time it has a very clean ﬁnal state signature, two high-energy isolated
photons. Vertex identiﬁcation is an important part of the H → γγ analysis 1 , it has a direct
impact on diphoton mass resolution and on the photons’ isolation calculation with respect to
tracks.
In the decay of the Higgs boson into two photons, unconverted ﬁnal state photons are not
detected in the tracker, so the determination of the primary vertex associated with the signal is
not trivial. Information from the recoiling tracks can be used to determine the vertex position,
and, when at least one of the photons is converted in the tracker, the conversion tracks can
be used in addition. For LHC Run II, the tracking algorithm has changed 2 , and the energy
and pile-up conditions are diﬀerent. Thus the vertex identiﬁcation algorithm for the H → γγ
analysis was reoptimized.
The principle of the vertex identiﬁcation used for CMS H → γγ analysis for the LHC Run II
is described in Section 2.1, where the distributions of the main discriminating variables from 13
TeV Monte Carlo simulation are shown and the performance estimated on simulation is quoted.
The vertex identiﬁcation performance validation on 13 TeV data and Monte Carlo simulation
using Z → μμ and γ+jets events are depicted in Section 2.2. A second algorithm is used to
estimate per-event probability to choose the right vertex, allowing to fully beneﬁt from the
excellent CMS ECAL resolution. The principle of the probability determination is summarized
in Section 3 with its performance at 13 TeV.
2

Vertex identiﬁcation

The vertex identiﬁcation algorithm exploits the correlation between the recoiling tracks
attached to a given vertex and the diphoton system. In events where at least one of the two
photons converts into an e+ e− pair, the conversion tracks can be reconstructed and linked to the
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photon supercluster. All this information is used to build an optimal discriminating variable. In
each event, the vertex with the most signal-like value of this variable is chosen as the primary
one.
2.1

Algorithm

In presence of unconverted photons, the three most discriminating variables for the vertex
 i 2
 i

 i
p
γγ
γγ
T
identiﬁcation were found to be:
), (| i piT | − pγγ
i | pT | , −
i (pT · |
i pT | + pT ),
T )/(|
pγγ |
T

where piT is the transverse momentum of the i-th track associated with a given vertex, pγγ
T is the
transverse momentum of the diphoton pair.
The production vertex for a Higgs boson is likely harder than minimum bias interaction

vertices, so i |piT |2 tends to take higher values for the true vertex than for the wrong ones. The


p
γγ

negative sum of projections of the pT of the tracks on the diphoton pT , − i (piT · |pTγγ | ), tends to
T
be positive for the true vertex, as tracks recoil against the diphoton pair, and centered at 0 for
wrong vertices. For the same reason, the asymmetry between the total transverse momentum
of the tracks attached to a given vertex and the modulus of the diphoton pT tends to have
higher values for the true vertex and to peak at -1 for wrong vertices. The distributions of the
discriminating variables for 13 TeV H → γγ Monte Carlo samples are shown for right (H(125)
vertex) and wrong (random wrong vertex) vertices in Figure 1.

Figure 1 – Discriminating input variables distributions at 13 TeV for right (H(125) vertex) and wrong (random
wrong vertex) vertices.
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In the presence of conversions, i.e. photons producing electron-positron pairs due to the
interaction with the tracker material, electron tracks can be exploited to determine the longitudinal coordinate of the primary interaction vertex where the Higgs boson is produced. Two
complementary methods have been developed, which give diﬀerent performance depending on
where the photon conversion occurs. Both methods exploit the knowledge of the converted photon direction extracted from the conversion reconstruction. Once the direction is known, it is
extrapolated to the beam line to obtain the estimate of the z position of the primary interaction
vertex, zVconv . In the ﬁrst method, the photon direction is calculated using the angle between the
conversion momentum and the z-axis. The conversion momentum is evaluated from the track
pair reﬁtted with the vertex constraint. In the second method, the direction of the converted
photon is instead determined by combining the information on the conversion vertex position
and the position of the ECAL supercluster.
The variables used in the analysis in presence of converted photons are the number of
|z
−z conv |
converted photons (Nconv = 0, 1, 2) and P ullconv = P VσconvV , where zP V is the z position of
conv
is the z position of the primary vertex estimated from one of
the tested primary vertex, zV
the two algorithms described above, and σconv is the resolution on zVconv , for the tracker part
where the conversion vertex is reconstructed. The P ullconv variable provides a good separation
between the right (H(125) vertex) and wrong (random wrong vertex) vertices which is shown in
Figure 1.
All discriminating variables are combined, using a multivariate technique based on boosted
decision trees. In each event, the vertex with the most signal-like value of this variable is chosen.
The vertex identiﬁcation algorithm was optimized for LHC Run II using simulation for
all Higgs production modes weighted according to their expected production cross-sections.
The eﬃciency is deﬁned as the fraction of events where the z position of the chosen vertex is
located within 1 cm of the true one, in this case the photons’ opening angle makes a negligible
contribution to the diphoton mass resolution. It is about 83% from H → γγ simulation. All
production modes are included and reweighted to their expected production cross-sections to
compute the eﬃciency, and the simulation is reweighted to the pile-up distribution in the data.

2.2

Performances validation
Since the algorithm was optimized on simulation, it has to be validated on data.

The performance of the H → γγ vertex identiﬁcation algorithm is validated for the case
of unconverted photons using Z → μμ events. The two muon tracks are removed from the
event and vertices are re-reconstructed, mimicking the diphoton topology. In computing the
discriminating, the diphoton kinematic properties are replace with those of the dimuon. The
eﬃciency of ﬁnding the good vertex is estimated both in data and simulation. The vertex is
selected within the vertex collection without muon tracks. The true “good” vertex is determined
from the two muons tracks in the collection of vertices including the muon tracks. For the case
of converted photons the performance of the algorithm is validated using γ+jet events. In this
case, a photon-jet system is created by pairing a photon and a jet while removing the tracks
associated with the jet during the process of vertex identiﬁcation, in order to mimic a diphoton
system. The selected vertex is then compared to the vertex that is associated to the jet in order
to calculate the eﬃciency to choose the correct vertex.
The eﬃciency of selecting the correct vertex with the H → γγ vertex identiﬁcation algorithm
in Z → μμ and γ+jet events in data and simulation, along with their ratio, are shown in Figure 2
as a function of the pT of the system. In both cases the eﬃciency in data and simulation agree to
within. The Z → μμ data/simulation eﬃciencies ratio versus pT is used to correct the eﬃciencies
in H → γγ simulation, and varied within uncertainties to estimate the associated systematics.
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Figure 2 – Eﬃciency as a function of pT to ﬁnd the vertex within 1 cm of the true one, using Z → μμ (left) and
γ+jet (right) events for data and simulation.

3

Per-event probability to choose the correct vertex

A second vertex-related multivariate discriminant was designed to estimate, event-by-event,
the probability for the vertex assignment to be within 1 cm of the diphoton interaction point.
This allows a per-event estimate of the contribution of the vertex choice to the diphoton mass
resolution. The method was optimized, using simulated H → γγ events, to separate events
where the chosen vertex lies within 1 cm of the generated interaction point. The inputs of the
method are:
• the pT of the diphoton system,
• the number of vertices in each event,
• the values of the per-vertex BDT discriminant for the three best vertices,
• the Δz between the best vertex and the second-best and third-best,
• the number of converted photons (0, 1, or 2).
The per-event probability to choose the vertex within 1 cm of the true one is parametrized as
a function of the BDT output with a 4th order polynomial separately for events with converted
photons and with only unconverted photons. The eﬃciency of choosing the vertex within 1
cm of the true vertex from Higgs to two photons simulation and the average vertex probability
estimate are shown as a function of the pT of the diphoton pair in Figure 3 (left). The probability
estimate is modeling well the true eﬃciency.
The performance of the H → γγ vertex probability estimate algorithm is validated using
Z → μμ events where the vertices are reﬁtted without the muon tracks to mimic a diphoton
system. The normalised distribution of the per event probability of correct diphoton vertex
is shown in Figure 3 (right) separately for the vertices correctly selected and for mis-assigned
vertices in Z → μμ events in data and simulation. The correct and mis-assigned vertices are
well separated, and the agreement between data and simulation is fairly good.
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Figure 3 – Left: Comparison the true vertex identiﬁcation eﬃciency and the average estimated vertex probability
as a function of the reconstructed diphoton pT . All production modes are included. Events are reweighted
according to cross-sections of diﬀerent production modes and with respect to pile-up in data. Right: Normalised
distributions of the per event probability of correct diphoton vertex for correctly selected vertices in data (open
black circles) and simulation (purple histogram) and for mis-assigned vertices in data (closed black circles) and
simulation (open red histogram) in Z → μμ events.

4

Conclusion

The vertex identiﬁcation algorithm and good vertex probability estimate were optimized for
LHC Run II and validated using data collected by CMS experiment in 2015. It is an important
part of the H → γγ analysis. The expected performance of the vertex identiﬁcation algorithm
in 2016 is about 79% for an average pile-up 20.
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Trilepton event represents one of the probes of the new physics at high energy colliders. In
± ∓
/ T where α, β,
this talk, we consider the search for processes with ﬁnal states ±
α β γ + E
γ= e, μ, τ , via the production of singlet charged scalar S ± which arise in a class of radiative
neutrino mass models. We discuss the opposite sign same ﬂavor leptons signal, as well as the
√
√
background free channel in view to get a signiﬁcant excess at s= 8 TeV and s = 14 TeV
at the hadron collider LHC.

1

Introduction

Accommodating the data from neutrino oscillation experiments required an extension of the
standard model of particle with extra degrees of freedom. One of the mechanisms that generate
tiny masses for neutrinos, mν , invoke new physics at the TeV scale where mν vanishes at the
tree level but gets generated at higher loop level 1 . Here, using trilepton events we investigate
the possibility of probing a class of models motivated by neutrino mass at the LHC. This class
of models contains a singlet charged scalar (S ± ) that decays to charged lepton and neutrino
via fαβ Yukawa couplings, inducing lepton ﬂavor violating (LFV) processes, whose strength is
a subject of severe experimental constraints.
2

Model Framework & Space Parameter

In this work, we consider a class of models that contain the following term in the Lagrangian
L ⊃ fαβ LTα CLβ S + − m2S S + S − + h.c.,

(1)

The interactions above induce LFV eﬀects via processes such as μ → eγ and τ → μγ, with the
following branching fractions, these two branching ratios should not exceed the upper bounds
B (μ → e + γ) < 5.7 × 10−13 2 and B (τ → μ + γ) < 4.8 × 10−8 3 . Moreover, a new contribution
to the muon’s anomalous magnetic moment is induced at 1-loop. Figure. 1 shows the allowed
space parameter for the charged scalar mass range 100 GeV < mS < 2 TeV, while scanning over
the couplings f ’s with the LFV constraints being satisﬁed.
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Figure 1 – Diﬀerent couplings f ’s combinations (as absolute values) versus mS , the experimental bounds μ → eγ
and τ → μγ are represented by dashed lines.

3

Current Constraints on Trilepton Signal at the LHC

The charged charged S ± can be produced at the LHC through the processes associated with
diﬀerent sign diﬀerent ﬂavor charged leptons at the parton level as shown in Figure. 2, including
gauge bosons W + Z/W + γ ∗ production as standard model contribution. The subsequent decay
of S ± results in trilepton ﬁnal states and a missing energy. In our analysis we consider just
 = e, μ, and use CalcHEP to generate both searched signal and background events.
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W+
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Z
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lγ+

ν
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Figure 2 – Diagrams corresponding to the trilepton signal (a) and SM background (b,c).

We look for the event number diﬀerence Nex = NM − NB , apply the CMS selection criteria
used in 4 to perform our analysis, and then compute the signiﬁcance of each channel for the set
of benchmark points. Figure. 3, shows that it is possible to ﬁnd at least a 1σ(4σ) excess in 20.3
f b−1 (300 f b−1 ). These results are consistent with searches for new phenomena since they have
not shown any signiﬁcant deviation from SM expectations at 8 TeV. Hence, we will select two
benchmark points and apply new cuts for our detailed analysis thereafter in order to perform
the signiﬁcance signal.

4

Benchmark Analysis and Discussion

Here, we opt to study the trilepton signal through the two benchmark mass B1 and B2 given in
Table. 1. We ﬁrst analyze the trilepton production with opposite sign same ﬂavor ﬁnal state at
√
s = 8 and 14 TeV, and then we investigate possibility of observing the background-free signal
e+ μ+ τ − .
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Figure 3 – Signiﬁcance for the relevant process pp → + + − + E
horizontal blue line indicate the signiﬁcance value S = 5.

Table 1: Two benchmark points selected from the allowed parameter space of the model.

Point
B1
B2

4.1

mS (GeV)
471.8
1428.5

feμ
-(9.863 + i8.774) × 10−2
(5.646 + i549.32) × 10−3

feτ
-(6.354 + i2.162) × 10−2
-(2.265 + i1.237) × 10−1

fμτ
(0.78 + i1.375) × 10−2
-(0.41 − i3.58) × 10−2

The Processes eeμ & eμμ

To examine the signal discrimination, we focus on the selected points which are expected to
have a favorable cross sections at the LHC. These points motivate us to the investigation of new
cuts on the relevant observables as shown in Table. 2, that would be eﬀective in reducing the
√
/ T are
backgrounds contribution at s = 8 and 14 TeV, where the processes pp → + + − + E
mediating by the Feynman diagrams which can be classiﬁed as SM and non-SM diagrams with
amplitudes MSM and MS , respectively. Therefore, Nex = NM − NB is directly proportional
to the couplings combination |fαρ fβρ |2 , which means that there is a direct correlation between
the discovery LFV processes and signals. The corresponding signiﬁcance computed for each
benchmark point after imposing cuts is shown in Table. 3.
Table 2: Cuts employed for both processes at

e + μ + e − +  ET
70 < Me− e+ < 110
Me+ μ+ < 200
Me− ν < 206
10 <
 pT < 100
η  < 3
 ET < 100

√

e + μ + e − +  ET
70 < Me− e+ < 110
Me+ μ+ < 230
Me− ν < 220
10 < p T < 90
η  < 3
 ET < 90

s = 8 TeVand

√

s = 14 TeV respectively.

e + μ + μ − +  ET
80 < Mμ− μ+ < 100
Me+ μ+ < 200
Mμ− ν < 185
10 <
 pT < 100
η  < 3
 ET < 90

e + μ + μ − +  ET
80 < Mμ− μ+ < 110
Me+ μ+ < 230
Mμ− ν < 245
10 <
 pT < 130
η  < 3
 ET < 120

Table 3: The signiﬁcance corresponding to Lint = 20.3 (300) f b−1 at 8 and 14 TeV respectively.

Process
/T
p, p → e+ μ+ e− + E
/T
p, p → e+ μ+ μ− + E

Benchmark
B1
B2
B1
B2
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N20.3
70.42
69.69
71.21
70.44

S20.3
3.651
3.618
3.831
3.793

N300
1689.6
1470
2066.7
1974.9

S300
17.363
15.289
19.210
18.983

Figure. 4 (left) and (center) exhibits the behavior of the signal signiﬁcance which translate
the favorable feasibility of detecting trilepton events through the μ+ μ− signature.
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Figure 4 – Signiﬁcance for the process pp → + + − + E
new cuts, the dashed horizontal blue (pink) line indicate the signiﬁcance value S = 3 (S = 5) respectively. In
√
/ T at s= 14 TeV.
(right) events number for the background-free process pp → e+ μ+ τ − + E

4.2

LFV Background Free Channel

To further our investigation, we extend our earlier analysis in the perspective of optimize the
detection of this signature in colliders for both benchmark points through the background free
process e+ μ+ τ − . However, observing such process requires huge luminosity and the resulting
number of events is very low (less than 3 events for 1000 fb−1 lumunoisity).
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Search for A to Zh(bb) in ATLAS at 13 TeV
Carlo Pandini on behalf of the ATLAS Collaboration
LPNHE, 4 place Jussieu, Paris, France
A search for a heavy, CP-odd Higgs boson A decaying into a Z boson and a CP-even Higgs
boson h with a mass of 125 GeV is performed using the ATLAS detector at the Large Hadron
Collider. The search uses proton-proton collision data at a centre-of-mass energy of 13 TeV
corresponding to an integrated luminosity of 3.2fb−1 . Decays of h bosons to bb pairs, where
the resulting hadronic jets can be resolved or are merged in the detector, are both considered.
Final states of the Z boson decaying to a pair of charged leptons or into neutrinos are considered. The data are used to determine 95% conﬁdence level upper limits on the product of
production cross-sections and branching fractions for mA = [200,2000] GeV assuming gluonfusion or b-quark-associated exclusive production. Results are also interpreted in the context
of benchmark models for a two-Higgs doublet extension of the Standard Model (2HDM).

1

Introduction

The Higgs boson particle discovered by the ATLAS 1 and CMS 2 Collaborations in 2012 3,4 has
so far been observed to be consistent with the Standard Model (SM) predictions, it can be used
to probe beyond-the-SM scenarios in which the Higgs SM properties are altered, or additional
Higgs bosons are included. In particular many physics models which include an extended Higgs
sector also comprise a CP-odd (pseudoscalar) Higgs boson, denoted A, and a lighter CP-even
Higgs boson, denoted h. In this analysis 5 we search for the resonant production of the A boson,
decaying to a Z boson and a h boson with mass of 125 GeV (denoted as A → Zh), targeting
leptonic ﬁnal states in the decays of the Z boson (Z → e+ e− , Z → μ+ μ− , Z → ν ν̄), with the h
decaying to a bottom quark pair (h → bb̄).
2

Data Analysis: Objects and Events Selection

To optimize the sensitivity of the analysis, events are categorized according to the number of
charged leptons (0- or 2-leptons), the transverse momentum of the vector boson candidate (lowmiss trigger with
or high-pZ
T ) and the number of b-tagged jets (1-tag or 2-tag). An un-prescaled ET
online threshold of 70 GeV is used to record event in the 0-lepton channel, while a combination
of un-prescaled single-lepton triggers are used for the 2-lepton one (with pT threshold at 24 GeV
for isolated electrons and 20 GeV for isolated muons).
The pZ
T quantity used to categorize the events in the 0-lepton channel corresponds to the missing
transverse energy (ETmiss ), while in the 2-lepton channel it is reconstructed as the vector sum
Z
of the transverse momenta of the two leptons. Events with pZ
T <500 GeV belong to the low-pT
Z one. The low- and high-pZ regions
category, while events with pZ
≥
500
GeV
to
the
high-p
T
T
T
separate topologies in which the h candidate has a transverse momentum high enough that
its decay products are merged in a single large-radius jet (high-pZ
T ), from the lower transverse
momentum phase space in which the jets from the h decay can be resolved as separate objects.
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For low-pZ
T events at least two small-R jets are required, built from noise-suppressed topological
clusters in the calorimeter using the anti-kt algorithm with a distance parameter R = 0.4, with
pT >20 GeV and |η| <2.5 (central) or pT >30 GeV and 2.5< |η| <4.5 (forward).
6
In the high-pZ
T category at least one large-R jet is required (R=1.0), trimmed to remove the
energy of clusters from initial state radiation, pile-up interaction and underlying event, with
pT >250 GeV and |η| <2.0. At least two ‘track-jets’, built using inner detector tracks as input
for the anti-kt algorithm with R=0.2 (with pT >10 GeV and |η| <2.5), are required to be ghostassociated 7 to the selected large-R jets.
The MV2c20 b-tagging algorithm 8 (with a 70% eﬃciency working point), is applied to all central
small-R jets in the low-pZ
T region, and to the two leading track-jets associated with the leading
large-R jet in the high-pZ
T region. The events are categorized in 1-tag and 2-tag categories according to the exact number of b-tagged jets. In the low-pZ
T 2-tag category the h candidate is
built from the two b-tagged small-R jets, while in the 1-tag category the b-tagged jet and the
highest-pT remaining central jet are used. In both cases the highest-pT central jet in the event
must have pT >45 GeV.
In order to improve the mass resolution of the h candidate, energy corrections are applied
to the b-tagged small-R jets. First the four-momentum of the closest muon in ΔR within the
jets is added to the calorimeter-based jet energy, removing energy deposited by the muon in
the calorimeter (this procedure is called muon-in-jet correction and it is also applied to large-R
jets). Finally the jet four-vector is scaled by a pT dependent correction factor which accounts for
biases in the jet response (resolution correction). The signal dijet mass resolution improves by
14% after these corrections and is of the order of 11% of the h mass. The analysis signal regions
(SRs) are deﬁned by requiring the mass of the h candidate to be consistent with the 125 GeV
Higgs boson mass: in the low-pZ
T category a window of 110 GeV< mdijet <140 GeV is applied,
while in the high-pZ
T the window on the large-R jet mass is widened to 75 GeV< mjet <145 GeV.
An additional set of kinematic and topological criteria is applied separately in the 0- and 2lepton channels to reject the SM background events and enhance the sensitivity.
In the 0-lepton channel events are vetoed if they contain reconstructed electrons(muons) with
pT > 7 GeV and |η| < 2.47(2.7). To ensure a trigger eﬃciency above 85% only events with
ETmiss > 150 GeV are retained and in the low-pZ
T category the scalar pT sum of the ﬁrst three
small-R central (or forward) jets ordered in pT is greater than 150 GeV (120 GeV for events
with only two central jets). A series of requirements on the following quantities is applied to
suppress the multi-jet and non-collision background: the magnitude of the track-based miss> 30 GeV; the azimuthal angle between ETmiss and
ing transverse momentum vector pmiss
T
miss
miss
miss
pT , Δφ(ET , pT ) < π/2; the azimuthal distance between ETmiss and the h candidate,
Δφ(ETmiss , h) > 2π/3; the azimuthal distance between the ETmiss and the nearest small-R jet,
min[Δφ(ETmiss ,small-R jet)] > π/9. In the low-pZ
T an additional cut is applied on the azimuthal
distance between the two jets used to build the h candidate, Δφ(j, j) < 7π/9. Finally, to further reject tt̄ and W+jets backgrounds, events containing at least one hadronically decaying
tau lepton candidate are rejected, and in the high-pZ
T region events with at least one b-tagged
track-jet not associated with the h candidate are vetoed. Due to the presence of neutrinos in
the ﬁnal state, in the 0-lepton channel the invariant mass of the Zh system cannot be fully
reconstructed, therefore the transverse mass built from the h candidate and the ETmiss is used
as the ﬁnal discriminant:
mZh
T =

#

(ETh + ETmiss )2 − (phT + ETmiss )2

(1)

In the low-pZ
T category the four-vector of the h dijet system is also scaled by mh /mdijet , where
mh =125 GeV.
In the 2-lepton channel the selected events contain exactly two electrons or muons with opposite
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charge, where at least one of them has pT > 25 GeV and |η| < 2.5 in the low-pZ
T region, and
both of them must satisfy these requirements in the high-pZ
T region. The invariant mass of the
dilepton system must be in the range of 70-110 GeV, widened to 55-125 GeV for muons in the
at high
high-pZ
T region due to the worse muon momentum resolution
√ pT . The tt̄ background in
√
the 2-lepton channel is suppressed by requiring ETmiss / HT < 3.5 GeV , where HT is the scalar
pT sum of the leptons and small-R jets in the event. In the 2-lepton channel the invariant mass
of the Zh system is used as ﬁnal discriminant: the four-vector of the dimuon system is scaled
by mZ /mμμ where mZ =91.2 GeV to improve the invariant mass resolution. As in the 0-lepton
case, in the low-pZ
T category the four-vector of the h dijet system is also scaled by mh /mdijet .
The resulting mZh resolution is between 2.5% and 3.5%.
3

Background Modelling

In both lepton channels the main background contribution comes from Z+jets and tt̄ events,
which can lead to ﬁnal states with signiﬁcant real missing momentum from Z → νν decays
or W → lν decays for the 0-lepton channel, and mimic the signal experimental signature (e.g.
Z → l+ l− +jets) in the 2-lepton one. Other backgrounds contribute at the level of a few
percent: single-top and diboson production, non resonant production of h → bb̄ in association
with a vector boson. The estimate of all these backgrounds relies on Monte Carlo simulations,
while the multi-jet QCD background has been studied in data and found to contribute at most
at the percent level. The dominant backgrounds are studied by deﬁning independent Control
Regions (CRs) inverting speciﬁc selection criteria to enhance the background contribution. The
Z+jets background is tested by considering the side-bands of the mdijet distribution in the lowpZ
T category, separately for the 1-tag and 2-tag regions. Two dedicated tt̄-enriched CRs (for
1-tag and 2-tag events) are deﬁned in the 2-lepton low-pZ
T channel by requiring the two charged
cut
to meμ > 40 GeV, and removing the
leptons to have diﬀerent
ﬂavours,
relaxing
the
m
ll
√
requirements on ETmiss / HT and the mdijet window.
4

Results and Interpretations

The ﬁnal results are extracted by ﬁtting the observed data to the expected signal and background
contribution with a binned maximum-likelihood approach, in which both SRs and CRs are
considered simultaneously, as well as low- and high-pZ
T categories and 0- and 2-lepton channels.
The inclusion of the CRs in the combined ﬁt provides important constraints on the normalization
and the modelling of the main backgrounds; in addition, the split in categories according to
the number of b-tagged jets provides information on the ﬂavour components of jets in Z+jets
background events. All relevant experimental systematic uncertainties (among which the most
important are related to the jets calibration and resolution and the b-tagging eﬃciency and
mistag rate) are included in the ﬁt as nuisance parameters with Gaussian constraints, as well as
additional parameters to control the relative normalization of the dominant backgrounds across
Zh distributions for events passing
the diﬀerent analysis categories. The reconstructed mZh
T and m
the selections are shown in Figure 1: no signiﬁcant excess beyond the expected background is
observed in data, therefore 95% conﬁdence-level exclusion limits on the production cross section
times the branching ratios σ(pp → A) × BR(A → Zh) × BR(h → bb̄) are set as a function of
the resonance mass, using a modiﬁed frequentist method named CLS and the proﬁle likelihood
test statistic, in the range of [4.0,0.017]pb ([6.9,0.026]pb) for mA = [220, 2000] GeV assuming
gluon-fusion (b-quark-associated) exclusive production (shown in Figure 2 (left) for pure gluonfusion production). Two upward deviations from the background-only hypothesis are found for
mA =260 GeV and 440 GeV, for a local signiﬁcance of about 2σ. For mA ≥ 800GeV these
results improve upon the limits obtained by the ATLAS Collaboration using Run1 data at
√
s =8 TeV 9 . The results are interpreted in the framework of Type-I and Type-II 2HDMs, the
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95% CL exclusion limits in the plane of tanβ and cos(β − α) for mA =600 GeV are shown in
Figure 2(right). The A boson width is assumed to be narrow in the simulation, but is corrected
to the width predicted by the 2HDM with a relativistic Breit-Wigner function, therefore only
points of the parameter space where ΓA /mA <5% are considered.

(a)

(b)

(c)

(d)

Zh
Z
Figure 1: Distributions of mZh
in 2-tag low-pZ
T and m
T (a,b) and 1-tag high-pT (c,d) signal regions,
for the 0-lepton (a,c) and 2-lepton (b,d) channels, after the maximum likelihood ﬁt to data. The signal
is shown for pure gluon-fusion production mode, normalized to the 95% upper limit on the cross-section
times branching-ratio obtained for mA =600 GeV 5 .

Figure 2: On the left: Upper limits at the 95% CL on σ(pp → A) × BR(A → Zh) × BR(h → bb̄)
from the maximum likelihood ﬁt for pure gluon-fusion production. On the right: interpretation of the
cross-section limits in the context of a Type-I and Type-II 2HDMs as a function of tanβ and cos(β − α)
for mA =600 GeV; variations of the natural width up to ΓA /mA =5% and mixtures of gluon-fusion and
b-quark-associated production are taken into account 5 .
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In order to explore a possible dynamical nature for the Higgs ﬁeld (such as its being a pseudoGoldstone boson) we develop a renormalizable Lagrangian based on the minimal SO(5) linear
σ-model with the symmetry softly broken to SO(4), including gauge bosons and fermions. We
then present the phenomenological implications and constraints from precision observables and
the impact on present and future LHC data.

1

Motivation

The LHC data in 2012 showed the existence of a spin zero particle of mass around 125 GeV 1,2 .
This has been identiﬁed with the boson of the Brout-Englert-Higgs mechanism 3,4,5 (for simplicity,
from here on just called the “Higgs boson”), responsible for the mass of the Standard Model
(SM) particles.
However, theoretical considerations like the so-called electroweak (EW) hierarchy problem
pose questions about the naturalness of an elementary scalar. In particular, about the lightness
of the Higgs boson with respect to any higher new scale that couples to it. The simpler way to
sort this out is to try to protect its mass through a symmetry, like in supersymmetry, composite
Higgs, little Higgs... The Higgs boson is thus an excellent window to look into the dynamics of
the spontaneous electroweak symmetry breaking (EWSB).
In this work we focus on a framework in which the Higgs is a pseudo-Goldstone boson.
This idea was suggested by the fact that the only other elemental scalars already existing in
the SM are the Goldstone bosons of the EWSB. In particular, our model is inspired by the
composite Higgs framework a , ﬁrst proposed in a seminal paper 6 , where all Goldstone bosons
originate from the spontaneous breaking of a global SU (5) group into SO(5) at some high
scale Λ; such that Λ ≤ 4πf , where f corresponds to the pion scale fπ , in analogy to chiral
symmetry breaking in QCD. Recent implementations seek to produce just the minimal set that
provides the Higgs and the three longitudinal components of the EW gauge bosons, which is
achieved by an SO(5) → SO(4) breaking scheme 7 .
In the absence of an explicit breaking of the global symmetry the Higgs boson is massless,
as the other three Goldstone bosons generated. Therefore, some additional explicit breaking of
SO(5) is needed. This is provided through the coupling of the SO(5) sector b to the SM fermions
and gauge bosons and results in an eﬀective potential whose minimum breaks spontaneously the
EW symmetry at scale v, which is determined by the Fermi decay constant. This scale is in
a
Also in theories such as “little Higgs” or models based on extra dimensions the Higgs is considered to have
a Goldstone boson origin.
b
Besides the scalar multiplet, the SO(5) sector contains also some vectorial heavy fermions which will mix
directly to the SM ones. For brevity, we will omit here the details of these; which can be consulted in the paper 8 .
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general diﬀerent from f , being the diﬀerence between them a known source of ﬁne-tuning in
this type of theories. The breaking also provides the Higgs particle with a mass so it becomes
a pseudo-Goldstone boson.
Most of the literature on composite Higgs uses an eﬀective non-linear approach to study the
models 9,10,11,12,13 . Instead, we study here a renormalizable model, a particular UV completion of
those, which includes a new scalar, σ, singlet under the EW gauge group. This extra scalar gets
a mass due to the spontaneous breaking of SO(5). By varying it one can sweep from the linear,
weakly coupled regime (light σ particle) to the non-linear one (mσ → ∞), where one should
fall onto the standard eﬀective approach. Another advantage of this model is that it might be
considered as a renormalizable UV completion of some deeper dynamics; such as the so-called
linear σ model for QCD at low energies 14 ; but it can be also regarded as a renormalizable model
made out of elementary ﬁelds.
2

The SO(5)/SO(4) scalar sector

We have deﬁned 8 a complete Lagrangian composed of pure gauge, scalar and fermionic parts
and their interactions. However, here we will just focus on the scalar sector; which instead of
being the usual SM Higgs sector is now substituted by a Higgs-σ sector. Thus we will consider
the ﬁve scalars in the fundamental of SO(5):
φ = (π1 , π2 , π3 , h, σ)T

u.g.

→

(0, 0, 0, h, σ)T ,

(1)

where h corresponds to the Higgs particle and σ is the extra scalar aforementioned. For simplicity, from now on, we will work in the unitary gauge (u.g.); where the three components, πi ,
associated with the longitudinal components of the EW gauge bosons are set to zero.
The potential


V (h, σ) = λ h2 + σ 2 − f 2

2

+ αf 3 σ − βf 2 h2

(2)

contains one term (λ) parametrizing the spontaneous breaking and two terms (α and β) which
break SO(5) explicitly, while preserving the SO(4) symmetry. The inclusion of these terms can
be argued through the computation of the one-loop Coleman-Weinberg eﬀective potential; since
they are needed as counterterms to absorb the divergences generated (see Appendix in the full
paper 8 ). Terms like these have also been used in a previous attempt in this direction 15 , where
phenomenology is discussed in a simpler fermionic setup.
Due to the explicit breaking, both σ and h acquire a non-trivial vev and, as a consequence,
they mix in the light and heavy mass eigenstates, which will be parametrized by an angle γ.
From the kinetic scalar Lagrangian, which contains the interaction with the SM gauge bosons
through the covariant derivative, it is easy to show that the vev of h should correspond to the
EW scale in order to yield the observed W and Z masses
1
Ls, kin = (Dμ φ)T (Dμ φ)
2

−→

h = v = 246 GeV .

(3)

In order to understand the parameter space of the model, we show in Fig. 1 the scalar
mixing versus the mass of σ for the known Higgs mass and vev. We ﬁnd that the Higgs being a
pseudo-Goldstone boson philosophy only holds in the white region on the bottom right corner of
the plot, where h has the smaller vev and mass. There is another region, on the top left corner,
where h is also a pseudo-Goldstone boson; despite being heavier. This is because in this area
the allowed mixing is large, thus inverting the h and σ character inside the mass eigenstates.
Despite its phenomenological interest, due to naturalness reasons, we will focus in the mσ > mh
white area in what follows.
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Figure 1 – Parameter space for the scalar mixing and σ mass for the observed Higgs mass and vev. The brown
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region corresponds to that with the smaller vev. In the red region, f 2 < 0, and thus the spontaneous symmetry
breaking is lost. The relative importance of the explicit breaking is shown through the β/λ and α/β curves.

3

Phenomenology

Precision tests
We have computed the contributions of scalars and exotic fermions to precision parameters ΔS
and ΔT 16 . In brief, as shown in the left plot in Fig. 2, the fermionic contribution is typically
quite spread in ΔT ; while the deviations from the SM due to the σ particle push ΔS and ΔT
towards positive and negative values, respectively. Thus, in general, including a lighter σ in the
model will help alleviate the tension with precision parameters.
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Figure 2 – Left: coloured points stand for the contribution from exotic fermions alone; blue, green, red and grey
represent 1σ, 2σ, 3σ and > 4σ deviations from the SM, respectively; from a global ﬁt to S, T and the modiﬁcation
to ZbL bL , and black dots are the contribution of the σ scalar. Centre: bounds on scalar parameters from current
LHC data (fundamentally diboson searches 17,18,19,20 ). Right: future prospects for the 14 TeV LHC run with an
integrated luminosity of 3 ab−1 21 , assuming a 5% precision on Higgs couplings. The production of the σ particle
is assumed to be dominated by gluon fusion, due to the large gluon pdfs. This is somewhat model-dependent,
depending on the coupling between the σ and the exotic fermions.

The σ particle and LHC data
In the centre and right plots in Fig. 2 we show the bounds from diﬀerent LHC searches for heavy
scalars translated onto the parameter space of our model. We have determined the excluded
grey area from the modiﬁcation to the couplings of h to fermions and gauge bosons 22 .
In contrast to the precision tests, where a lighter σ is preferred, in order to consider the
Higgs as a pseudo-Goldstone boson, the parameters allowed in the plots need to be to the right
of the black curve. This sets a lower bound of around mσ > 550 GeV from current data, which
can be pushed above 900 GeV in the future. This is a consequence of the underlying symmetry
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of the model; while in analyses for a generic scalar singlet that mixes with h the allowed region
would be the whole white area.
Can the σ be the 750 GeV diphoton excess?
The 750 GeV diphoton excess observed by ATLAS and CMS 22 could be explained by a zero-spin
resonance such as the σ scalar. However, there are reasons to consider this somewhat unnatural.
First, both the production through gluon fusion and the decay into photons are loop induced
and too small to account for the signal unless the mixing is made extremely suppressed in order
to prevent a large decay into W W and ZZ. A tiny mixing angle leads to a very ﬁne-tuned α
against β parameter and, moreover, for 750 GeV, we would fall onto the red area in ﬁgure 1,
where no spontaneous symmetry breaking takes place. Another way out would be to provide a
larger amount of heavy fermions to increase the multiplicities in the loops.
4

Conclusions

We have analysed in depth a linear framework for the Higgs as pseudo-Goldstone boson. The
model contains an extra scalar, σ, whose mass acts as the ultraviolet scale. A light σ particle
is found to help decrease part of the tension with precision tests; while LHC data together with
naturalness considerations impose a lower bound on its mass.
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Search for heavy fermionic top partners decaying to same-sign dileptons at 13 TeV
Clint Richardson, on behalf of the CMS Collaboration
Department of Physics, Boston University, 590 Commonwealth Avenue, Boston MA, USA
With the discovery of the Higgs Boson during Run 1 of the Large Hadron Collider, one of
the most important questions to answer during Run 2 is the naturalness problem. Composite
Higgs theories answer the naturalness problem by regulating the quadratic divergences to
the mass of the Higgs boson via fermionic top partners. Often predicted in such models is
a top partner with charge 5e/3 which can decay to the extremely clean same-sign dilepton
ﬁnal state. Further, such a particle is typically the lightest of the top partners predicted and
hence represents a very well motivated search. Results using 2.2 fb−1 of data from the CMS
experiment at 13 TeV will be presented.

1

Introduction

The discovery of the Higgs boson with a mass of 125 GeV 1, 2 has rendered the Standard Model
(SM) complete. However, it is not a complete theory of nature. The SM has no mechanism for
accounting for dark matter, does not incorporate gravity, and, most relevant to the discussion
here, cannot account for the mass of the Higgs boson being so light without relying on tuning
to one part in 1034 . This latter problem, referred to as the Naturalness Problem, is a main
motivation for physics Beyond the Standard Model (BSM). Many BSM theories incorporate
new particles whose interactions reduce the reliance on ﬁne tuning for controlling the mass of
the Higgs. The search presented here is for such a new particle, predicted by Composite Higgs
Theories, and referred to as X5/3 3 , decaying to same-sign dileptons. In this document lepton
refers to either an electron or a muon, and while the analysis considers each channel separately
this report will focus on the combination of all channels. Previously the Compact Muon Solenoid
(CMS) experiment 4 has excluded the existence of the X5/3 with a mass less than 800 GeV 5 using
Run 1 data from the Large Hadron Collider (LHC). The previous search was also conducted
using the same-sign dilepton ﬁnal state. However, as there exists strong discovery potential for
these particles up to masses of 1.5 TeV, there is a clear motivation to continue the search using
recent Run 2 data from the LHC. Presented here are details of the 2015 CMS search for the
X5/3 6 using proton-proton collision data at a center-of-mass energy of 13 TeV.
2

Signal Topology

The analysis searches for production of pairs of X5/3 particles generated via QCD, and hence
model independent, interactions. With its exotic charge of 5e/3, the X5/3 decays wholly to tW+ ,
giving it a complicated and active topology and allowing for decays to same-sign dileptons. This
topology can be exploited to distinguish the signal from background processes. The most striking
characteristic of the signal is the same-sign dilepton decay, a process which occurs only extremely
rarely via SM processes. Additionally, the large number of extra jets and leptons in the event
gives a useful handle for distinguishing signal from background.
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3
3.1

Background Modelling
Prompt Same-Sign Background

The SM processes which can give rise to events with two same-sign leptons from the hard
scattering process (referred to as ‘prompt leptons’) fall into two categories: tt̄ + X and multiboson. The latter, which contains processes such as WZ, ZZ, WWW, etc., often involve a
Z-boson and hence their contribution can be reduced by requiring that no pair of leptons in the
event have an invariant mass consistent with the mass of the Z. The former, i.e. tt̄ + X , are very
similar in topology to signal events, and even with their smaller cross sections than di-boson
processes are the majority of the SM background, with tt̄W being the largest single contributor.
The contributions of SM processes with two prompt same-sign leptons are estimated using
Monte Carlo (MC). Corrections are applied to account for diﬀerences in lepton reconstruction,
triggering, and isolation eﬃciency. Jet reconstruction is modiﬁed to match the pT resolution
found in data.
3.2

Background from Opposite-Sign Dilepton Events

A diﬀerent way in which events with two prompt leptons can enter the ﬁnal selection is if, in an
event containing oppositely charged leptons, the charge of one of the leptons is mis-measured.
This can happen for example in Drell-Yan to ee events. The contribution of this type of background is estimated by measuring the rate of charge misidentiﬁcation and applying it to opposite
sign events that pass all other event selection requirements. The charge misidentiﬁcation rate for
electrons is measured in Z → ee events, while the rate for muons is assumed to be zero. In order
to suppress Drell-Yan events, a requirement is made on the invariant mass of the same-sign lepton pair (di-electron channel only) such that it is inconsistent with the mass of the Z-boson. As
there is potentially a diﬀerence, due to diﬀerent event topologies, between the charge misidentiﬁcation rate in those events where it is measured and those where it is applied, the overall rate
is measured in both Drell-Yan and tt̄ MC samples using MC truth information. The percent
diﬀerence between these two measurements drives the systematic uncertainty associated with
this background.
3.3

Background Events from Non-Prompt Leptons

The ﬁnal type of event which can pass the signal selection requirements are events where one or
both of the same-sign leptons is ‘non-prompt’. An example of a non-prompt lepton is a muon
from a b-quark hadronizing. However, the term is meant to be quite broad and also includes for
instance, jets faking leptons, photon conversions, and the like. The simplest example of a nonprompt event passing signal selection requirements is a semi-leptonic tt̄ event accompanied by
a non-prompt lepton. The contribution of non-prompt events is estimated using a data-driven
technique referred to as the Tight-Loose Method 7 . The idea behind the method is that the
events containing two high quality reconstructed leptons can be broken into three categories:
events with two prompt leptons, events with one prompt and one non-prompt lepton, and
events with two non-prompt leptons. The relative sizes (and hence contributions) of each of
these categories depends on two things: the rate at which prompt leptons pass your high quality
lepton requirements (referred to as the prompt rate) and the rate at which non-prompt leptons
pass your high quality lepton requirements (referred to as the fake rate). In order to measure
these rates, one ﬁrst deﬁnes a loose set of lepton identiﬁcation requirements which is used to
select a suitable control sample, and then measures the proportion that pass the high quality (or
tight) lepton identiﬁcation requirements of the full analysis. The prompt rate is measured using
Drell-Yan events with a tag-and-probe method and found to be 0.940 ± 0.001 for muons and
0.873 ± 0.001 for electrons. The fake rate is measured using a QCD enriched control region and
found to be 0.371±0.002 for muons and 0.298±0.003 for electrons. The dominant uncertainty of

608

this background method prediction arises from the diﬀerences in fake rate between QCD events
(where the fake rate is measured) and tt̄ -like events (where it is applied). These diﬀerences
result from the diﬀerent ﬂavor composition of the source of the non-prompt leptons (with b-jets,
for example, giving a larger muon fake rate than light-quark hadronization).

4

Analysis Event Selection

The analysis relies on the clean same-sign ﬁnal state and hence requires two high quality, isolated,
same-sign leptons as a starting point. The leading lepton in the pair is required to have a
transverse momentum (pT ) of at least 40 GeV while the sub-leading lepton is required to have a
pT above 30 GeV. After the same-sign dilepton selection, the following requirements are placed
on the event:
• Quarkonia Veto: invariant dilepton mass (Mll ) > 20 GeV
• Associated Z-boson Veto: veto any event where either of the leptons in the same-sign pair
reconstructs to within 15 GeV of the mass of the Z-boson with any other lepton in the
event not in the same-sign pair.
• Primary Z-boson Veto: Mll > 106.1 or < 76.1 GeV for di-electron channel only.
• Number of Constituents >= 5
• HTlep > 900 GeV
The “Number of Constituents” is deﬁned as the number of jets in the event together with
the number of other leptons (i.e. not in the same-sign pair) passing our selection requirements.
The HTlep used in this analysis is the scalar sum of the pT of all jets and high quality leptons in
the event.
2.2 fb-1 (13 TeV)

CMS Preliminary
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Di/Tri-Boson
TT + X
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LH_X53X53_M-700
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lep
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Figure 1 – The HT
distribution after the same-sign dilepton selection, lepton invariant mass vetoes, and requiring
at least two jets in the event. The bottom histogram shows the diﬀerence between the observed and the predicted
number of events in that bin divided by the total uncertainty (i.e. combined systematic and statistical).

609

5

Results

The number of events passing the full analysis selection is summarized in table 1, including
background by category, observed events, and the expected number of events for an 800 GeV
X5/3 .
Table 1: Summary of background yields from rare standard model Monte Carlo (PSS MC), non-prompt, and
charge misidentiﬁcation backgrounds as well as observed data events after the full analysis selection. Also shown
are the number of expected events for a right handed 800 GeV X5/3 . The errors include both statistical and
systematic uncertainties.
Channel
Di-electron
Electron-Muon
Di-muon
All

PSS MC
2.41 ± 0.29
2.98 ± 0.36
0.70 ± 0.12
6.09 ± 0.67

NonPrompt
2.16 ± 1.91
5.20 ± 3.21
2.09 ± 1.69
9.45 ± 5.49

ChargeMisID
1.90 ± 0.60
0.54 ± 0.18
0.00 ± 0.00
2.44 ± 0.76

Total Background
6.47 ± 2.02
8.72 ± 3.24
2.80 ± 1.70
17.98 ± 5.58

800 GeV X5/3
4.38
9.14
3.55
17.06

Observed
7
3
1
11

No signiﬁcant excess is observed and hence limits are put on X5/3 production. These limits
are calculated using Bayesian statistics assuming a ﬂat prior for signal production cross section.
Systematic uncertainties are treated as nuisance parameters when setting limits. At 95% CL we
exclude X5/3 with masses less than 950 (910) GeV, expected limits of 860 (820) GeV, for a right
(left) handed chirality X5/3 . Figure 2 shows these results. These limits are the most stringent
to date in this channel and the ﬁrst public results searching for X5/3 using 13 TeV data.
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Figure 2 – 95% CL expected and observed limits for a left-handed (left) and right-handed (right) X5/3 .
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Search for supersymmetry in the multijet and missing transverse momentum ﬁnal
state: an analysis performed on 2.3 fb−1 of 13 TeV pp collision data collected with
the CMS detector
John Bradmiller-Feld, on behalf of the CMS Collaboration
Department of Physics, University of California, Santa Barbara, 93106, USA
We present results from a generic search for strongly produced supersymmetric particles in
pp collisions in the multijet + missing transverse momentum ﬁnal state. The data sample
√
corresponds to 2.3 fb−1 recorded by the CMS experiment at s = 13 TeV. This search is
motivated by supersymmetry (SUSY) models that avoid ﬁne-tuning of the higgs mass. In
such models, certain strongly produced SUSY particles, including the gluino and top squark,
are predicted to have masses on the order of a TeV. These particles also have some of the
highest production cross sections in SUSY and give rise to ﬁnal states with distinct, high jet
multiplicity event signatures. To make the analysis sensitive to a wide range of such ﬁnal
states, events are classiﬁed by the number of jets, the scalar sum of the transverse momenta
of the jets, the vector sum of the transverse momenta of the jets, and the number of b-tagged
jets. No signiﬁcant excess is observed beyond the standard model (SM) expectation. The
results are interpreted as limits on simpliﬁed SUSY models. In these models, gluino masses as
high as 1600 GeV are excluded at 95% CL for scenarios with low χ̃01 mass, exceeding the most
√
stringest limits set in by CMS at s = 8 TeV by more than 200 GeV in several simpliﬁed
models.

1

Introduction

Strongly produced supersymmetric particles, including gluinos and third generation squarks, are
√
among the most attractive search targets in early s = 13 TeV LHC data. At the mass limits
√
1
0
set on simpliﬁed models with low χ̃1 mass at s = 8 TeV, the cross section for gluino pair
√
production, for example, is enhanced by a factor of thirty with respect to s = 8 TeV due to
√
2
the mass-dependent increase in parton luminosity at s = 13 TeV . Consequently, a search for
√
strongly produced SUSY performed at s = 13 TeV needs only a fraction of the data taken at
√
s = 8 TeV to exceed the sensitivity obtained in Run I for many models.
This search is also highly motivated by models of natural SUSY. In these models, the stop,
left-handed sbottom, and gluino must have masses near the electroweak scale to compensate for
large radiative corrections to the mass of higgs boson from SM particles without ﬁne tuning. Although there is no way to rigorously deﬁne what degree of ﬁne tuning is acceptable, a convention
among post-Run I natural SUSY models requires the masses of the gluino and top squarks to be
less than 2 TeV and 1 TeV, respectively 3,4 . With suﬃcient data, these models will probed over
much of the natural SUSY parameter space in Run II. In R-parity conserving SUSY models, in
which the LSP is the χ̃01 , gluinos and squarks are expected to decay to multiple hadrons and
weakly-interacting SUSY particles, which escape detection. To target this signature, we conduct
our search in a sample of events with multiple jets, large missing transverse momentum (HTmiss ),
a large scalar sum of jet transverse momenta (HT ), and no charged electrons or muons. Diagrams for three of the simpliﬁed SUSY models we target are shown in Figure 1. This analysis 5
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Figure 1 – From left to right, diagrams for the simpliﬁed models pp → g̃g̃ → bb̄bb̄ χ̃01 χ̃01 , pp → g̃g̃ → tt̄tt̄ χ̃01 χ̃01 ,
pp → g̃g̃ → q q̄q q̄ χ̃01 χ̃01 , and pp → t̃¯t̃ → tt̄ χ̃01 χ̃01 .

expands and combines strategies from two searches performed by CMS at

2

√

s = 8 TeV 6,7 .

Search strategy and event selection

Since SUSY oﬀers an enormous variety of models and ﬁnal states, we design our search to be
inclusive and generic so that we maintain sensitivity to a diverse array of new physics scenarios.
We consider events with at least four jets with transverse momenta (pT ) of at least 30 GeV, at
least 200 GeV of HTmiss , at least 500 GeV of HT , and no charged leptons. To increase sensitivity
to diﬀerent signal topologies, and to help characterize a potential excess beyond the measured
SM backgrounds, we divide our search region into 72 independent search regions deﬁned by the
jet multiplicity, the HTmiss , the HT , and the b-tagged jet multiplicity of each event. The bins of
HTmiss and HT that deﬁne the search regions are illustrated in Figure 2 (left). The dominant SM
backgrounds for the all-hadronic multijet + missing momentum ﬁnal state include production
of top quarks and W and Z bosons in association with jets, as well as strongly produced (QCD)
multijets. To suppress the multijet background, which arises primarily from mis-measurement
of jet momenta, resulting in a fake-HTmiss signature, we reject events in which any of the four
jets of largest pT is aligned with the HTmiss , speciﬁcally, we require
Δφ(ji , HTmiss ) > 0.5,

Δφ(jj , HTmiss ) > 0.3

(1)

where i = 1, 2 (i.e. the two leading jets) and j = 3, 4. Top and W events enter the search
region if a W decays either to an electron or muon that is out of kinematic or geometric detector
acceptance; if it decays to an electron or muon that fails lepton reconstruction, identiﬁcation,
or isolation requirements; or if it decays to a tau lepton that decays hadronically. To further
suppress this background, we reject events with an isolated charged track identiﬁed by the
particle ﬂow algorithm 8,9 as an electron, muon, or charged hadron.

3

Background estimation

Following the event selection described in Section 2, the dominant background in bins with large
jet and b-tagged jet multiplicity is top quark pair production, while in bins with lower multiplicity, the composition is distributed among W , Z, and QCD multijet events. The background
composition, as determined in simulation, in select search regions is shown in Figure 2 (center,
right).
As the cross sections of these backgrounds are generally larger than those of our target SUSY
models by multiple orders of magnitude, many of the search regions with highest signal sensitivity
lie on extreme tails of kinematic distributions (Figure 3). The tails of these distributions are
diﬃcult to model, so we measure their shapes using dedicated techniques and control regions
(CRs) in data for each background process. The CRs are designed to capture the kinematic
properties of the backgrounds in the search region up to diﬀerences understood suﬃciently well
that they can be corrected by simulation.
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Figure 3 – Distributions from simulated event samples showing kinematic shape comparisons of the number of
jets, HTmiss , HT , and the number of b-tagged jets for the main background processes and six representative gluino
production signal models. The full baseline selection is applied in each plot.

4

Results

No signiﬁcant excess is observed beyond the measured SM backgrounds. Figure 4 shows the
observed data are compared to the summed estimated backgrounds in each of the 72 search
regions. The results are interpreted as 95% CL upper limits on the production cross sections for
simpliﬁed SUSY models. Three of these interpretations are shown in Figure 5. The strongest
mass limits on gluino pair production are obtained for the model in which the gluino decays
exclusively to b̃b̄, yielding the striking ﬁnal state bb̄bb̄ χ̃01 χ̃01 . For this model, we can exclude
gluino masses below 1600 GeV for light χ̃01 at the 95% CL, an improvement of over 200 GeV
√
with respect to the strongest limits set by CMS at s = 8 TeV. For simpliﬁed models in which
the gluino decays to t̃t̄ and q̃ q̄, we exclude gluino masses below 1550 and 1440 GeV, respectively,
for light χ̃01 , also signiﬁcantly extending previous limits.
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Figure 5 – Clockwise from top-left, 95% CL upper limits on the production cross sections for the simpliﬁed models
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SEARCH FOR SHARP NEUTRINO FEATURES FROM DARK MATTER
DECAY 1

C. EL AISATI
Service de Physique Théorique - Université Libre de Bruxelles,
Boulevard du Triomphe, CP225, 1050 Brussels, Belgium

The discovery of a neutrino line or, more broadly, a sharp feature in neutrino data could
provide a striking hint for the existence of the dark matter particle. We review here a search for
sharp spectral features using neutrino data from IceCube. No signiﬁcant hint for a signal from
decaying dark matter was found in the analysed dataset. Yet, we show a strong improvement
of the limits, which makes it worth discussing how they compare to the limits obtained from
gamma-ray data.

1

Introduction

Because of gravitational evidences at all scales, the existence of dark matter (DM) in our Universe is considered well established. Yet, the nature of the second main ingredient of the cosmic
cocktail remains a mystery. According to some theoretical models, DM particles could annihilate
or decay, and produce sharp features in the gamma-ray and/or neutrino spectra (e.g. lines in
case of γγ and ν ν̄ ﬁnales states, to name but a few). In the context of indirect searches these
features are dubbed as “smoking guns”, for they cannot be mimicked by conventional astrophysical backgrounds at multi-GeV energies, and hence constitute the most striking signatures
of DM to look for.
In the following, the focus is put on neutrino features. Since the discovery of an extraterrestrial ﬂux in 2013, neutrinos have gained in popularity but our motivation to study their
possible features also lies in the fact that an energy resolution comparable to the one of current
gamma-ray telescopes in the GeV to TeV energy range (10 − 15%) is achievable by IceCube (e.g.
for a fully contained event selection) 2 . This, together with the fact that many years of data are
becoming available, could potentially provide sensitivities competing with analogous searches in
the gamma-ray sky.
We propose to review the broad lines of our analysis in Sec. 2. Results are presented in
Sec. 3, and are followed by a summary.
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2

Statistical analysis in a nutshell

The analysis was performed on a 2-year data sample from the IceCube Collaboration 3 , with
energies ranging from 100 to 108 GeV. The distribution of events, as a function of deposited
energy Edep , is shown in ﬁgure 1 (black +).
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Figure 1 – Deposited energy spectrum (black +) measured by IceCube. The colored regions show the expected
atmospheric muon (bottom green) and neutrino (middle red) background components as well as the best-ﬁt
astrophysical neutrino power-law background model contribution (top blue).

In order to see if there is any hint for a smoking-gun in this sample, we use the approach that
consists in attempting to reject the background-only hypothesis H0 using a proﬁle likelihood
ratio test statistic 4 .
We model the number of events in each energy bin i with a Poisson probability distribution.
Hence, the binned likelihood reads
L =

i
Nobs
5 (N i
i
model )
e−Nmodel ,
i !
Nobs

(1)

bins i

i
i
where Nobs
gives the number of observed events in bin i, and Nmodel
is the model prediction in
that bin. The model includes four contributions in total:
i
i
i
(nsig , mDM , n1,2,3 , γ) = nsig NDM
(mDM ) + n1 Nμi + n2 Nνi + n3 Nastro
(γ)
Nmodel

(2)

Our backgrounds consist of the atmospheric neutrinos (red area in ﬁgure 1), atmospheric muons
(green) and neutrinos potentially coming from an astrophysical source that is not DM (blue)
and whose ﬂux is simply modelled by a power-law with spectral index −γ. On top of the precited backgrounds, we allow for the injection of a DM signal (ﬁrst term in Eq. (2)). Taking into
account energy dispersion eﬀects, we test for the presence of diﬀerent types of smoking-guns,
that is, diﬀerent alternative hypotheses H1 : monochromatic neutrinos 5 , box-shaped spectra 6,7
and power-laws with a kinematical cut-oﬀ at half of the DM mass mDM 7 . A branching ratio of
one is always assumed.
We ﬁnally build, for each hypothesis H1 , the proﬁle likelihood ratio test statistic
TS = 2 ln

L (nsig = nsig,best , θ̂)
,
ˆ
L (nsig = 0, θ̂)

(3)

ˆ
ˆ 1,2,3 , γ̂)
ˆ maximizes L under
where θ̂ ≡ (n̂1,2,3 , γ̂) maximizes the unconditional L and θ̂ ≡ (n̂
the condition nsig = 0, that is, the null hypothesis H0 . The tests are carried out at ﬁxed DM
masses mDM . The (local)
√ signiﬁcance for rejecting H0 in favour of the alternative hypothesis
H1 tested is given by TS (Wilks theorem) 8 .
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3

Results

√
In all of our tests, TS is found to be < 2σ, locally. The 95 % C.L. lower limits on τDM , as a
function of mDM , are then set by requiring that the proﬁle likelihood L (nsig ) with respect to
its maximum values to have TS < 2.71. They are presented in ﬁgure 2 in the case of a pure
monochromatic neutrino line at the decay (together with the 68% and 95% containment bands)
and in ﬁgure 3 for few other spectra assumptions. Note the eﬀect of the Glashow resonance on
the limits around mDM = 2 × 6.3 PeV.
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Figure 2 – 95% C.L. lifetime limits (solid curve) on the
DM particle decay lifetime into monochromatic neutrinos. Expected sensitivity reach (dashed curve) and its
68% (yellow) and 95% (green) containment bands are
also shown.
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Figure 3 – 95% C.L. lifetime limits on various sharp
spectra from DM decay: monochromatic line, internal bremsstrahlung-like (dN/dE ∝ E, E 3 ) and
box-like spectrum.
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It is interesting to compare the limits obtained from neutrino-line searches to the ones
from gamma-ray line searches (Fermi-LAT 9
and H.E.S.S. 10,11 ), as is done in ﬁgure 4. For
multi-TeV energies, we show that the sensitivities reached on neutrino lines are now comparable to those existing on monochromatic
gamma-ray lines. For example, around 20 TeV
DM masses, we have improved them by about
a factor 50 with respect to the latest IceCube
limits available for DM decay 12 .
Note also the strong constraints obtained
from the neutrino sky above the maximum energy considered by H.E.S.S (∼25 TeV), and
where—to our knowledge—there are no numerically relevant gamma-line constraints.
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Figure 4 – Limits on DM decay width Γ(DM → γX)
from Fermi-LAT (dashed blue line) and H.E.S.S. (dotted
blue), and on Γ(DM → νX) (solid black), assuming X
is not producing a signal in any of the detectors.

With foreseen improvements in both neutrino 13,14,15,16,17 and gamma-ray 18,19,20,21 data, this
opens up increased chances to see a “double smoking gun” signal in the form of a monochromatic
neutrino line plus a gamma-ray line from DM particles’ decays 22 .
The same analysis can of course be performed under the assumption of annihilating DM,
with the slight diﬀerence that limits would be set on the average annihilation cross section
of DM particles σann v. We do not show the corresponding limits here, as we are currently
investigating this option in a more detailed study, including angular information of events in
our likelihoods.

617

4

Summary

A search for sharp neutrino features from DM decay, using a binned likelihood in energy, has
been presented. No signal was found, but we have illustrated with a particular example—DM
decay—the potential of neutrinos feature searches in the context of DM: that is, the possibility
to achieve, in regions of the parameter space, sensitivities comparable with gamma-ray counterparts. In particular, the discovery of a “double-barrelled” smoking gun in the future does not
seem unrealistic at all.
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NON-LINEAR HIGGS PORTAL TO DARK MATTER
ROCÍO DEL REY BAJO
Departamento de Fı́sica Teórica UAM and Instituto de Fı́sica Teórica UAM-CSIC,
Universidad Autónoma de Madrid, Cantoblanco, 28049, Spain
The Higgs portal to scalar Dark Matter is considered in the context of non-linearly realised
electroweak symmetry breaking. We determine the interactions of gauge bosons and the
physical Higgs particle h to a scalar singlet Dark Matter candidate S in an eﬀective description.
The main phenomenological diﬀerences w.r.t. the standard scenario can be seen in the Dark
Matter relic abundance, in direct/indirect searches and in signals at colliders.

1

Motivation

Dark Matter (DM) cannot be explained within the Standard Model (SM); its presence is one
of the experimental evidences for physics beyond the SM. The nature of the Higgs particle also
raises a quandary, as the electroweak (EW) hierarchy problem remains unsolved. The lightness
of the Higgs may result from its being a pseudo-Goldstone boson (GB) of a global symmetry 1 ,
spontaneously broken by strong dynamics at a high scale Λs  v, as typically arises in scenarios
where electroweak symmetry breaking (EWSB) is non-linearly realised. Much as the interactions
of QCD pions are weighted down by the pion decay constant and described by an eﬀective
ﬁeld theory (EFT) with a derivative ordering, those of the EW pseudo-Goldstone bosons – the
longitudinal components of the W ± and Z plus the h– will be weighed down by f (Λs ≤ 4πf )2 .
An EFT approach is adopted to avoid the speciﬁcities of particular models.
2

Standard vs non-linear Higgs portals

The Higgs portal 6 is one of the three possible renormalisable (d ≤ 4) interactions between the
SM and DM (along with vector-like and fermion portals). Assuming a Z2 symmetry 7,8 , under
which S is odd and the SM ﬁelds are even for DM stability, the standard portal is deﬁned by
λS S 2 Φ† Φ −→ λS S 2 (v + h)2 −→ λS S 2 (2vh + h2 ) ,

(1)

shown in unitary gauge, with Φ the SU (2)L Higgs doublet, h the physical Higgs particle, v the
EW scale as deﬁned from the Fermi decay constant and λS the Higgs portal coupling.
In non-linear scenarios9,10,? , the physical Higgs ﬁeld may no longer behave as an exact EW
doublet at low energies. It can be treated eﬀectively as a generic SM scalar singlet with arbitrary
couplings. The typical SM dependence on (v + h) is to be replaced by a generic polynomial
 2
h
h
F(h) = 1 + 2a + b
+ ... .
(2)
v
v
In addition, the interactions of the physical h particle are not necessarily correlated with those
of the W ± and Z longitudinal components, denoted by π(x) in the unitary GB matrix:
U(x) ≡ eiσa π
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a (x)/v

.

(3)
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Figure 1 – Regions in the (mS , λS ) plane excluded by the condition ΩS h2 ≤ 0.12 for diﬀerent values of b (left)
and in the presence of non-linear operator A1 for diﬀerent values of c1 ∈ [−1, 1] (right).

Note that the “pions” here are suppressed by v, where the natural GB weight is in fact the scale
f ; this encodes the ﬁne-tuning aﬀecting these models. While in linear BSM scenarios h and
U(x) are parts of the same object Φ, they are treated independently in the non-linear setup.
In the eﬀective non-linear Lagrangian, only the leading terms weighted down by ΛDM and
Λs (both Λs , ΛDM  f  v) are kept, which means no explicit dependence on them. It can be
written as L = LEW + LS . Several choices are possible for the EW leading order Lagrangian
LEW , although this is of minor impact here (see Ref. 11 ). LS encodes the DM interactions 11 :

m2
1
LS = ∂μ S∂ μ S − S S 2 − λS S 2 2vh + bh2 +
ci Ai (h) + . . .
2
2
5

(4)

i=1

where the Ai operators form a basis a :
A1 = Tr(Vμ Vμ )S 2 F1 (h)

A4 = i Tr(TVμ )(∂ μ S 2 )F4 (h)

A2 = S 2 F2 (h)

A5 = i Tr(TVμ )S 2 ∂ μ F5 (h) .

A3 = Tr(TVμ ) Tr(TVμ )S 2 F3 (h)

(5)

The dots in Eq. (4) stand for terms with more than two h bosons and/or more than two S ﬁelds,
which are not phenomenologically relevant in the analysis below and are henceforth discarded.
3

Dark Matter phenomenology

We showcase some salient features of non-linear Higgs portal scenarios varying one coeﬃcient
of {b, ci } at a time, and confront them with the standard portal (b = 1, ci = 0). This allows to
single out the impact of each eﬀective operator ensuring a clear and conservative comparison.
Dark Matter relic density: Assuming S to be a thermal relic, its abundance ΩS is
determined by the thermally averaged annihilation cross section into SM particles times relative
velocity in the early Universe (σv)ann = σ(SS → XX) v . We require the abundance not to
exceed the observed value 12 , assuming S may either be the sole DM particle or a member of
a larger DM sector: ΩS h2 ≤ ΩDM h2  0.12. Deviations from the SM-like correlation between
SSh and SShh couplings (described by values b = 1) have important consequence for mS > mh
through the process SS → hh. Values of b > 1 enhance this annihilation, shrinking the excluded
region (see Figure 1 (left)). Non-linear operators Ai aﬀect DM annihilations into gauge bosons,
a
A3 − A5 contain sources of custodial symmetry breaking further than those present in the SM (hypercharge
in this case). The contribution of A4 to the Z mass vanishes while that from A5 arises only at the two loop level,
and no signiﬁcant constraint on their operator coeﬃcient follows the ρ parameter and EW precision data. These
observables do receive a one-loop contribution from A3 , implying a bound estimated to be around c3 ∼ 0.1.
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Figure 2 – Standard portal (Left) and non-linear portal in the presence of operator A1 with c1 = 0.1 (Right) in
the (mS , λS ) plane. Regions excluded by current bounds from Planck (brown/ dark blue), LUX (orange/teal)
and invisible Higgs decay (hatched) are plotted together with the projected reach of XENON1T (yellow/lime).
10

Ratio

(σmono-Z /σmono-W)

5
3

0.18

Standard
c1
c2
c4 ( x 10-3 )

ms = 200 GeV
ms = 400 GeV
ms = 600 GeV
ms = 800 GeV

0.16
0.14

(1/ σ) dσ/dP ZT

7

2

1
0.7

0.12
0.1
0.08
0.06

0.5
0.04

0.3
0.2
70

0.02

100

200

300

500

700

1000

0

mS (GeV)

0

200

400

600

800

1000

1200

1400

PZT (GeV)

√
Figure 3 – Left: Cross section ratio RW Z ≡ σ(pp → ZSS)/σ(pp → W ± SS) at s = 13 TeV as a function of
mS in the standard Higgs portal (black line) and for diﬀerent non-linear operators (colour). Right: Normalised
diﬀerential PTZ distributions for pp → ZSS for A5 for diﬀerent DM masses.

Higgses and b-quarks. Interactions induced by A1 modify the annihilation into two gauge bosons
(relevant for mS  65 GeV). For c1 < 0, interference with the linear term increases σann , making
some previously excluded points viable (Figure 1 (right)). If c1 > 0 the interference is destructive:
new cancellations exclude previously allowed points (e.g. the yellow “branch” for c1 = 0.1).
Dark Matter direct detection (DD): DM-nucleon interactions occur in our scenario
via Higgs exchange and, in the non-linear case via W ± and Z exchange. The strongest bounds
constrain the spin-independent cross section σSI for S on nucleons. Again, S may be a member of
a larger DM sector, in which case DD bounds are to be rescaled: σSI (S N → S N )×(ΩS /ΩDM ) ≤
lim . The current 13 , and projected 14 DD exclusion regions are shown in Figure 2 for the standard
σexp
Higgs portal scenario, and in the presence of the non-linear operator A1 with c1 = 0.1. While A1
doesn’t aﬀect the S-nucleon scattering to ﬁrst approximation (SSZZ and SSW + W − vertices
do not enter the scattering at tree level), its impact on ΩS aﬀects the DD exclusion regions due
to the necessary rescaling. The allowed parameter space is enlarged for c1 < 0 while for c1 > 0
the exclusion region may stretch further into an area that is allowed in the standard setup.
Invisibles Higgs decay width: The decay channel h → SS is open for mS < mh /2,
contributing to the Higgs invisible width Γinv . The presence of A2 has a signiﬁcant impact:
even for λS → 0, Γinv = 0 for c2 a2 = 0. We require BRinv = Γinv /(Γinv + ΓSM ) < 0.23 15 . While
the presence of A1 does not modify this constraint (see Figure 2), that of A2 is not illustrated
but should be commented: even for small values of this coeﬃcient practically all the region
mS < mh /2 is excluded.
Dark matter at the LCH: A key probe of DM at colliders are “mono-X” signatures
–associated production of DM particles with a visible object X, which recoils against missing
/ T . The presence of non-linear Higgs portal interactions A1−5 has a dramatic
transverse energy E
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impact, allowing EW production of DM via couplings to vector bosons, leading to mono-W ,
mono-Z and mono-Higgs signatures with rates O(101−4 ) × c2i bigger than the standard Higgs.
A promising smoking gun consists of using the ratio RW Z ≡ σ(pp → ZSS)/σ(pp → W ± SS),
as shown in Figure 3 (left). The impact of each non-linear operator determined in general
independently of the value of the coeﬃcient (either ci or λS in the standard case). The ratio
RW Z is a powerful discriminator for the cases of A1 and A4 (green and red curves respectively),
and also trivially for A5 , for which the mono-W ± process is absent and RW Z ≡ ∞. We show 11
how these eﬀects could be alternatively explained by unnaturally large values of d = 6 operator
coeﬃcients in a linear expansion. It is in principle possible to infer the DM mass from the monoX processes through the diﬀerential information on transverse momentum PTX (e.g. Figure 3
(right)). The hypothetical observation of mono-Z/W signals would allow to simultaneously
extract a measurement of RW Z and of mS , identifying a unique point (surrounded by a ﬁnite
error region) in the parameter space of Figure 3 (left). Naively, the further away this point lies
from the black line, the more disfavoured the standard portal scenario will be.
Conclusions
In summary, a more general scenario of scalar Higgs portals, with non-linearly realised EWSB
gives rise to remarkable eﬀects. Deviations from the SM-like correlations between i) single- and
di-higgs couplings and ii) the interactions of h and the longitudinal W ± and Z d.o.f. deeply
aﬀect constraints on the parameter space in the non-linear Higgs portal. Predictivity, however, is
not lost as the appearance of new couplings and novel kinematic features at the renormalisable
level provides handles to disentangle non-linear behaviour from the standard Higgs portal at
colliders. In particular, we have proposed observables that are able to distinguish the non-linear
portal from the standard one (more details can be found in Ref. 11 ). The search for Dark Matter
and the quest for the nature of EWSB are major present challenges. We have discussed their
interplay within an eﬀective approach in the framework of the Higgs Dark Matter portal.
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In this work we prob a class of neutrino mass models at both Large Hadron Collider (LHC)
energies 8 TeV and 14 TeV. The focus will be on the new introduced interaction terms between
∓
/ with
a singlet charged scalar, S ± , and leptons leading to diﬀerent ﬁnal states pp → ±
α β + E
α β = ee, eμ, μμ that implies lepton ﬂavor violation (LFV). An accurate cut on the MT 2
eventvariable is found to be crucial for an eﬀective suppression of the large Standard Model
background. The obtained results can be translated into a possible detectability of the charged
scalars eﬀect.

1

Introduction

Nowadays one of the striking questions that remains still unexplained by the Standard Model is
the smallness of the neutrino mass. Several models Beyond the SM could provide an explanation
of the non-zero mass of neutrinos. Among these models, we focus on the radiative neutrino mass
models which are the simplest way to generate a small mass for neutrinos at the loop level. To
tackle this, the SM is extended with new interaction terms yielded by extra implemented scalars
and fermions singlets and/or doublets through one loop, two loops, or three loops.
2

Radiative neutrino mass models and charged scalars

We introduce a class of SM extensions at the loop level with two electrically charged singlet ﬁelds,
S ± , that transforms under the SM gauge group SU (3) × SU (2)L × U (1)Y as S + ∼ (1, 1, 2). The
diﬀerent Lagrangian interaction terms that are described in Ref. 1 can be summarised as follows:
L ⊃ {fαβ Lcα Lβ S + + H.c.} − MS2 S + S − − V (H, S, φi ),

(1)

V (H, S, φi ) ⊃ λHS |H|2 |S|2

(2)

where Lα = (ναL , αL )T , αR is the charged lepton singlet, fαβ are the Yukawa couplings,
and c indicates the charge conjugation operation. The SM Higgs ﬁeld doublet is denoted by H
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and any additional scalar representation(s) is represented by φi . In this kind of model(s), the
parameter sets must fulﬁll the LFV constraints as well as other constraints studied in 2 .
2.1

Production of the charged scalar S ±

The charged scalars S ± are produced in pairs in the proton-proton collisions via the Drell-Yan
(DY) s-channel processes as:
qq → γ/Z/h → S + S − , gg → h → S + S − ,

(3)

The fαβ and MS model parameter are scanned randomly to explore the behaviour of the
√
cross section of S ± S ∓ pair production versus the charged scalar mass (MS ) at both s = 8 and
14 TeV LHC energies in Fig. 1. Furthermore, to estimate the dominant DY type diagrams we
simply evaluate the cross sections ratio that characterises the presence of the Higgs Mediated
Feynman diagrams (σ (F ull) (s) ≡ σ(pp → S + S − ) including the Higgs exchange diagrams).

full (DY)

)/σ

(DY)

⎯s = 8 TeV
√
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(σ -σ
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Figure 1 – Left: the production cross section (in fb units) of S + S − pair production at s = 8 TeV (in magenta)
and 14
TeV
(in
blue)
vs
the
charged
scalar
mass
M
.
The
dashed
black
lines
represent
the
DY values. Right: the
S


ratio σ f ull (s) − σ (DY ) (s) /σ (DY ) (s) vs the charged scalar mass (MS ).

2.2

The charged scalar S ± decay

After its production, the charged scalar decays into a neutrino (manifested as missing energy
in the detector) and a charged lepton (detected by the relevant sub-detector) with the partial
|f |2
MS ). At the LHC colliders, one can observe only three distinct signals
decay rate (Γ ∝ αβ
4π
since neutrinos are indistinguishable, i.e., charged lepton(s) and missing energy.
Considering similar benchmark points used in Fig. 1, we present in Fig. 2 the total decay
width of S ± (left) and its branching ratios (right) for the diﬀerent decay channels versus MS .
μ+Emiss
e+Emiss
τ+Emiss

1.4

Br ( S -> lα+Emiss )
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Figure 2 – The charged scalar total decay width (left) and its diﬀerent branching ratios (right) vs MS . The
considered values of the charged scalar mass and the Yukawa couplings fαβ are in agreement with LFV constraints.
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3

The charged scalar signatures at the LHC

In this section, the possibility of testing this class of neutrino mass models (1) via the LHC p-p
collisions is studied. We will consider one benchmark given by the following parameter values
/
feμ = −(4.97 + i1.41) × 10−2 , feτ = 0.106 + i0.0859,
(4)
fμτ = (3.04 − i4.72) × 10−6 ,
MS = 914.2GeV.
The charged scalar signature at the LHC will be distinguished throughout the detection of
∓
∓
+ − − + − +
/ where ±
two charged leptons plus missing energy (pp → ±
α β + E)
α β ={e e , e μ , μ μ }.
/ corresponds to any two SM neutrinos να ν β (α, β = e, μ, τ ). The main background comes
E
from any process with the same previous ﬁnal states where W W , ZZ, or Zγ are intermediate
states. The model ﬁles were built using LanHEP and then the event generation of both signal
and background processes were simulated for various c.m. energies using CalcHEP.
3.1

Signal Vs Background

Any deviation from the SM in terms of cross section values will imply a signiﬁcant detection of
the S ± signatures. In our case the compulsory cross section is the diﬀerence between the cross
section evaluated in Eq. (1) and the one evaluated within the SM framework. Consequently,
an initial preselection is performed in which a cut on the MT 2 4 variable is applied to eliminate
the background charged leptons and neutrinos events coming from W ± W ∓ (MT 2 > MW ). The
MT 2 is considered in the limit of massless missing energy particles as in Ref. 3 :
MT2 2 = 2pTα pTβ (1 + cos θαβ ) ,

(5)

We study diﬀerent kinematic distributions of the considered processes after imposing the
√
MT 2 cut at s = 8 and 14 TeV, and then deduce the relevant cuts set as summarised in Tab 1.
√
Table 1: The considered cuts for the three ﬁnal states at s= 8 and 14 TeV. The pT and η are, respectively, the
transverse momentum and pseudorapidity of the charged lepton (e, μ).

Process
pp →

e− μ+

Cuts@8 TeV
−

/
+E

/
pp → e− e+ + E
/
pp → μ− μ+ + E

3.2

Cuts@14 TeV
+

80 < peT < 250
80 < pμT < 270
−1.560 < ηe− < 2.99 −1.92 < ημ+ < 3
25 < plT < 120
−2.09 < ηl < 2.89
30 < plT < 155
−2.38 < ηl < 2.1

−

+

peT > 180
pμT > 170
1.1 < ηe− < 2.89 1.2 < ημ+ < 3.02
30 < plT < 80
−2.8 < ηl < 2.95
25 < plT < 40
−0.13 < ηl < 3

Numerical results

The separation of signal to background ratio for each ﬁnal state using the selected cuts in Tab.
1 is studied. The signal signiﬁcance for each considered ﬁnal state is given by
S=

√ Nex
Nex +NB

and Nex = NM − NB = L × (σ M − σ B ),

(6)

where Nex denotes the excess events number of the considered signal, NB is the number
of events of the background contributions and NM is the expected events number due to all
the new model interactions including the SM contributions as well. L indicates the integrated
luminosity, and σ M (σ B ) is the total expected (background) cross section.
After imposing the cuts set given above, the results in Tab 2 show the variation of the
√
signal signiﬁcance within the range of [1.30 - 2.07] at both energies s = 8 and 14 TeV. These
results can be also illustrated as in Fig. 3 where the signiﬁcance is plotted versus the luminosity.

625

Table 2: The cross section of the total expected signals (σ M ) and the corresponding background (σ B )
to estimate the signiﬁcance S20 (S100 ) at 8 TeV (14 TeV) with L = 20 f b−1 (L = 100 f b−1 ).
√
√
s = 8 T eV
s = 14 T eV
M
B
M
B
B
M
B
Process
σ (f b) σ (f b) (σ − σ )/σ
S20
σ (f b) σ (f b) (σ M − σ B )/σ B
/
pp → e− μ+ + E
13.03
11.98
0.0876
1.301
1.253
0.459
1.7
/
pp → e− e+ + E
62.74
59.72
0.0506
1.7051
44.45
38.65
0.150
/ 81.691
pp → μ− μ+ + E
77.49
0.0542
2.0786
65.27
56.86
0.148

are used

S100
7.093
8.699
10.409

100

100

10

10

Significance

Significance

One direct hint from Fig. 3, is to look at the S ± S ∓ production in the μ− μ+ channel that
is signiﬁcantly larger than e− e+ channel. Furthermore, one can study the dependence of the
√
signiﬁcance versus MS with respect LFV bounds at s = 8 and 14 TeV as shown in Fig. 4.
Hence, in Fig. 4, left, the LHC Run I data can be used to exclude MS < 400 GeV, whereas
Fig. 4, right, shows the same lower bound on MS with more than 5 σ signiﬁcance.
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Figure 3 – The signiﬁcance vs the luminosity at s = 8 T eV (left) and at s = 14 T eV (right) for each signature.
The two horizontal lines in each panel indicate the corresponding signiﬁcance values for S = 3 and S = 5.
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