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1.
Heavy Flavours

MEASUREMENTS OF CPV IN BEAUTY AT LHC

J. GARCÍA PARDIÑAS, on behalf of the LHCb Collaboration
Universidade de Santiago de Compostela, Spain,
now at Universität Zürich, Switzerland
Precision measurements of beauty hadron decays constitute excellent probes of the Standard
Model and an important way to look for physics beyond. In particular, new sources of ChargeParity violation are searched for, given the inconsistency between the matter/anti-matter
asymmetry observed in the Universe and the small amount of Charge-Parity violation that the
Standard Model can accommodate. This document reviews the state-of-the-art measurements
of Charge-Parity violation in beauty hadron decays performed by the experiments at the Large
Hadron Collider, mostly the LHCb experiment. The latest measurements of the γ, β and βs
angles of the Cabbibo-Kobayashi-Maskawa matrix are presented, as well as recent studies of
0
+
0
Charge-Parity violation in the B(s)
→ hh0 , Bs0 → (K + π − )(K − π + ) and B + → D(s)
D decays.
Finally, a new measurement of Charge-Parity asymmetries in beauty-baryon decays is also
presented.

1

Introduction

The small amount of Charge-Parity (CP ) violation that the Standard Model (SM) can accommodate is not enough to explain the huge matter/anti-matter asymmetry observed in the
Universe 1 . This motivates the search for new sources of CP violation, which can be indirectly
detected by accurately measuring the properties of beauty hadron decays. The experiments at
the Large Hadron Collider (LHC) have a wide program of measurements in this sector and have
carried out many important measurements with unprecedented precision. In particular, the
LHCb experiment is specifically designed for detecting and accurately characterising the decays
of beauty hadrons.
Since the beyond-the-SM effects are expected to be small, tree-diagram dominated decays
can be considered to be SM like. The comparison between different measurements of the same
observable coming from different decays allows to test the SM and look for physics beyond. A
particularly interesting set of observables corresponds to the angles in the so-called unitarity
triangles of the Cabbibo-Kobayashi-Maskaw (CKM) matrix, which governs the quark mixing
and contains the only source of CP violation in the SM.
This document reviews the state-of-the-art LHC measurements of the CKM angles γ and
β, based on tree-dominated B 0 decays, and of the CKM angle βs , based on tree-dominated
0 → hh0 , B 0 → (K + π − )(K − π + )
Bs0 decays. It also presents the studies of CP violation in B(s)
s
0

+
and B + → D(s)
D decays, that are suppressed in the SM and contain dominant or important
loop-diagram contributions. Finally, measurements of CP asymmetries in the Λ0b → pK + π − π − ,
Λ0b → pK − K + K − and Ξ0b → pK − K − π + decays are also presented.
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reached a comparable precision using Run1 data. In particular, this experiment has recently
0
0
performed a measurement of the β angle using B → J/ψ(ee)Ks and B → ψ(2S)(µµ)Ks
decays 7 . The different LHCb measurements in the (cc)Ks system are summarised in Fig. 2.
7
0
Since the knowledge of the B 0 /B mixing process is crucial for these analyses, another recent
important achievement is the ATLAS measurement of the B 0 mixing width 8 , which constitutes
the most precise single determination of this parameter. As future prospects, LHCb expects to
achieve a precision on β of 0.6◦ with the Run2 data and of 0.2◦ with the phase-1 upgrade.

2.3

Measurement of the CKM angle βs

Similar to the previews case, the βs angle can be determined from the interference between
0
Bs0 /B s mixing and decay in b → ccs transitions. The golden channel for this measurement is
Bs0 → J/ψφ, where the βs angle can be determined from the measurable CP -violating phase
φccs
s = −2βs . The three polarisation amplitudes involved in this pseudoscalar to vector-vector
transition require the use of an angular analysis to disentangle the different CP eigenstates.

4

→ (𝒄𝒄)𝑲𝒔

𝐒)(𝝁𝝁)𝑲𝒔

Figure 2 – Summary of the LHCb measurements in the B 0 → (cc)Ks system 7 . When sub-dominant contributions
to the decay are neglected, the observable S corresponds to S = sin(2β).
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6
The LHCb experiment expects a precision ≤ 3 mrad on φccs
s for the phase-2 upgrade .

State of art of 𝝓𝒔

Precision improved by > 1
results

New Physics is not large, t
to be further reduced

HFLAV: 𝝓𝒔 = −𝟐𝟏 ± 𝟑𝟏 m

Atlas expects a significant i
with a new innermost pixe
LHCb sensitivity with phase
to be < 3 mrad [CERN-LHCC
Important to control size o
diagram contribution
12/23/2017
CPV IN
B DECAYS,
YIN width difference.
Figure 3 – Global combination
of measurements of the φccs
phase, together with
the
Bs0 HANG
decay
s

5

3
3.1

Suppressed beauty meson decays
0 → hh0
CP violation in B(s)

0 → hh0 decays are mediated in the SM by suppressed tree-level diagrams and loop
The B(s)
(penguin) diagrams, with contributions of comparable size. This situation implies an enhanced
sensitivity to physics beyond the SM. A combined analysis of CP violation in B 0 → π + π − ,
Bs0 → K + K − , B 0 → K + π − and Bs0 → π + K − allows for the determination of γ, −2βs and, if
some external input is included, the CKM angle α.
0 → hh0 system 15 , that updates previous studies from
A new LHCb measurement of the B(s)
16,17
the same experiment
, is presented for the first time in this conference. The measurement uses
the full Run1 data, which is filtered using some pre-selection requirements, particle identification
criteria to create three exclusive particle categories (ππ, KK, Kπ) and a multivariate analysis
technique to suppress combinatorial background. A multi-dimensional fit to data is performed,
simultaneously to the different particle categories. Production and reconstruction asymmetries
are obtained from control samples and accounted for, and the acceptance and resolution effects,
arising from particle detection and reconstruction, are included in the fit model. The measured
values are

= −0.34 ± 0.06,

Cπ + π −

= −0.63 ± 0.05,

Sπ+ π−

= 0.20 ± 0.06,

CK + K −

= 0.18 ± 0.06,

SK + K −
A∆Γ
K+K−

= −0.79 ± 0.07,

ACP (B 0 → K + π − ) = −0.084 ± 0.004,
ACP (Bs0 → π + K − ) = 0.213 ± 0.015.

(1)

This is the most precise determination of these parameters from a single experiment. A deviation
from the CP -conservation hypothesis of 4σ is found in the KK system. This constitutes the
strongest evidence for decay-time-dependent CP violation in the Bs0 sector.
3.2

CP-violating phase φsdd
in Bs0 → (K + π − )(K − π + )
s
∗0

The Bs0 → K ∗0 (K + π − )K (K − π + ) decay proceeds through a gluonic-penguin diagram in the
SM. It gives access to a CP -violating phase, φsdd
s , which is similar to the previously introduced
φccs
phase. However, the quark content in this case yields to an approximate cancellation of
s
terms in the SM and an expected value of φsdd
∼ 0 rad 18 .
s
Very recently, the LHCb experiment has performed the first measurement of the φsdd
phase
s
using Bs0 → (K + π − )(K − π + ) decays 19 . To increase the size of the available data sample and
consequently improve the precision, several scalar, vector (K ∗0 ) and tensor Kπ components,
present in a two-dimensional mass window M (K ± π ∓ ) ∈ [750, 1600] MeV/c2 , are studied altogether. This corresponds to a total of 19 polarisation amplitudes. The high dimensionality of the
study and the large number of physical components motivated the use of a new fitting framework
= −0.10 ± 0.13 ± 0.14 rad,
based on GPUs. The CP -violating phase was measured to be φsdd
s
which is compatible with the SM expectation within uncertainties. The dominant systematic
uncertainty, related to the size of the simulation samples used to describe the acceptance, can
be significantly reduced in the future.
3.3

+
CP violation in B + → D(s)
D

0

Another new LHCb study, presented for the first time in this conference, is the measurement
0
+
of CP asymmetries in B + → D(s)
D decays 20 , where D0 → K − π + or D0 → K − π + π − π + ,
6

Table 1: Results of the asymmetries measured in baryonic decays.

aT̂P −odd
−odd
aT̂CP

Λ0b → pK + π − π −

−0.60 ± 0.84 ± 0.31
−0.81 ± 0.84 ± 0.31

Λ0b → pK − K + K −

−1.56 ± 1.51 ± 0.32
1.12 ± 1.51 ± 0.32

Ξ0b → pK − K − π +

−3.04 ± 5.19 ± 0.36
−3.58 ± 5.19 ± 0.36

D+ → K − π + π + and Ds+ → K + K − π + . The interference between Cabbibo-suppressed tree
diagrams with loop diagrams in this case gives asymmetries of O(10−2 ).
The full Run1 data are filtered using a very efficient selection, based on topological and
kinematic variables, meson decay times and invariant masses. The raw asymmetries are obtained
0
+
from fits to the D(s)
D invariant mass distribution and afterwards corrected for the production
and detection asymmetries, obtained from control samples. The measured asymmetries are
0

ACP (B + → Ds+ D ) = (−0.4 ± 0.5 ± 0.5)%,
0

ACP (B + → D+ D ) = (2.3 ± 2.7 ± 0.4)%,

(2)
0

both consistent with no CP violation. This is the first measurement in B + → Ds+ D decays
0
and the most precise one in B + → D+ D decays.
4

Beauty baryon decays

Last year, the LHCb experiment presented the first evidence of CP violation in a beauty baryon
decay, Λ0b → pπ − π + π − 21 . A new analysis from this experiment, focusing on Λ0b → pK + π − π − ,
Λ0b → pK − K + K − and Ξ0b → pK − K − π + decays 22 , is presented for the first time in this conference. In this case, two triple-product asymmetries are measured: AT̂ , for the baryon decay, and
AT̂ , for the anti-baryon decay. Using these quantities, P -violating and CP -violating asymmetries
are constructed as
1
aT̂P −odd = (AT̂ + AT̂ ),
2

1
−odd
aT̂CP
= (AT̂ − AT̂ ).
2

(3)

For this analysis, the full Run1 data are filtered using some pre-selection requirements, followed
by vetoes against charm resonances and mis-identification backgrounds, a multivariate-analysis
technique against combinatorial background and a set of specific particle-identification requirements. The asymmetries are determined by measuring the yields for the different components
via invariant-mass fits. The resulting asymmetries are shown in Table 1. They are consistent
with neither P nor CP violation. Additionally, the asymmetries are also obtained in different
bins of the phase space, leading to the same conclusion.
5

Conclusions and prospects

The measurement of CP violation in beauty hadron decays constitutes a very important test of
the SM and allows for indirect searches of physics beyond. The role of the LHC experiments
in this field is crucial, in particular the one of LHCb, currently leading the World sensitivity in
several key measurements. So far, the results have shown compatibility with the SM.
On top of the gain in sensitivity due to the significantly larger data samples that will be
collected in the future, extra improvements are expected from the upgrade of the sub-detectors.
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MEASUREMENT OF CP VIOLATION IN CHARM AT LHCb
P. MARINO
École polytechnique fédérale de Lausanne (EPFL),
Lausanne, Switzerland
The LHCb experiment at the Large Hadron Collider is currently the main player in the
charm sector. Huge and very clean samples of D meson decays are collected by the LHCb
experiment, several orders of magnitude larger in size than in the past, allowing for the first
time to approach Standard Model expectations for CP violation below the 10−3 level. This
brief write-up covers the most recent LHCb results on CP violation in the charm sector.

1

Introduction

Charm physics has been playing all along a role in particle physics, by contributing to the formulation of the Standard Model (SM) as it is known nowadays. In recent years, the interest
for charm physics increased due to the experimental observations of the D0 –D0 flavour oscillations 1,2 , providing a full range of probes, complementary to the B and K mesons systems, for
mixing and CP violation. The charm quark is the only up-type quark that manifests flavour
oscillation, offering a privileged window to look for New Physics beyond the Standard Model
(SM). SM predictions for CP violation in the charm sector are of the order of 10−3 although
with large uncertainties 3,4 . Thus, large yields are required in order to achieve this precision
along with a tight control of systematics uncertainties.
The large production cross-section of charm hadrons at the LHC allows collecting a huge
amount of decays of all charm species. In particular, the LHCb experiment plays a major role in
charm CP violation searches thanks to the large samples of c-hadrons decays recorded (O(107 )).
The current experimental sensitivity in several charm measurements is definitively approaching
(or even exceeding) the interesting region where theoretical CP violation predictions seat.
1.1

The LHCb detector

The LHCb detector 5 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 is
composed of a silicon-strip vertex detector surrounding the pp interaction region that allows cand b-hadrons to be identified from their typically long flight distance, and a tracking system
that provides a measurement of momentum of charged particles. In addition, two ring-imaging
Cherenkov detectors are present to discriminate between different species of charged hadrons.
An electromagnetic and a hadron calorimeters, located upstream the muon stations, complete
the detector. In the Run I (2010-2012) of the LHC, the LHCb experiment collected 3 fb−1 of
integrated luminosity at two different energies of 7 TeV (1 fb−1 ) and 8 TeV (2 fb−1 ). Whilst in
the current Run II (2015-2018) about 3.8 fb−1 has been collect from 2015 through 2017 at a
centre-of-mass energy of 13 TeV.

9

D0 –D0 mixing and CP violation parameters with D0 → K − π + decays

2

The D0 –D0 mixing has been observed for the first time by a single experiment at LHCb in the
decay time dependent ratio D0 → K + π − to D0 → K − π + decay a rates 1,2 , where the flavour of
the D0 mesons is inferred through the charge of soft pions in the strong D∗+ → D0 π + and D∗− →
D0 π − decays. A new measurement 6 of the mixing parameters has been recently performed using
all the proton-proton collision data recorded with the LHCb experiment from 2011 through 2016
corresponding to an integrated luminosity of 5 fb−1 . The analysis discussed here supersedes the
previous measurement 2 due to an improved treatment of systematics uncertainties besides a
factor three larger sample size.
The time dependent ratio of the so-called wrong-sign (WS) D0 → K + π − decays, to rightsign (RS) D0 → K − π + decays, which is dominated by a Cabibbo-favoured amplitude, can be
written (in the limit of a slow mixing rate |x|  1, |y|  1) as
R(t) = RD +

p
x02 + y 02  t 2
RD y 0 +
,
4
τ

(1)

where RD is the ratio of doubly Cabibbo-suppresed to Cabibbo-favoured amplitude, x0 =
x cos δ + y sin δ and y 0 = y cos δ − x sin δ, whilst δ is the strong phase difference between DCS
and CF amplitudes. x = 2(m2 − m1 )/(Γ1 + Γ2 ) and y = (Γ1 − Γ2 )/(Γ1 + Γ2 ) are the D0 mixing
parameters, where 1 and 2 refer to the mass eigenstates |D1,2 i = p |D0 i ± q |D0 i, and p and
q are two complex numbers satisfying the condition |p|2 + |q|2 = 1. t/τ is the D0 decay time
expressed in units of the average D0 lifetime τ . The sample is split in bins of decay time with
approximatively the same number of D∗+ → D0 (→ K − π + )π + decays. In each decay-time bin
the yields of RS and WS decays is extracted by fitting the invariant mass distribution m(D0 π + ).
The total yields, integrated over the decay time, are 1.77 × 108 and 7.22 × 105 for the RS and
the WS decays, respectively.
The yields extracted in each decay time for RS and WS decays are used to calculate the
WS-to-RS ratio. The different reconstruction efficiencies for the two final states may bias the
extraction of the ratio. The efficiencies ratio is obtained from control samples comparing the
ratio of D− → K + π + π − and D− → KS0 (→ π + π − )π − yields with the ratio of the corresponding
charge-conjugated decays. The correction, of the order of percent, is taken into account in the
final fit of the mixing parameters. Then, the efficiency-corrected ratio is measured independently
for D0 and D0 decays as reported in Fig. 1. Three different hypothesis are tested: no CP
violation, CP violation in the mixing but no direct CP violation, and all kind of CP violation
allowed. Data are compatible with CP symmetry and the best values for the mixing parameters
are 6
RD = (3.454 ± 0.031) × 10−3 ,
y 0 = (5.28 ± 0.52 ) × 10−3 ,
02

x = (0.039 ± 0.027) × 10

−3

(2)

.

D∗+

The leading systematic uncertainty is due to the
decays originating from b-hadron decays
where the rest of the event is not reconstructed. The residual contribution, after requiring the
D0 to point at the primary vertex, is estimated to be about half of the statistical uncertainty.
CP violation parameter AΓ in D0 → K + K − and D0 → π + π − decays

3

Clean experimental channels allowing the study of CP violation in the charm system are singlyCabibbo-suppressed decays into CP -eigenstates, such as D0 → K + K − and D0 → π + π − decays.
In particular, in the presence of CP violation the time-dependent rates of the D0 and D0 decaying
a

Charge-conjugate processes are implied if not explicitly stated.

10

R+− R− [10−3]

R− [10−3]

R + [10−3]

6

(a)
LHCb

5
4

60 (b) 2

4

6

5

8

10

CPV allowed
No direct CPV
No CPV

4
0 (c) 2
0.2

4

6

4

6

8

10

0
−0.2
0

2

20

t/τ
Figure 1 – Ratios of WS-to-RS yields for (a) D∗+ decays, (b) D∗− decays, and (c) their differences as functions
of decay time in units of D0 lifetime. The abscissa of each data point corresponds to the average decay time over
the bin.

to the same final state can be different. In order to spot such differences the time-dependent
CP asymmetry
Γ(t; D0 → f ) − Γ(t; D0 → f )
ACP (t) =
(3)
Γ(t; D0 → f ) + Γ(t; D0 → f )

is used, where Γ(t; D0 → f ) is the time-dependent decay rate of D0 → f decays and f corresponds to K + K − or π + π − final state. Due to the slow D0 mixing, ACP (t) is well approximated
by the linear expression 11,12 at the first order in x · (t/τ ) and y · (t/τ )
ind t
ACP (t) ≈ adir
CP + aCP ,
τ

(4)

ind
where adir
CP is related to the CP violation in the decay rates (direct), whilst aCP is the so-called
indirect CP violation related to the CP violation in the mixing or in the interference of decays
with and without mixing. The indirect CP violation is well approximated by −AΓ in the limit
of small direct CP violation 11,12 . The AΓ observable is defined as the asymmetry between D0
ˆ respectively, A ≡ (Γ̂ − Γ)/(
ˆ Γ̂ + Γ).
ˆ The value of A
and D0 effective decay widths b , Γ̂ and Γ,
Γ
Γ
is related to the mixing parameters as 11,12
"
#



1
q
p
q
p
AΓ =
−
y cos φD −
+
x sin φD ,
(5)
2
p
q
p
q

where φD = arg(q/p) is the D0 mixing phase. The analysis summarised here 7 used the full Run I
data sample corresponding to an integrated luminosity of 3 fb−1 . The strategy is to measure the
slope of the time-dependent CP violation ACP (t) exploiting the raw yields asymmetry
Araw (t; f ) =
b

N (t; D∗+ → D0 (→ f )π + ) − N (t; D∗− → D0 (→ f )π − )
N (t; D∗+ → D0 (→ f )π + ) + N (t; D∗− → D0 (→ f )π − )

The effective decay width is defined as τ̂ = 1/Γ̂ ≡

R

tΓ(t)dt/

11

R

Γ(t)dt, where τ̂ is the effective lifetime.

(6)
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Figure 2 – Measured asymmetry in bins of t/τD for (top) D0 → K + K − and (bottom) D0 → π + π − . The slope of
the solid line corresponds to the best estimation of −AΓ .

where N (t; D∗± ) is the yields of D∗± decays as function of the D0 decay time normalised
to the D0 lifetime, τD , and f corresponds to the final states K + K − and π + π − . The raw
asymmetry is linked to the CP asymmetry, ACP (t), neglecting third order terms, as Araw (t) =
AP + AD (t) + ACP (t), where AP is the asymmetry of production rates between D∗+ and D∗− ,
and AD (t) is the detection asymmetry between the two final states D0 π + and D0 π − . Timedependent detection asymmetries, due to the artificial correlation between the pion coming
from D∗+ decays (soft pion) and the D0 decay time, bias the extraction of the AΓ parameter. A
correction is applied to remove detector-induced asymmetries, preserving the true CP asymmetry
of the sample, reweighing the soft pion kinematic in order to obtain a CP simmetric detection.
The results after the correction are 7
AΓ (D0 → K + K − ) =(−0.30 ± 0.32 ± 0.10) × 10−3 ,
AΓ (D0 → π + π − ) =( 0.46 ± 0.58 ± 0.12) × 10−3 ,

(7)

where the first uncertainty is statistical and the second is systematic. The source of the main
systematic uncertainty are D∗+ decays originating from b-hadron decays where the rest of the
event is not reconstructed (secondary decays). These decays due to the lifetime of b-hadrons
mimic D0 decays with a larger decay time, which is function of the distance between the D0
secondary vertex and the primary vertex, biasing the result. Secondary decays are suppressed
requiring D0 candidates to point at primary vertex. The residual contribution is estimated
from a model calibrated by the yield of secondary decays at higher decay times, where can be
easily separated from prompt D0 decays. The results are compatible with the no CP violation
hypothesis at the level of 3 × 10−4 and they are the most precise results to date.
4

+ − and Λ+ → pπ + π − decays
CP asymmetry difference in Λ+
c → pK K
c

Besides the huge samples of D0 mesons decays, the LHCb experiment collects also sizeable samples of charmed baryons decays. Thus, it is interesting to search for charm CP violation also
in baryons even if very little is known about its magnitude. Recently, a measurement 10 of CP
+ −
violation has been carried out with Λ+
c → ph h decays, where h is either a kaon or a pion.
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The analysis uses proton-proton collision data collected during the Run I, corresponding to an
integrated luminosity of 3 fb−1 . To reduce the level of background the Λ+
c candidate is recon−
structed in the Λ0b → Λ+
c µ X decay chain, where X represents any additional unreconstructed
particle, exploiting the long lifetime of Λ0b baryons. The observed asymmetry Araw (f ), where f
corresponds to pK + K − and pπ + π − final states, can be written, neglecting third order terms,
as
Araw (f ) = AP + AµD + AD (f ) + ACP (f )
(8)
where AP is production asymmetry of Λ0b baryons, AD (f ) is the detection asymmetry of the
final state f , AµD is the detection asymmetry of muons coming from Λ0b decays, and ACP (f ) is
the CP asymmetry of Λc → f decays. In oder to cancel out the nuisance parameters of Eq. (8)
(production and detection asymmetries) the difference between the raw asymmetries of the two
final states, Araw (pK + K − ) − Araw (pπ + π − ), is measured. Assuming ACP (f ) to be independent
of Λ+
c kinematics, this difference is equal to the difference of CP asymmetry between of the two
final states of Λ+
c , ∆ACP ,
∆ACP = ACP (pK + K − ) − ACP (pπ + π − )

= Araw (pK + K − ) − Araw (pπ + π − ),

(9)

if the kinematics of the two final states are indistinguishable. Thus, the kinematic spectra of
pπ + π − final state is reweight to match the pK + K − final state. However, the kinematic weighting
may alter the physics asymmetry, as the pπ + π − phase space can be distorted. This results into
a measurement of the weighted asymmetry
wgt
+ −
+ −
∆Awgt
CP = ACP (pK K ) − ACP (pπ π )

+ −
= Araw (pK + K − ) − Awgt
raw (pπ π ),

(10)

which can be compared with theoretical models since the weighted function is provided 10 . The
result for ∆Awgt
CP is
∆Awgt
(11)
CP = (0.30 ± 0.91 ± 0.61)%,
where the first uncertainty statistical and the second is systematic. The main source of systematic uncertainty is the limited size of the simulated sample which is used to extract the phase
space efficiency model.
5

Summary

The large production rate and a dedicate detector make the LHCb experiment the best player
in the search of charm CP violation. The sensitivity of several measurements are approaching or
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even passing (especially for two-body golden modes) the 10−3 wall, reaching the upper bounds
of SM expectations. The current Run II and the future LHCb-Upgrade will increase even more
the size of D meson data sample opening a privileged door for studying the structure of the
flavour dynamics.
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B-ANOMALIES: A MODEL BUILDER’S GUIDE
ADMIR GRELJO
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I present a few model building lessons for high-pT searches at the LHC when addressing
recently reported hints on lepton flavour universality violation in semi-tauonic and rare Bmeson decays.

1

Introduction

An increasing set of experimental measurements in semi-leptonic B-meson decays contradicts the
SM predictions. Despite the fact that a compelling evidence for new physics (NP) is still missing,
the case for it looks very encouraging as the coherent picture of deviations seems to be solidifying.
B-anomalies consistently point towards a violation of lepton flavour universality (LFU) and are
grouped into two different categories: (i) deviations from τ /` (where ` = e, µ) universality in
semi-tauonic decays as defined by R(D(∗) ) observables (b → c`ν charged currents)1–3 and (ii)
deviations from µ/e universality in rare decays as defined by R(K (∗) ) observables (b → s``
neutral currents).4, 5 Additional indication of consistent deviations in rare b → sµµ transitions
has been observed in the measurements of angular distributions of B → K ∗ µ+ µ− .6, 7 The overall
statistical significance of the discrepancies in the clean LFU observables alone is at the level of
4 σ for both charged and neutral current processes.8–12
While new experimental developments in B-decays are slowly approaching, it is important
to provide consistent NP models to address present B-anomalies and predict smoking gun signatures in other (ongoing) searches, in particular, at the high-pT frontier. Indeed, anomalies in
B-meson decays point to a new mass scale potentially interesting for the ATLAS and CMS experiments. More precisely, the charged current anomaly (b → cτ ν) implies the effective scale of
O(1 TeV), while the neutral current anomaly (b → sµµ) implies the effective scale of O(30 TeV).
The effective scale corresponds roughly to the mediator mass for O(1) couplings when the effect
is tree-level generated. However, some explicit models exhibit parametric suppression (e.g. from
flavour), or dynamical suppression (e.g. loop-generated), lowering the new mass scale towards
the interesting range for the LHC. For example, a coherent picture of neutral and charged current B-anomalies is emerging when invoking i) a new (tree-level) dynamics at the TeV scale in
(mainly) left-handed semi-leptonic currents such as (Q̄γ µ σ a Q)(L̄γµ σ a L), and ii) a flavour sym-
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metry implying dominant couplings are to the third family while the couplings to light families
follow in a controlled way from the symmetry breaking spurions.16 All tree-level models have
either colour-neutral vectors (W 0 and Z 0 ) or colour-triplet scalar or vector leptoquarks (LQs),
or combination of those.
The main purpose of this talk is to connect B-anomalies and high-pT searches at the LHC.
In the following, I will discuss a few model building lessons from refs.13–21
2

Semi-Tauonic B-decays and Di-Tau at high-pT

The simplest way to generate the effective semi-leptonic triplet operator (Q̄γ µ σ a Q)(L̄γµ σ a L)
at low-energies, and hence address the B-anomalies coherently, is to integrate at tree-level a
massive colour-neutral real SU(2)L triplet vector.13 Let us take W 0a ∼ (W 0± , Z 0 ) coupled to the
SM quarks and leptons as




LW 0 ⊃ λqij Q̄i γ µ σ a Qj + λ`ij L̄i γ µ σ a Lj W 0aµ .

(1)

q(`)

We assume λij ' gb(τ ) δi3 δj3 , such that the largest effects are in B-mesons and tau leptons,
consistent with U (2) flavour symmetry. Departures from this limit are constrained by low energy
flavour data, including neutral meson mixing, rare B decays, LFU and LFV in τ decays and
neutrino physics, a detail analysis of which has been performed in refs.13, 16
An important constraint on the model is obtained from pp → τ + τ − search where a corresponding Z 0 is produced from the bottom fusion and decayed to a pair of tau leptons.14 The
resulting 95% CL upper limits on the |gb gτ | × v 2 /MZ2 0 as a function of the Z 0 mass and total Z 0
decay width, after recasting ATLAS 13 TeV τ + τ − analysis with 3.2 fb−1 are shown in Fig. 1
with red isolines. These exclusions are to be compared with the preferred value from the fit to
the R(D(∗) ) anomaly, |gb gτ | × v 2 /MZ2 0 = (0.13 ± 0.03), indicated in green (1σ) and yellow (2σ)
shaded regions in the plot. Note that these results do not depend on the specific assumptions
about extra Z 0 decay channels. The main conclusion here is that the explanation of the R(D(∗) )
anomaly can only be reconciled with the existing LHC τ + τ − searches for a relatively wide resonance where the model’s parameter space is approaching the strongly coupled regime such that
perturbative calculations start to fail.
2
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Figure 1 – LHC limits on the W 0 model for R(D(∗) ) anomaly from pp → τ + τ − . The plot is taken from the ref.14
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To circumvent this problem, in ref.,20 we considered the case in which the R(D(∗) ) anomaly
is generated by the b → cτ N̄R transition mediated instead by an SU (2)L singlet W 0 , where NR
is a light right-handed neutrino. This is in contrast to the triplet model of ref.,13 which requires
the W 0± to be nearly degenerate with the corresponding Z 0 , and the flavour structures of W 0±
and Z 0 couplings to be related through the CKM mixing matrix. These requirements are lifted
in the singlet model such that the stringent τ + τ − limits are satisfied.

3

Rare B-decays and High-pT dilepton tails

Recent hints on lepton flavour universality violation in b → sµµ transitions suggest new physics
in pp → µ+ µ− process at the LHC. Even if the new mass scale is well beyond the kinematical
reach for on-shell production, the signal in the high-pT dilepton tail might still be observed as
first noted in ref.15
(1),ij
To illustrate this point, we assume a Z 0 vector boson model, L ⊃ gQ (Q̄i γ µ Qj )Zµ0 +
(1),kl
(1),ii
(1),22
gL (L̄k γ µ Ll )Zµ0 , with gQ
= gL
= g ∗ where i = 1, 2, 3 and MFV structure in the quark
(1),23
∗
sector gQ
= Vts g , as dictated by the neutral meson oscillation constraints. We derive limits
on g ∗ as a function of the mass MZ 0 , fitting the dimuon invariant mass spectrum from the
ATLAS µ+ µ− search at 13 TeV with 36.1 fb−1 of data. (The Z 0 decay width is determined by

decays into the SM fermions, ΓZ 0 /MZ 0 ≈ 5g∗2 /(6π).)
The results are shown in Fig. 2. The limits in the full model are shown with solid-blue
while those in the EFT are shown with dashed-blue. We see that for a mass MZ 0 > 5 TeV,
the EFT limit works quite well. On top of this, we show with green band the best fit and 2σ
interval which reproduces the b → sµµ flavour anomalies, showing how LHC dimuon searches
already exclude such a scenario independently of the Z 0 mass. The red solid line indicates the
naive bound obtained when interpreting the limits on the narrow-width resonance production,
σ(pp → Z 0 ) × B(Z 0 → µ+ µ− ).
95% CL limits on MFV Z' from p p → μ+ μ-
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Figure 2 – LHC limits on the MFV Z 0 model for R(K (∗) ) from pp → µ+ µ− . The plot is taken from the ref.15
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4

Consistency of the low-pT data and single mediator models

The consistency of the B-anomalies with other low-pT data, such as (other) rare B decays, LFU
and LFV in τ decays and Z-boson decays, has been investigated in ref.16 starting with the
left-handed semi-leptonic operators within the SM EFT. The complete set of single-mediator
models with tree-level matching to the vector triplet and/or singlet V − A semi-leptonic operators consists of: colour-singlet vectors Bµ0 ∼ (1, 1, 0) and Wµ0 ∼ (1, 3, 0), colour-triplet scalars
S1 ∼ (3̄, 1, 1/3) and S3 ∼ (3̄, 3, 1/3), and vectors U1µ ∼ (3, 1, 2/3) and U3µ ∼ (3, 3, 2/3).21 (The
quantum numbers in brackets indicate colour, weak, and hypercharge representations, respectively.)
In Fig. 3 we show the correlation between triplet and singlet operators predicted in all singlemediator models, compared to the regions favoured by the EFT fit from ref.16 A remarkably
simple explanation of all the low-energy data is obtained by supplementing the SM with a single
field – vector leptoquark representation U1µ ∼ (3, 1, 2/3). Importantly, leptoquarks induce semileptonic transitions at tree level, while pure 4-quark and 4-lepton transitions arise only at one
loop.21 The exceptional feature of this particular representation is the absence of tree-level downquark-to-neutrino, as well as up-quark-to-charged-lepton transitions, naturally suppressing (a set
of) otherwise strongly constrained observables. The first explicit ultraviolet completion of this
simplified model is provided in.17
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Figure 3 – Coherent picture of B-anomalies and single-mediator models. The plot is taken from the ref.16

5

B-anomalies inspired leptoquarks

The B-anomalies inspired LQ searches at the LHC exhibit an interplay between three production mechanisms: LQ pair production, single LQ production in association with the lepton,
and di-lepton production (see e.g.18 for a recent discussion). Interestingly enough, the three
production mechanisms scale differently with the size of the LQ-q-` coupling and consequently

18

offer complementary probes of the LQ parameter space.
To illustrate this point, in Fig. 4 we show what values of Yukawa couplings one needs to use
to have equality between the total inclusive single LQ production cross section and the total
inclusive LQ pair production cross section for a given initial quark flavour as a function of the
LQ mass. This plot clearly shows the importance of the single LQ production in the heavy LQ
regime. In addition, for the R(D(∗) ) anomaly, one expects LQ-b-τ coupling of O(1) for a TeV
scale LQ which is in the right ballpark. The calculation leading to Fig. 4 is performed using the
Monte Carlo tool for LQ and NLO in QCD presented in ref.18
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Figure 4 – LQ pair production versus single LQ plus lepton production at the LHC. The plot is taken from the
ref.18
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GAUGED FLAVOUR SYMMETRY FOR B ANOMALIES
RODRIGO ALONSO
CERN, Theoretical Physics Department, CH 1211 Geneva 23, Switzerland

Signs of physics beyond our stablished theory have sprung in the field of B-meson physics.
Although the evidence is not conclusive, theoretical exploratory efforts help make sense of
the new data in a consistent picture and allow contrast with other experimental searches.
After examining the general features that the possible new physics should have we present
two models based on a U(1) flavour symmetry that account for the anomaly while within
reach of direct searches.

1

Introduction

The evidence for phenomena outside the realm of the Standard Model (SM) is piling up in Bmeson physics. Individually, none of these deviations from the SM is statistically significant yet,
nevertheless their appearance in different measurements by different experiments is a compelling
hint for some short of underlying new physics. The anomalies can be split into charged current
and neutral current decays. The former involve the ratio of decays B → D(∗) τ ν /B → D(∗) `ν
with D (D∗ ) the pseudo-scalar (spin 1) charmed meson and ` representing the average of µ and
e; this anomaly stands at the 4σ level and has been reported by Babar 1 , Belle 2 and LHCb 3 .
The neutral current deviations from the SM occur, most prominently, in the theoretically clean
ratio B → K (∗) µµ/B → K (∗) ee with a deficit in both the K 4 and K ∗ 5 channel as measured by
LHCb and constituting a 4σ deviation in combination. Both sets of anomalies require lepton
universality violation albeit in different channels, τ /(µ, e) and µ/e. On the other hand flavour
violation in charged decays occurs at tree level in the SM whereas the B → K (∗) decays are
loop and GIM suppressed in the SM meaning a higher sensitivity to new interactions. Although
accommodation of both anomalies is possible it is cumbersome; in this work in contrast we will
focus on neutral current anomalies.
A model independent analysis allows to identify the most likely (with present data) new
interaction that would account for the anomalies. The studies in the literature 6,7,8,9,10,11 find
that a left-handed current of quarks and a left-handed current of leptons, when modifying the
muon channel as we will assume here, fits the data best:
ON P = s̄γα bL × µ̄γ α µL ,
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(1)

which one can naively guess as the operator one would need to interfere destructively with the
SM contribution. The origin of this dimension six operator is a model dependent question, yet
in the same spirit as the identification of the three types of seesaw model, one can examine what
possible new particles would generate it as shown in fig. 1.

Figure 1 – UV completing the dimension 6 operator of eq. (1).

If we split the operator of dimension 6 in a quark current and a lepton current then we
have a spin 1 mediator that we will generically denote Zj , whereas a pair of lepton-quark
‘currents’ would be connected via a lepto-quark particle. Here we will focus on a Zj explanation
of the anomaly, which is a route that has indeed been taken in the literature a number of
times 12,13,14,15,16,17,18,19 .
Other than a proof of principle, i.e. the anomaly can be accounted for with a Z 0 while
being consistent with other flavour constraints and direct searches, what can the exploration
of a model offer as insight? There are a number of open problems in particle physics which is
believed hint at physics beyond the Standard Model, could this anomaly be connected to some
of these issues? The immediate question that B anomalies is connected to is the flavour puzzle:
i.e. why are there three generations? Why do they have such different masses and mixings? It
is worth exploring the connection of these fundamental questions with the new phenomena in
B-physics via explicit models and that is what is aimed for here.
Let us then briefly examine the flavour structure of the anomalies, they involve i) both quark
and leptons, ii) quark flavour violation yet lepton flavour conservation iii) lepton universality
violation. As shown in the literature 20 , a symmetry-based justification of the absence of lepton
flavour violation while allowing for universality violation can be given. This must be in contrast
with the quark sector however where flavour violation is required yet restricted to the B-meson
sector since no deviation is observed in Kaon or D-meson rare decays... Accounting for this
flavour structure in terms of a more fundamental principle is one of the (potential) strenghts of
new models. Although we do not purport to answer all the questions here we provide a first
step in that direction and hopefully also inspiration for future studies.
2

Two U (1) models for the anomalies

Here we present two models based on a gauged symmetry to account for the neutral current
anomalies. In this quest one is however immediately faced with a choice, what symmetry to
gauge? To answer this we first inspect what is the largest symmetry that could be gauged given
the known fermion spectrum, i.e. what is the largest symmetry that satisfies the anomaly cancellation conditions a (this anomaly is not to be confused with B-meson experimental anomalies!).
In the SM, this symmetry is SU (3)Q with the non-abelian group acting simultaneously on all
quark fields (qLα , uαR , dαR ). This clearly is of no help in explaining B-physics semi-leptonic decays
since it does not involve leptons. In this regard a minimal extension of the SM fermion content
that accounts for neutrino masses and potentially the baryon asymmetry of the universe is the
a
These conditions for the self-consistency of the gauge theory to arbitrarily high energies can alternatively be
satisfied for any gauge symmetry provided one add enough extra fermions.
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type I seesaw. If we therefore add three flavours of singlet fields to the Standard Model the
largest global symmetry that can be made local is SU (3)Q × SU (3)L × U (1)B−L . Were this to
be part of the fundamental symmetries of nature, flavour arises just as the 3 colours of QCD, out
of a non-abelian group. At the same time, like QCD, this group contains multiple gauge bosons
although none of them taken separately can account for the anomalies in B-physics, one would
need a linear combination. To attain this here we follow two paths that lead to two different
models:
• The sequential breaking SU (3)Q × SU (3)L × U (1)B−L → SU (3)H × U (1)B−L → U (1)h . In
the fist step the non-abelian group is broken to the diagonal, or alternatively SU (3)H can
be a fundamental symmetry as imposed in a Pati-Salam model as originally proposed 18 .
For the second step we consider two heavy right-handed Majorana neutrinos which suffice
to account for active neutrino data and successful lepto-genesis. This necessarily breaks
the symmetry down to a U (1)h subgroup. The generators in quark and lepton flavour
space read:

TQh

=T8H


1
1 
+ tω II = √
3
2 3

4
3


4
3

− 53

,

TLh

=T8H



0
1 
 , (2)
0
− tω II = √
2 3
−3

√
with tω = tan ω = 1/2/ 3 as imposed by the compatibility with two massive right-handed
neutrinos 18 .
• The breaking SU (3)Q × SU (3)L × U (1)B−L → U (1)(B−L)3 where (B − L)3 acts on the
‘third’ generation only 19 (we are still in the interaction basis however). Alternatively the
U (1)(B−L)3 symmetry could arise from a model in which three different Pati-Salam groups
act on each generation. We also note that this symmetry is compatible with two heavy
right-handed neutrinos and the generators in flavour space are:

(B−L)3
TQ



0 0 0
1
0 0 0 ,
=
3
0 0 1



(B−L)3
TQ


0 0 0
=  0 0 0 .
0 0 −1

(3)

The action for these gauge bosons then reads:

1
LZj = Zjµ ∂ 2 + M 2 Zj,µ − gj Zjµ Jµj ,
2

(4)

where j = h or j = (B − L)3 depending on the model we are considering. The current is
determined by the generators and rotations to the mass basis:
Jµj =

X

f¯Uf† Tfj Uf γµ f ,

(5)

f

where Uf is the unitary rotation for a fermion species f = uL,R , dL,R , eL,R , νL,R ; this introduces another piece of model dependence. The fermion mass and mixing pattern is in general
related to the breaking of the original flavor symmetry and in turn to the mass spectrum of the
flavoured gauge bosons. The way to break the symmetry with scalar flavour fields is sketched 18
for the U (1)h model whereas the extra matter content and action required for the breaking in
the case of U(B−L)3 can be found in the literature 19 . All we are concerned here with however is
the unitary rotations which we can summarize as:
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U (1)h & U (1)(B−L)3 :

UeL = R23 (θl ),

UνL = R23 (θl )UP M N S ,

U (1)(B−L)3 :

UdL = R23 (θq ),

†
UuL = R23 (θq )VCKM
,

UdL = VCKM ,

UuL = II,

U (1)h :

(6)

where Rij (α) is a rotation in the ij sector by an angle α whereas right-handed field rotations
can be taken vanishingly small. Together with the respective gauge coupling and masses (gh ,
Mh ), (gBL3 , MBL3 ) this specifies the phenomenology of the gauge bosons Zj . In particular since
we take their masses to be above or around the TeV scale their effect in B anomalies can be
extracted after integrating them out,
Z
S=

d4 x




1 µ 2
Z ∂ + M 2 Zj,µ − gj Zjµ Jµj
2 j



On-shell Zj

=

Z

d4 x −

!

1 gj2 Jj2
2
2
+
O
∂
/M
, (7)
2 M2

and matching to the effective field theory. In addition to affecting semi-leptonic decays
however a feature of Z 0 models is that the operator generated is of the form (quark current
+lepton current)2 and hence purely leptonic and hadronic physics is affected as well. Among
the most relevant processes one has B − B̄ mixing and charged lepton number violation. Both
are very restrictive although whereas the former is quite unavoidable the violation of charged
lepton can be restricted to the µ − τ sector resulting in loosened constraints.
Low energy data does however only probe g/M or the vev of the breaking of the U (1); the
possibility to directly produce the gauge bosons in colliders opens a new direction in parameter
space. Searches for extra gauge-bosons provide exclusion limits which are strongest when coming
from LHC; these are stronger for U (1)h where the gauge boson couples sizably to the first
generations and would be more copiously produced, whereas for U (1)(B−L)3 the new particle
could be as light as TeV.
All of the above mentioned constraints are displayed in figs 2 and 3; in the latter on the masscoupling plane and in the former on the vev-leptonic angle plane. In addition to experimental
constraints, fig. 3 displays a theoretical constraint; given the large number of fermions that the
gauge bosons couple to, their coupling runs quite fast, if one demands a perturbative theory
below a scale Λ one should restrict to the parameter space below dotted lines.

Figure 2 – LHS (RHS): Low energy constraints on the vev (M/g) vs leptonic angle θl plane for the U (1)h
(U (1)(B−L)3 ) model. See text for details.
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Figure 3 – LHS (RHS): Collider, flavour and theoretical constraints on the mass vs coupling plane for the U (1)h
(U (1)(B−L)3 ) model. See text for details.

3

CONCLUSIONS

Tantalizing hints for new physics in B meson decays may unveil a new phase in particle physics;
while the final word will come from future experimental results on the theory side exploratory
efforts reveal that new physics could be behind the signal while being compatible with direct and
indirect searches. Furthermore, other than a simple addition to our list of particles, if proven
true this effect may finally shed light in the flavour structure of elementary particles.
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A UV-complete model for B anomalies and SM flavor hierarchies
Javier Fuentes-Martı́n
Physik-Institut, Universität Zürich, CH-8057 Zürich, Switzerland
In this talk I present a “flavor decontruction” of the Pati-Salam gauge group as a possible
description for the hints of lepton-flavor non-universality in B decays. The model connects the
observed pattern of “anomalies” to the origin of the Standard Model Yukawa couplings, while
being consistent with low- and high-energy bounds. Particularly interesting are the predictions
of large Lepton Flavor Violation, in particular in processes such as τ → µγ, B → Kτ µ, and
Bs → τ µ. The model also predicts a rich spectrum of new states at the TeV scale that could
be probed in the near future by high-pT searches at the LHC.

1

Introduction

Current data on semileptonic B decays point to anomalous violations of Lepton Flavor Universality (LFU) of short-distance origin. The individual statistical significance of each observable
does not exceed the 3σ level, but the overall set of deviations from the Standard Model (SM)
predictions is very consistent. The evidences collected so far can naturally be grouped into two
categories, according to the underlying quark-level transition: i) deviations from τ /µ (and τ /e)
universality in b → c`ν charged currents found in RD(∗) [1–4]; ii) deviations from µ/e universality
in b → s`` neutral currents measured in RK (∗) [5, 6]. The latter is also consistent (see e.g. [7])
with the anomalies reported in the angular distributions of the B 0 → K ∗0 µ+ µ− decay [8, 9].
A common origin of the two set of anomalies is not obvious, but it is very appealing from the
theoretical point of view. Among the models aimed to provide a combined explanation of the two
effects, those based on a TeV-scale vector leptoquark (LQ) mediator, Uµ ∼ (3, 1)2/3 , have been
show to be particularly successful [10–17]. Ultraviolet completions for the vector LQ mediator
Uµ naturally point to the Pati-Salam (PS) gauge group, PS=SU(4) × SU(2)L × SU(2)R [18], that
contains a massive gauge field with these quantum numbers. The original (family-universal)
PS model does not work since the LQ field has to be very heavy in order to satisfy the tight
flavor bounds arising from the coupling to light generations. A way to circumvent this problem
consists in assuming variations of the PS gauge group in which the TeV-scale new physics (NP) is
coupled mainly to third generation SM fermions, with subleading effects on the light generations
controlled by the breaking of the approximate U(2)5 flavor symmetry of the SM Yukawas [19].
Assuming such connection between the SM Yukawas and the “flavor anomalies”, opens the
possibility to establish a possible origin to the SM flavor structure.
In a recent paper [20] we proposed a model based on the flavor non-universal gauge group
PS3 ≡ PS1 × PS2 × PS3 , where each PS group acts on a single fermion family. This model offers
an interesting framework to test the aforementioned connection of the PS gauge group with the
hints of NP in B meson decays and the SM flavor hierarchies. In the PS3 model the approximate
U(2)5 flavor symmetry arises as an accidental symmetry of the gauge sector of the theory (below
about 100 TeV). The breaking of this accidental symmetry, and hence the NP couplings and SM
Yukawas to light generations, is controlled in this model by the spontaneous symmetry breaking
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(SSB) PS3 → SM, yielding at the TeV scale the required (mostly) third-generation LQ.a
The low energy effects of this construction were analyzed in depth in [21]. Among those,
the most prominent signatures are related with the presence of vector LQ couplings not only
to left-handed currents, but also to right-handed ones. This additional coupling structure gives
rise to scalar contributions after fierzing, yielding important NP effects in RD as well as in LFV
transitions. The model also predicts two other TeV-scale fields: a color octet, G0 , and a Z 0 , that
can mediate flavor-changing processes and which are subject to direct searches at the LHC.
2

The PS3 model

As already stated, the gauge symmetry of the model at high energies is a three-site version of
the PS gauge group, i.e. PS3 ≡ PS1 × PS2 × PS3 , with PSi = SU(4)i × [SU(2)L ]i × [SU(2)R ]i .
The fermion content is the same as in the SM plus three right-handed neutrinos, such that
each fermion family is embedded in left- and right-handed multiplets of a given PSi subgroup:
ΨiL ∼ (4, 2, 1)i , and ΨiR ∼ (4, 1, 2)i . The subindex i = 1, 2, 3 denotes the site that, before any
symmetry breaking, can be identified with the generation index.
The SM gauge group is a subgroup of the
diagonal one, PS ≡ PS1+2+3 , which corresponds to the original (family-universal) PS
gauge group. The SSB PS3 → PS is triggered
by vacuum expectation values (vev) of scalar
“link fields”, charged under the bifundamental
of adjacent PSi groups, i.e. ΦL
ij ∼ (1, 2, 1)i ×
(1, 2̄, 1)j , ΦR
ij ∼ (1, 1, 2)i × (1, 1, 2̄)j , and
Ωij ∼ (4, 2, 1)i × (4̄, 2̄, 1)j . The breaking of
the PS group to the SM one is triggered by the
vev of a scalar field charged only under PS1 (or
localized in the first site): Σ1 ∼ (4, 1, 2)1 . Being localized in the first site, this field triggers
the breaking PS1 → SM1 , which is transmitted to the other sites at subsequently lower
energies through the action of the link fields
Figure 1 – Moose diagram of the model (up) and sym- (see Fig. 1). The assumed breaking pattern
is such that the gauge symmetry holding at a
metry breaking sequence PS3 → SM.
scale Λ12 is SM1+2 × PS3 . Assuming this NP
scale to be sufficiently high (i.e. Λ12 ∼ 100 TeV) we can ignore the NP effects of the initial PS3
gauge group, and focus instead in SM1+2 × PS3 , even for rare processes such as KL → µe or
K–K̄ mixing. A key aspect of the SM1+2 × PS3 local symmetry is that it presents an accidental
U(2)5 ≡ U(2)q × U(2)` × U(2)u × U(2)d × U(2)e global flavor symmetry acting on the first two
generations of SM fermions. The U(2)5 symmetry ensures an additional flavor protection for
the NP at this scale against stringent flavor observables. This global symmetry is only broken
by the link fields, whose vev is responsible for the SSB SM1+2 × PS3 → SM, below the scale
Λ23 = few×10 TeV. We assume that this vevs obey the hierarchical pattern hΦL,R i > hΩ23 i, such
that the heavy fields with masses proportional to hΦL,R i = O(10 TeV) can be safely decoupled
due to their heavy mass and the U(2)5 flavor symmetry.
The gauge bosons responsible for the flavor anomalies, and potentially relevant in many
flavor observables, are those acquiring mass in the last step of the breaking chain SU(4)3 ×
SU(3)1+2 × SU(2)L × U(1)0 → SM, triggered by hΩ23 i =
6 0 around the TeV scale. The 15 broken
generators give rise to the following massive spin-1 fields: a leptoquark, U ∼ (3, 1)2/3 , a coloron,
a
An additional feature of the PS3 model, inherited from the flavor-universal PS, is the appearance of baryon and
lepton numbers as accidental global symmetries, making the proton stable even in the presence of LQ intreactions.
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G0 ∼ (8, 1)0 , and a Z 0 ∼ (1, 1)0 . The spectrum also contains scalars and fermions with masses
of the order of a few TeV. However, these play no direct role in low-energy observables.
Finally, the breaking of the electroweak symmetry takes place through the vev of four SM-like
e ∼ (15, 2, 2̄)3 ,
Higgs fields that are embedded in the following two scalars: H ∼ (1, 2, 2̄)3 , and H
with hH15 i aligned along the T 15 generator of SU(4)3 . Being singlets of SM1+2 , these fields allow
us to extend the U(2)5 symmetry also to the Yukawa sector, which remains exact at the level of
renormalizable operators.
The accidental U(2)5 flavor symmetry of the gauge and Higgs sector, has profound implications in the Yukawa structure of the model. In particular only third-generation Yukawas are
generated at the renormalizable level, while the Yukawa couplings for the light generations and,
more generally, the breaking of the U(2)5 symmetry, arise from higher-dimensional operators
b
generated at the scale Λ23 involving the link fields Ω23 and ΦL,R
23 . Taking into account the effect
of operators up to d = 7, quark and charged-lepton Yukawa couplings assume the following
general parametric structure
R
hΦL
23 ihΦ23 i
02
 L ΛR23
hΦ23 ihΦ23 ihΩ23 i
3
Λ00
23


Yf ∼

hΩ23 i
Λ23

y3f


 .

(1)

R
02
Assuming the following hierarchy among NP scales: hΩ23 i/Λ23 ∼ |Vts | ≈ 4×10−2 , hΦL
23 ihΦ23 i/Λ23
∼ mc (v)/v ≈ 5 × 10−3 , one is able to accommodate the SM Yukawa structure with order one
couplings.
An important aspect for the low-energy phenomenology of the model is that the U(2)5 breaking introduced by the effective operators is not confined only to the Yukawa sector. Additional
breaking arises as d = 6 operators that are responsible of inducing (small) effective interactions
among the new vectors and the light-generation fermions. An important phenomenological assumption, which we term as minimal breaking structure consists in assuming that the U(2)5
breaking introduced by these operators is U(2)q -preserving and hence it does not induce excessively large effects in ∆F = 2 transitions. With this assumption, the only relevant flavor
parameter arising from these higher-dimensional operators is U , that controls the breaking of
U(2)5 in the couplings of the TeV-scale LQ.

3

Low-energy constraints

Despite the seemly complicated structure of the PS3 model, its NP effects at low energies are
highly constrained thanks to the underlaying U(2)5 symmetry. In particular, its low-energy
phenomenology is dominated by the three vectors: U , Z 0 and G0 , which are dominantly coupled
to the third generation. Their NP scale is encoded in the adimensional parameters CU , CZ 0
and CG0 , that play an analogous role to that of the Fermi constant. Due to the gauge SU(4)3
symmetry, the masses of these vectors are constrained to remain close to each other, resulting
in relations among CU, Z 0 , G0 . The relevant interactions of the vector with light fermions are
determined by four parameters: two mixing angles and a phase (sb , φb , and sτ ), that control
the breaking of the U(2)5 symmetry in the quark and lepton sectors; and U , that was already
introduced in the previous section and that parametrize the corresponding U(2)5 breaking in
the LQ sector. In what follows we discuss the main constraints on these parameters arising from
low-energy observables.
∆F = 2 transitions. Here we focus in ∆B = 2, and refer the reader to [21] for a full
b
For a discussion on the possible origin of this effective operators from dynamical degrees of freedom we refer
the reader to [17, 20, 21].
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analysis. The most severe constraints are obtained from the mass differences ∆Mq , we have
CBd ≡

∆Md
ANP
≈ 1 + SM ,
∆MdSM
Rloop

CBs ≡


∆Ms
ANP
R
≈ 1 + SM 1 + f (θbs
) ,
∆MsSM
Rloop

(2)

SM ≈ 1.6 × 10−3 , A
−2iφb (s /|V |)2 (C 0 + C 0 /3), and where f (θ R ) describes the
with Rloop
ts
NP = e
b
Z
G
bs
contributions from the right-handed flavor rotations. In the limit where we neglect contributions
to the Yukawa couplings from d = 7 effective operators in (1), the right-handed rotation angle
R ) ≈ 0.4.
is unambiguously fixed and f (θbs
Current lattice data [22] point to a deficit in the experimental values of ∆Md,s with respect
to the SM prediction (or equivalently to values of CBs,d smaller than one). Interestingly, the
presence of the free phase, φb , allows the model to accommodate this deficit, even for small
departures from φb = π/2, while satisfying the bounds from CP violation (see Ref. [23] for a
similar discussion). The mixing angle sb is constrained to be up to 0.2 |Vts | (depending on φb ),
indicating a mild alignment of the leading U(2)q breaking spurion in the down sector. As we
discuss next, in our framework the vector LQ provides a good fit of the semileptonic anomalies
irrespective of the value of φb (contrary to the case discussed in Ref. [23]). We thus conclude
that the model leads to a good description of ∆B = 2 observables, possibly improved compared
to the SM case.
b → s``. After imposing the constraints from ∆B = 2 observables, the Z 0 -mediated contributions to b → s`` amplitudes turn out to be well below those mediated by the vector LQ. This
is because the ∆B = 2 constraints require the effective bsZ 0 coupling to be either very small or
almost purely imaginary (hence with a tiny interference with the SM contribution). As a result,
the following approximate relations hold c
µµ
Re (∆C9µµ ) ≈ − Re (∆C10
)≈−

2 π sτ U
ττ
CU , Re (∆C9τ τ ) ≈ − Re (∆C10
) ≈ −Re (∆C9µµ ) , (3)
αem |Vts |

ee ≈ 0. Contrary to other models aiming at a
where ∆Ciαα = Ciαα − CiSM , and ∆C9ee ≈ ∆C10
µµ
τ τ ) to be of similar
combined explanation of the anomalies, we predict Re (∆C9,10
) and Re (∆C9,10
size. Moreover due to its underlaying flavor structure, the model predicts large LFV signatures
in τ → µ transitions. The dominant contribution is again mediated by the LQ, leading to
µτ
Re(C9µτ ) ≈ −Re(C10
)≈−

Re (∆C9µµ )
,
sτ

Re(CSµτ ) = −Re(CPµτ ) ≈ −

2 ηS Re (∆C9µµ )
.
sτ

(4)

−1
Due to the s−1
τ enhancement (sτ is constrained by τ → µγ to be of O(10 )) and the additional
scalar contribution, large NP effects in B(Bs → τ µ) and in B(B → Kτ µ) are expected. Interestingly, the possible NP enhancements in RD(∗) and RK (∗) are completely fixed in our model
in terms of NP effects in LFV transitions. The following approximate relations hold to a good
accuracy

 



 


∆RD 2 ∆RK 2
B(B → Kτ + µ− ) B(τ → µγ)
B(Bs → τ ± µ∓ ) B(τ → µγ)
≈3
≈
.
0.2
0.3
3 × 10−5
5 × 10−8
2 × 10−4
5 × 10−8
(5)

b → c(u)τ ν. The violation of LFU in b → c`ν transitions, measured via the ratios RD
and RD∗ , sets the scale of NP (or the preferred value of CU ). In the PS3 model NP effects in
b → c(u)τ ν transitions are described by the following effective operators

 S,RL ∗
4GF  V,LL ∗
L(b → ui τ ν̄) = − √
Cνedu 333i (τ L γ µ νL3 )(uLi γµ bL ) + Cνedu
(τ ν )(uLi bR ) ,
(6)
333i R L3
2
c
As commonly done in the literature, the NP effects in b → s`` transitions are encoded as shifts in the Wilson
µ
Coefficients, C9,10
, of an effective Hamiltonian, see Appendix D.1 in [21] for more details.
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Figure 2 – Left: RD(∗) measurements with the HFLAV world average [26] and SM predictions. NP physics
µ
projections for the PS3 model and the V − A solution are overlaid. Right: Model prediction for ∆C9µ = −∆C10
,
∆RD∗ , and ∆RD for the 1σ (dark blue) and 2σ (light blue) fit regions. The 1σ experimental data are shown
by the two crosses. Predictions and results for ∆RD (orange cross) are scaled by 0.38 compared to ∆RD∗ (red
cross), in accordance with the model prediction. The best fit point is represented by a star.

where
for up (charm) quarks. At Λ = MU we have to a good approximation
 S,RL i = 1(2)

V,LL
Cνedu (MU ) 333i = 2 Cνedu
(MU ) 333i ≈ 2 CU Vib∗ . Renormalization Group (RG) running (due
to QCD) introduces an important correction to the scalar operator
contributions.
To

 S,RL
 account for
S,RL
these effects we define the following RG factor Cνedu
(mb ) 333i = ηS Cνedu
(MU ) 333i , which is
found to be ηS ≈ 1.4 for MU = 2 TeV using DsixTools [24]. On the other hand, the running of
the vector operator, being a conserved current for QCD, is very small and can be neglected.
Due to the presence of the scalar operator, we predict departures from a pure V −A structure,
hence different NP contributions to RD and RD∗ (see Fig. 2 left). Defining the relative NP
SM − 1 and using [25] for the scalar form
contribution to these observables as ∆RD(∗) = RD(∗) /RD
(∗)
factors, we find
∆RD ≈ 2 CU × (1 + 2.1) ,

∆RD∗ ≈ 2 CU × (1 + 0.17) ,

(7)

which imply a 25% (10%) NP effect in RD (RD∗ ) for CU ≈ 0.04 (compatible with the stringent
bounds from LFU tests in τ decays arising at one-loop, see [21] for more details).
The NP contribution to B (Bc → τ ν) induced by the scalar operator is chirally enhanced,
yielding an enhancement of O(100%) compared to the SM prediction. However, given the low
experimental accuracy in this observable, this does not pose any significant bound on the model.
Similarly, large (chirally-enhanced) NP enhancements would also be expected in B (B → τ ν),
however due to possible parametric suppressions in the model one finds significant attenuations
of the NP enhancement resulting in this case in O(30%) NP effects.
Overall, the PS3 model is found to be in good agreement with experimental data. As depicted
in Fig. 2 (right), a fit to low-energy data shows that the model can fully accommodate the hints
of NP in b → s`` transitions. The complete explanation of the RD(∗) anomaly in this framework
is however limited by LFU tests in τ decays. Since the low-energy observables constrain only
the effective Fermi couplings, CU, Z 0 , G0 , there is some uncertainty on the masses of the heavy
vector bosons. Still, we can derive a well-defined range for vector boson masses: setting the NP
coupling to lie in 2.5 ≤ gU ≤ 3.0, the masses of Z 0 , U , and G0 range between 2 and 3 TeV, i.e
at the reach of future searches at the LHC. An important feature of these new vector states is
their large width, generically Γ/M ∼ 30%, making their possible detection in certain channels
more involved.
4

Conclusions

If unambiguously confirmed as beyond-the-SM signals, the recent B-physics anomalies would
lead to a significant shift in our understanding of fundamental interactions. They could imply
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abandoning the assumption of flavor universality of gauge interactions, which implicitly holds
in the SM and in its most popular extensions. In this paper we have presented a model where
the idea of flavor non-universal gauge interactions is pushed to its extreme consequences, with
an independent gauge group for each fermion family.
The three-site Pati-Salam gauge symmetry, with a suitable symmetry breaking sector, could
naturally describe the observed Yukawa hierarchies and explain at the same time the recent
B-physics anomalies, while being consistent with the tight constraints from other low- and highenergy measurements. Particularly interesting are the predictions of large τ → µ LFV, which
can be tested in the very near future. Besides LFV processes, the model also predicts interesting
non-standard effects in ∆F = 1 and ∆F = 2 observables, with non-trivial correlations. Also
relevant and distinctive are the predictions for the violations of LFU in charged currents due to
the presence of right-handed currents: ∆RD ≈ 2.6 ∆RD∗ , and a possible large enhancement of
B(B → τ ν). The model presented here also exhibits a rich TeV-scale phenomenology that can
be probed in the near future by high-pT experiments at the LHC.
Most of the low-energy predictions of the PS3 model differ with respect to what is expected
in other models proposed for a combined explanation of the B anomalies. The corresponding
measurements would therefore be of great value in shedding light on the dynamics behind the
anomalies, and clarify their possible link to the origin of quark and lepton masses.
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FLAVOUR ANOMALIES AND UV COMPLETION AFTER THE
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1

Flavour anomalies

Since a few years (roughly from 2012-2013), a series of experimental results are showing a coherent pattern of deviation from the Standard Model (SM) predictions in semi-leptonic decays of the
B-mesons. The so called “flavour anomalies” can be grouped in two sets of observables: experimental deviations in semi-leptonic decays in Flavour Changing Charged Current (FCCC) and
experimental deviations in semi-leptonic decays in Flavour Changing Neutral Current (FCNC).
In both cases the present significance of the departure from the SM reaches the 4σ level.
In the light of the absence of New Physics signals in direct searches from ATLAS and CMS
experiments, the flavour anomalies represent, in my opinion, the hottest topic of particle physics
phenomenology beyond the SM of the recent times. My feeling is shared by a large fraction of
the community, and it is also manifest in the program of this conference were several talks have
been assigned that are related with this topic. I can count at least 8 presentations, other than
mine, that deal directly with the issue of the flavour anomalies 1,2,3,4,5,6,7,8 .
The focus of this contribution is on anomalies in b → s`` transitions and it is largely based
on the recent work 9 .
2

∗
FCNC anomalies after the measurement of RK

Recently, the LHCb collaboration measured the following ratio of semilpetonic decays of the B
mesons 10
BR(B → K ∗ µ+ µ− )
RK ∗ =
.
(1)
BR(B → K ∗ e+ e− )
The aim of this measurement is to test the universality of the gauge interactions in the lepton sector. Taking the ratio of branching ratios strongly reduces the Standard Model (SM)
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theoretical uncertainties.
The experimental result 10 is reported in two bins of di-lepton invariant mass

 0.660+0.110 ± 0.024 (2mµ )2 < q 2 < 1.1 GeV2
−0.070
RK ∗ =
 0.685+0.113 ± 0.047 1.1 GeV2 < q 2 < 6 GeV2 .

(2)

−0.069

These values have to be compared with the SM predictions 11
(
SM
RK
∗

=

0.906 ± 0.028 (2mµ )2 < q 2 < 1.1 GeV2
1.1 GeV2 < q 2 < 6 GeV2 .

1.00 ± 0.01

(3)

At face value, a couple of observables featuring a ∼ 2.5σ deviation from the SM predictions
can be attributed to a mere statistical fluctuation. The interest resides in the fact that such
results might be part of a coherent picture involving New Physics (NP) in the b → sµ+ µ− transitions. In fact, anomalous deviations were also observed in the following related measurements:
1. the RK ratio 12
RK =

BR (B + → K + µ+ µ− )
= 0.745 ± 0.09stat ± 0.036syst ;
BR (B + → K + e+ e− )

(4)

2. the branching ratios of the semi-leptonic decays B → K (∗) µ+ µ− 13 and Bs → φµ+ µ− 14 ;
3. the angular distributions of the decay rate of B → K ∗ µ+ µ− . In particular, the so-called
P50 observable shows the most significant discrepancy 15,13,16 .
The coherence of this pattern of deviations has been pointed out already after the measurement of RK considering the main observables in 17,18 and later in full global analysis by various
groups. For the observables in points 2 and 3 the main source of uncertainty is theoretical. It
resides in the proper evaluation of the form factors and in the estimate of the non-factorizable
hadronic corrections. Given their reduced sensitivity to theoretical uncertainties in the SM,
the RK and RK ∗ observables offer a neat way to establish potential violation of lepton flavour
universality. Future data will be able to further reduce the statistical uncertainty on these
quantities.
3

Effective Field Theory analysis

Upon integrating out heavy degrees of freedom the relevant processes can be described, near the
Fermi scale, in terms of the effective Lagrangian
Leff =

X

cbX `Y ObX `Y

(5)

`,X,Y

where the sum runs over leptons ` = {e, µ, τ } and over their chiralities X, Y = {L, R}. New
physics is more conveniently explored in the chiral basis
¯ µ PY `).
ObX `Y = (s̄γµ PX b)(`γ

(6)

These vector operators can be promoted to SU (2)L -invariant operators, unlike scalar or tensor
operators. In SM computations one uses the equivalent formulation
Heff = −Vtb Vts∗

αem X
Cb ` Ob ` + h.c. ,
4πv 2 `,X,Y X Y X Y
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(7)

defining dimensionless coefficients CI as
cI = Vtb Vts∗

αem
CI
CI =
,
4πv 2
(36 TeV)2

(8)

where Vts = 0.040 ± 0.001 has a negligible imaginary
√ part, v = 174 GeV is the Higgs vacuum
expectation value, usually written as 1/v 2 = 4GF / 2. The SM itself contributes as CbSM
= 8.64
L `L
SM |  |C SM |.
and CbSM
=
−0.18,
accidentally
implying
|C
`
b
`
b
`
L R
L R
L L
This observation suggests to use the chiral basis, related to the conventional one by C9 =
0 = −C
CbL µL+R /2, C10 = −CbL µL−R /2, C90 = CbR µL+R /2, C10
bR µL−R /2, with the approximate
SM holding in the SM. To make the notation more compact, we define
relation C9SM ≈ −C10
CbL±R `Y ≡ CbL `Y ± CbR `Y and CbL+R `L±R ≡ CbL `L + CbR `L ± CbL `R ± CbR `R , and CbX (µ−e)Y ≡
CbX µY − CbX eY .
The picture emerging from the study of RK and RK ∗ is very neat, and can be summarized
as follows:
◦ New physics in the muon sector can easily explain the observed deficits in RK ,RK ∗ , and
we expect a preference for negative values of the operator involving a left-handed current,
CbBSM
. Sizeable deviations of RK ∗ from RK could signal non-zero values for CbBSM
.
L µL
R µL
◦ New physics in the electron sector represents a valid alternative, and positive values of
CbBSM
are favoured. Sizeable deviations of RK ∗ from RK signal non-zero values for CbBSM
.
L eL
R eL
However invoking NP only in the electronic channels does not allow to explain other
anomalies in the muon sector such as the angular observables.
◦ There exists an interesting correlation between RK ∗ in the q 2 -bin [1.1, 6] GeV2 and [0.045, 1.1]
GeV2 . At present, all the new physics hypothesis invoked tend to predicts larger value of
RK ∗ in the low bin than the one preferred by the data.
We corroborated this qualitative picture with quantitative fits 9 . We also showed that the
inclusion of the whole set of data (containing non-clean observables such as angular distributions
and total branching ratios) is coherent with an explanation of the anomalies invoking New
Physics in the muon sector in left-handed currents CbBSM
.
L µL
4

Possible UV complitions

We now discuss different theoretical interpretations that can accommodate the flavour anomalies.
¯ µ PY `) interaction can be mediated
We start with the observation that an effective (s̄γµ PX b)(`γ
at tree level by two kinds of particle: a Z 0 or a leptoquark. Higher-order induced mechanisms
are also possible. These models tend to generate related operators
cbL bL (s̄γµ PL b)2 + cµL νµ (µ̄γ µ PL µ)(ν̄µ γµ PL νµ ) ,

(9)

and therefore one needs to consider the associated experimental constraints. The first operator
affects Bs mass mixing for which the relative measurements, together with CKM fits, imply
2
BSM
2
cBSM
bL bL = (−0.09 ± 0.08)/(110 TeV) , i.e. the bound |cbL bL | < 1/(210 TeV) . The second operator
is constrained by CCFR data on the neutrino trident cross section, yielding the weaker bound
2
|cBSM
µL νµ | < 1/(490 GeV) at 95% C.L. Furthermore, new physics that affects muons can contribute
to the anomalous magnetic moment of the muon. Experiments found hints of a possible deviation
from the Standard Model with ∆aµ = (24 ± 9) · 10−10 .
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4.1

Models with an extra Z 0

Models featuring extra Z 0 to explain the anomalies are very popular and we omit the long list
of references. Typically these models contain a Z 0 with mass MZ 0 savagely coupled to
[gbs (s̄γµ PL b) + h.c.] + gµL (µ̄γµ PL µ) .

(10)

The model can reproduce the flavour anomalies with cbL µL = −gbs gµL /MZ2 0 . At the same time
2 /2M 2 . The bound from ∆M
the Z 0 contributes to the Bs mass mixing with cbL bL = −gbs
Bs can
Z0
be satisfied by requiring a large enough gµL in order to reproduce the b → s`+ `− anomalies.
Left-handed leptons are unified in a SU (2)L doublet L = (νL , `L ), such that also the neutrino
operator cµL νµ = −gµ2 L /MZ2 0 is generated. However the latter does not yield a strong constraint
on gµL .
Another possibility is for the Z 0 to couple to the 3-rd generation left-handed quarks with
coupling gt and to lighter left-handed quarks with coupling gq . The coupling gbs arises as
gbs = (gt − gq )(UQd )ts after performing a flavour rotation UQd among left-handed down quarks
to their mass-eigenstate basis. The matrix element (UQd )ts is presumably not much larger than
†
Vts and possibly equal to it, if the CKM matrix V = UQu UQ
is dominated by the rotation
d
among left-handed down quarks, rather than by the rotation UQu among left-handed up quarks.
Unless gq = 0, the parameter space of the Z 0 model gets severely constrained by combining
perturbative bounds on gµL . In addition the LHC bounds on pp → Z 0 → µµ̄ can be relaxed by
introducing extra features, such as a Z 0 branching ratio into invisible DM particles.
A characteristic feature of Z 0 models is that they can mediate effective operators involving
different chiralities. In fact, gauge-anomaly cancellations also induce multiple chiralities: for
example a Z 0 coupled to Lµ − Lτ is anomaly free, where the Le contribution is avoided because
LEP put strong constraints on 4-electron operators. The chiralities involved in the b → s`+ `−
anomalies can be determined trough more precise measurements of ‘clean’ observables such as
RK and RK ∗ .
4.2

Models with lepto-quarks

The anomalous effects in b → s`+ `− transitions might be due to the exchange of a Lepto-Quark
(LQ), namely a boson that couples to a lepton and a quark. Concerning lepton flavour, in
general a LQ can couple to both muons and electrons. However, simultaneous sizeable couplings
of a LQ to electrons and muons generates lepton flavour violation which is severely constrained
by the time-honoured radiative decay µ → eγ. For this reason one typically assumes that LQs
couple to either electrons or muons. (Here sizeable means an effect which has an impact on
the anomalous observables). The coupling to muons allows to fit the anomalies in b → sµ+ µ−
distributions, as well as the RK and RK ∗ µ/e ratios.
The gauge quantum numbers of scalar LQs select a specific chirality of the SM fermions
involved in the new Yukawa couplings, and thereby generate a unique characteristic operator in
the effective Lagrangian in the chiral basis of eq. (5). The correspondence is given by
Coefficient
CbL `L
Cb L ` R
CbR `L
CbR `R

Lepto-Quark
Yukawa couplings
S3 ∼ (3̄, 3, 1/3) y QL S3 + y 0 QQ S3† + h.c.
R2 ∼ (3, 2, 7/6) y U L R2 + y 0 QE R2† + h.c.
R̃2 ∼ (3, 2, 1/6)
y DL R̃2 + h.c.
S̃1 ∼ (3̄, 1, 4/3) y DE S̃1 + y 0 U U S̃1† + h.c.

(11)

where ` can be either an electron or a muon. In parentheses we report the SU (3) × SU (2)L ×
U (1)Y gauge quantum numbers. Q, L (U, D, E) denote the left-handed (right-handed) SM
quarks and leptons.
Assuming new physics in the muon sector and operators of fixed chilarity, the measurement
of RK ∗ selects a unique scalar lepto-quark: S3 ∼ (3̄, 3, 1/3), which is a triplet under SU (2)L . It is

36

remarkable that this is obtained with just the information coming from ‘clean’ observables while
the inclusion of the remaining observables (with our specified treatment of the errors) reinforces
this hypothesis. The explanation of the anomalies in terms of S3 has been firstly proposed
after the measurement of RK in ref. 17 switching on only those couplings needed to reproduce
the effect. In ref. 20 the LQ has been identified as a pseudo-Goldstone boson associated to the
breaking of a global symmetry of a new strongly coupled sector 19 . In ref. 19,20 it has also been
suggested that a rationale for the size of the various flavour couplings could be dictated by the
mechanism of partial compositeness.
The situation is different if LQs couple to electrons, rather than to muons, such that only the
anomalies in the ‘clean’ observables can be reproduced. ‘Clean’ observables can be reproduced
by all chiralities, with the only exclusion of CbR `L , which is mediated by the R̃2 LQ. From the fit,
we notice that the S̃1 and R2 LQs can only fit the anomalies by giving a large contribution to the
Wilson coefficients, comparable to the SM contributions: this happens because these LQs couple
to right handed electrons, with little interference with the SM. One the other hand, S3 couples
to left-handed leptons, such that the sizeable interference with the SM allows to reproduce the
observed anomalies with a smaller new physics component.
We briefly comment on the possible interpretation of a LQ as a supersymmetric particle
in the MSSM. The only sparticle with the same gauge quantum numbers as a LQ is the lefthanded squark Q̃ ∼ R̃2 . However, even if it has R-parity violating interactions, this LQ gives
the wrong correlation between RK and RK ∗ , disfavouring the supersymmetric interpretation of
the anomalies.
We move now to the discussion of the exchange of vector LQs at tree level. There are 3
cases: U3 ∼ (3, 3, 2/3), V2 ∼ (3, 2, 5/6) and U1 ∼ (3, 1, 2/3). Their relevant interactions are:
LU3

= y Q̄γµ L U3µ + h.c.

LV2

= y D̄γµ L V2µ + y 0 Q̄γµ E V2µ + y 00 Q̄γµ U V2†µ + h.c.

LU1

=

y Q̄γµ L U1µ

(12)

+ y2 D̄γµ E

U1µ

+ h.c.

(13)
(14)

The vector LQ V2 and U1 can contribute to the anomalous observables trough multiple chiral
structures. In general, if both y and y 0 are sizeable, dangerous scalar operators may be generated.
If one of the two couplings dominates, we can again restrict to our one parameter fit, with the
following correspondence: CbL `L can be generated by U3 ; CbL `R or CbR `L can be generated by
V2 ; CbL `L or CbR `R can be generated by U1 .
Models featuring vector LQs models in order to explain the flavour anomalies appeared
recently in the literature, typically as new composite states. The presence of these states signals
that the theory in isolation is non-renormalizable, meaning that loop effects of the vectors are UV
divergent. Naive dimensional analysis shows that one-loop contributions to physics observables
such ∆MBs might be problematic. A careful study of this topic is a model dependent issue and
it requires extra information on the UV embedding of the LQ in a complete theory.
5

Conclusions

A sizeable set of recent results from LHCb, BaBar and Belle collaborations shows intriguing
tensions (compared with the SM predictions) in b → c`ν and b → s`` transitions. The data
can be coherently explained at the effective field theory level invoking New Physics in just few
operators, in particular those ones made by left-handed currents provide a good fit.
For the case of the anomalies in neutral currents, explicit models can be easily constructed:
colorless vector (Z 0 ) and lepto-quarks have been considered as the mediators of the anomalous
b → s`` transitions at the tree level.
The present tantalising experimental situation will be clarified very soon (hopefully in the
next few months) thanks to new results from the LHCb experiment and a crucial independent
clarification it is also expected (in a few years) from the measurements of the Belle II experiment.
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A MODEL TO ACCOMMODATE THE B-PHYSICS ANOMALIES
Damir Bečirević
Laboratoire de Physique Théorique, CNRS et Univ.Paris-Sud,
Université Paris-Saclay, 91405 Orsay, France
After briefly reviewing the status of the B-physics anomalies, I describing the challenges of
building a scenario of physics beyond the Standard Model that can accommodate the observed
departures from lepton flavor universality, I then discuss a new model, based on extending
the Standard Model by two light [O(1 TeV)] scalar leptoquarks. That model, in addition to
satisfying a number of flavor physics constraints both at low and high energies, also allows for
a SU (5) unification.

1

Introduction

Over the past several years we witnessed a growing experimental evidence of the lepton flavor
universality violation (LFUV) in the decays of B-mesons. In particular, the measured ratios a
RD(∗) =
RK (∗) =

B(B → D(∗) τ ντ )
B(B → D(∗) lνl )

,
l∈e,µ

B 0 (B → K (∗) µµ)
,
B 0 (B → K (∗) ee)

(1)

appear to be different from the values predicted in the Standard Model (SM). While for the
exp
SM
SM tree-level decays b → c`ν̄` the observed ratios are larger than predicted (RD
(∗) > RD (∗) ) to
≈ 3σ level, similar ratios for the b → s`` decays, induced by quantum loops in the SM, turn
exp
SM
out to be smaller than predictions (RK
(∗) < RK (∗) ) to ≈ 2.5σ. These deviations, often referred
to as the B-physics anomalies, need further experimental verification and improvements that
are supposed to be ensured in the new runs at LHC, and especially at the B-factory at KEK,
exp
exp
SM
SM
Belle II. If RD
(∗) > RD (∗) and/or RK (∗) < RK (∗) remain true to at least 5 σ, that would constitute
a clear signal of physics beyond the SM. Building a model of new physics (NP) that can describe
both types of B-physics anomalies turns out to be a very challenging task. In this write-up we
will elaborate on a new model which – to date – offers arguably the most appealing solution to
the problem discussed above, cf. Ref. 1 .
1.1

Remarks on the SM uncertainties

The SM estimates of the above-mentioned LFUV ratios are rather robust even though a full
theoretical control over the hadronic uncertainties is still lacking. One of the reasons to prefer
working with ratios is that many hadronic uncertainties actually cancel. The residual errors,
arising mostly from the hadronic form factors, are however still significant and can be reduced
a

B and B0 stand for the full and partial branching fraction, respectively.
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model-independently through numerical simulations of QCD on the lattice. With regards to that
statement, we first remark that the form factors f+,0 (q 2 ), relevant to the B → D`ν` decays, have
been computed on the lattice by two different lattice collaborations 2 in the region of q 2 ’s close
2
2
to qmax
= (mB − mD )2 . b Extrapolation to qmin
= m2` is highly constrained by the condition
that the two form factors are equal to each other at q 2 = 0, f+ (0) = f0 (0). The situation
is much less convenient in the case of B → D∗ `ν` for which the estimate of the form factors
2
away from qmax
= (mB − mD∗ )2 has been made only in the quenched approximation 3 . In such a
situation one has to make two assumptions: (i) The shape of the form factor A1 (q 2 ), which in the
heavy quark limit corresponds to the celebrated Isgur-Wise function, is truncated to a quadratic
function of w−1, where the relative velocity is related to q 2 via w = (m2B +m2D∗ −q 2 )/(2mB mD∗ ).
The unitarity bound on the decay amplitude can be used to model the shape of A1 (w) as to
eliminate one parameter, cf. Refs. 4 , so that only one parameter is needed to describe both the
linear and the quadratic dependence in (w − 1). (ii) The ratios between other form factors and
A1 (q 2 ) are also parametrized as quadratic functions of w − 1. Those shapes, in the SM, can be
extracted from the experimentally measured angular distribution of B → D∗ (→ Dπ)lνl decay
(l ∈ e, µ), which has been done in Refs. 5 . In other words, as of now, we need to assume that the
departure from lepton flavor universality in RD∗ is (almost) entirely due to B(B → D∗ τ ντ )exp >
B(B → D∗ τ ντ )SM . Notice also that the (pseudo-)scalar form factor A0 (q 2 ) has never been
computed on the lattice. Its value has only been deduced from considerations based on heavy
quark effective theory (HQET). For a recent discussion regarding the form factor values and
their shapes see Ref. 6 .
As for B → K (∗) l+ l− decays the corresponding form factors have not been computed on the
lattice for small q 2 ∈ (1, 6) GeV2 , i.e. in the region in which the ratios RK (∗) have been measured.
Instead, they have been computed for large q 2 -values and then extrapolated to the low q 2 ’s 7 .
Due to the fact that the form factors at low q 2 ’s are flat functions of q 2 , it is extremely important
to compute their values at q 2 ≈ 0. Small deviations from flat behavior can be computed in any
given model. A model which captures most features of QCD and allows to compute the form
factor values at low q 2 ’s is the so called QCD sum rules near the light cone (LCSR). The size
of systematic uncertainties of the results of LCSR is often subject of controversies. A common
practice is to use LCSR result and not question the robustness of the estimated uncertainties.
Finally, and before closing this set of remarks, we need to emphasize that an important
source of uncertainty come from the soft photon radiation, which in the case of RK (∗) is actually
the main source of theory error 8 . Early estimates of that source of uncertainties to RD(∗) have
been discussed in Ref. 9 .
1.2

B-physics anomalies in numbers

We close this section by quoting the experimental values:
RD = 0.41(5),
[1,6]
RK

= 0.74(9),

RD∗ = 0.30(2),
[1.1,6]
RK ∗

RJ/ψ = 0.71(25),

= 0.71(10),

[0.045,1.1]

RK ∗

= 0.68(9),

(2)

RD and RD∗ have been measured by several collaborations and the above results are the average
values 10 . The value of RJ/ψ has been taken from Ref. 11 . RK and RK ∗ , at this level of
precision, have only been measured by LHCb the results of which were reported in Refs. ?,13 ,
respectively. Notice also that the superscript in RK (∗) indicate the range of q 2 ’s over which the
partial branching fractions have been measured.
b
Hadronic matrix elements of the weak charged current is expressed in terms of two and four form
µ
µ
factors, depending on the spin of the final state, hD|c̄γL
b|Bi ∝ f+ (q 2 ), f0 (q 2 ), and hD∗ |c̄γL
b|Bi ∝
A1 (q 2 ), A2 (q 2 ), A0 (q 2 ), V (q 2 ). In the SM the scalar and pseudoscalar form factors, f0 (q 2 ) and A0 (q 2 ), are only
relevant if ` = τ .
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The above values are to be compared with those predicted in the SM, namely,
RD = 0.30(1),
[1,6]
RK

= 1.00(1),

RD∗ = 0.26(1),
[1.1,6]
RK ∗

RJ/ψ = 0.23(1),
[0.045,1.1]

= 1.00(1),

RK ∗

= 0.66(3).

(3)

Hadronic uncertainties in RD have been tamed by lattice QCD in Ref. 2 . The value of RD? is
taken from Ref. 6 in which the previous estimate 14 has been updated. RJ/ψ was estimated by
combining the lattice QCD and QCD sum rules 15 . The SM values for RK (∗) were taken from
Ref. 8 .
The difference between the numbers shown in Eq. (2) and those in Eq. (3) is what is known
today as the B-physics anomalies. Other similar channels are nowadays being explored experimentally and we can soon expect the results for RDs , RΛ(∗) , Rφ and others 16 .
c

1.3

What New Physics Scenario for B-physics anomalies?

Clearly, LFUV cannot be accommodated in the SM and one has to look for a scenario beyond
the SM. Since this part is abundantly discussed in several talks at this conference, the reader
is referred to Refs. 17 . I would only mention that building a model to accommodate the above
anomalies is extremely challenging because of the numerous constraints arising (i) from the direct
searches in colliders (LHC, in particular), (ii) from the low-energy physics observables, and (iii)
from perturbative unitarity. Models that can accommodate the anomalies in the processes
governed by the flavor changing charged currents (b → c`ν̄` ) usually fail in describing the
anomalies observed in the processes governed by the flavor changing neutral currents (b → s`+ `− )
and vice versa. One class of models which seems to be appropriate for describing the LFUV
effects are those which involve one or more light leptoquark (LQ) state(s), where by light a mass
mLQ = O(1 TeV) is assumed. c It appears, however, that no model with a single light scalar LQ
can provide a solution to both kinds of B-physics anomalies. One way out is to build a scenario
with a light vector LQ, but the problem one encounters in those models is that a new theory
is not renormalizable and the UV-completion should be devised. Consequently a model with
light vector leptoquark(s) require more particles and parameters resulting in a not so elegant a
solution to the problem in hands. Since we want a model to be minimalistic (in terms of new
parameters), the most favorable situations in that respect are those in which we combine two
light scalar LQ’s.
1.4

New Viable Model

Our model at the TeV-scale – in flavor basis – can be described by
ij
e† + y ij Q̄C iτ2 (τk S k )Lj + h.c. ,
L ⊃ yR
Q̄i `Rj R2 + yLij ūRi Lj R
i
3
2

(4)

where besides the quark and lepton fields in usual notation we also introduced the so called R2
and S3 scalar LQ’s, which carry the SM quantum numbers R2 = (3, 2, 7/6) and S3 = (3̄, 3, 1/3),
referring to SU (3)c , SU (2)L and U (1)Y , respectively. y and yL,R are the matrices of Yukawa
couplings. Specifying their content means specifying the model. Before doing that, we first
rotate the above Lagrangian to the fermion mass eigenstate basis and get
† ij 0 0
L ⊃ (VCKM yR ER
) ūLi `Rj R2

(5/3)

(2/3)
† ij ¯0 0
+ (yR ER
) dLi `Rj R2

(2/3)

0
+ (UR yL UPMNS )ij ū0Ri νLj
R2
(1/3)
0
(y UPMNS )ij d¯0C
Li νLj S3

+
c

√

(5/3)

− (UR yL )ij ū0Ri `0Lj R2

(4/3)
0
−
− 2 y ij d¯0C
Li `Lj S3
√
(−2/3)
(1/3)
∗
0
∗
0
2(VCKM
y UPMNS )ij ū0C
− (VCKM
y)ij ū0C
Li νLj S3
Li `Lj S3

(5)
+ h.c. ,

The main reason for insisting on mLQ = O(1 TeV) is that its presence can be directly checked on at the LHC.
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where we recognize the usual quark and lepton mixing matrices, VCKM and UPMNS . Note that
the superscripts of the LQ field correspond to their electric charge. Our (minimalistic) choice of
Yukawa matrices that can accommodate the B-physics anomalies is:






0 0 0
0 0
0
1
0
0
cµ
†
cτ





yR ER = 0 0 0
, UR yL = 0 yL yL
, UR = 0 cos θ − sin θ ,
(6)
bτ
0 0
0
0 sin θ cos θ
0 0 yR
T and y = −y . The model thus involves six new parameters: m , m , y bτ ,
satisfying yR = yR
L
R2
S3
R
yLcµ , yLcτ , and θ. From the analysis of compatibility with various experimental data we find that
bτ is mostly imaginary.
θ ≈ π/2 and that yR

1.5

RK and RK ∗

A common way to describe the b → s`` decays is to devise a low energy effective theory with


4GF
Heff ⊃ − √ Vtb Vts∗ C9 (µ)O9 + C10 (µ)O10 + h.c. ,
2
e2
e2
¯ µ `),
¯ µ γ 5 `),
O9 =
(s̄γ
P
b)(
`γ
O
=
(s̄γµ PL b)(`γ
(7)
µ
10
L
(4π)2
(4π)2
where we display only the contributions which are of interest to our considerations here. The
Wilson coefficients C9,10 are obtained by matching the effective and full theories in the SM. To
those one adds the contributions arising from our model (5) for which we obtain,
µµ
C9µµ = −C10
=

∗
ybµ ysµ
πv 2
.
∗
2
Vtb Vts αem mS3

(8)

We see that the LFUV is assumed to arise from the NP couplings to muons and not to electrons
and only S3 can modify b → sµµ. This is consistent with observations based on the results
of global fits to many b → s`` observables, cf. Fig. 9 in Ref. 18 . After comparing theory with
experiment for B(Bs → µµ), RK and RK ∗ we get C9µµ ∈ (−0.85, −0.50), where in the theory
estimate of RK and RK ∗ we assume the validity of the values and uncertainties of the form
factors as estimated by means of LCSR 19 .
1.6

RD and RD∗

We proceed as before and build a low energy effective theory to describe b → c`ν` via,

4 GF
Leff ⊃ − √ Vcb (1 + gV )(ūL γµ dL )(`¯L γ µ νL ) + gS (µ) (ūR dL )(`¯R νL )
2

+ gT (µ) (ūR σµν dL )(`¯R σ µν νL ) + h.c.

(9)

After a quick inspection of Eq. (5) we can easily identify the NP couplings gV,S,T with
∗
0
y u` y d`
gS (µ) = 4 gT (µ) = √ L 2 R
4 2 mR2 GF Vud

,
µ=mR2

yd`0 (V y ∗ )u`
gV = − √
,
4 2 m2S3 GF Vud

(10)

with u ∈ {u, c}, d ∈ {s, b}, `(0) ∈ {µ, τ }. gV appears to be tiny and can be safely neglected, while
the LFUV comes mostly from a non-zero value of gS , which in turn arises from couplings to R2 .
A simultaneous fit with experimental data for RD and RD∗ suggests that gS should be complex,
cf. Fig. 1. In obtaining the plausible region of gS 6= 0 we added many more observables in the
global fit, such as ∆mBs , Γ(Z → ``), Γ(Z → νν), as well as the LEP bound on B(τ → µφ), and
the experimental values for Γ(K − → e− ν̄)/Γ(K − → µ− ν̄) and Γ(B → D(∗) µν̄)/Γ(B → D(∗) eν̄).
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Figure 1 – Constraints from the low energy data on Re[gS ] and Im[gS ], fully compatible with RD and RD∗
which are also shown in the plot. In the right plot the same region of selected points is combined with projected
constraints arising from direct searches.

We would like to stress the importance of the experimental bound on B(τ → µφ) which helps
selecting the larger of the two plausible solutions, θ ≈ 0 and θ ≈ π/2.
Notice also that the electroweak corrections mix gS and gT as discussed in Ref. 20 . We took
that effect properly into account – in addition to QCD – while running between µ = mb ↔ µ =
mR2 . By setting e.g. Re[gS ] = 0, we obtain Im[gS ] = 0.59+0.13
−0.14 , to 1σ, which is attributed to
bτ . We checked that this NP phase does not entail any observable CP-violating effect. We also
yR
0
checked that our model is fully consistent with the measured D0 − D mixing parameters.
1.7

Perturbativity

In addition to
√ all of the above, we also require all of our non-zero Yukawa couplings to be
smaller than 4π. While this is clearly realized from our fits with low energy data, venturing to
a scenario of grand unification (GUT) might create problems for some Yukawa couplings which
can become far too large when running from Λ ∼ 1 TeV to ΛGUT ' 5 × 1015 GeV 21 .
bτ and y cµ because they
Furthermore, it is important to have small or moderate values of yR
L
could otherwise generate important modifications to the running of the third generation of the
SM fermions.
1.8

Constraints from direct searches at the LHC

As it was shown in Ref. 22 , important constraints on the Yukawa couplings can be inferred from
direct searches in colliders. Couplings to a light LQ can, for example, result in a significant
deviation of the tails of the pT distribution of σ(pp → ``). Since in our model the Yukawa
couplings are small, the current data do not provide constraints competitive with those we
discussed before. However, after projecting to 100 fb−1 from the tails of pp → τ τ one can
extract efficient bounds on Yukawa couplings, which in our case (θ ≈ π/2) are important for R2
and only marginal for S3 . We checked that the pp → µµ data are not very useful to constrain our
model. Instead, the experimental bounds on the LQ pair productions can bring very significant
constraints, especially if focusing onto the final states tt̄τ τ̄ , bb̄τ τ̄ , cc̄ν ν̄. Relevant constraints are
shown in Fig. 2 (left plot) where we also show the perturbativity bound, as well as the bounds
from the low energy flavor observables.
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Figure 2 – In the left (right) plot we show the constraints on the Yukawa couplings coming from the direct searches
using the data projected to 100 fb−1 and by fixing mR2 to 800 (900) GeV. In the left plot we also show the curve
corresponding to the perturbative unitarity, as well as the “ellipse-like” shape which comes from the fit with low
energy flavor data to 1 σ.

1.9

Predictions

We end this Section by spelling out several predictions of our model. As discussed in our previous
papers, the possibility of lepton flavor violation (LFV) is very appealing since these decay modes
are likely to be studied at LHCb and at Belle II. We notice an important correlation with
(∗)
Rνν = B(B → K (∗) νν)/B(B → K (∗) νν)SM which has been recently bounded experimentally 23 ,
so that we get both the upper and lower bound on the LFV modes, cf. Fig. 3, i.e.
1.1 × 10−7 . B(B → Kµτ ) . 6.5 × 10−7 ,

(11)

however, two orders of magnitude smaller than the current experimental bound. Note that the
other similar LFV modes are related to the above one via B(B → K ∗ µτ ) ≈ 1.9 × B(B → Kµτ ),
and B(Bs → µτ ) ≈ 0.9 × B(B → Kµτ ), see Ref. 24 . We also get interesting lower (1 σ) bounds
B(B → K ∗ µτ ) & 1.5 × 10−8 , and B(B → K ∗ νν) & 1.3 × B(B → K (∗) νν.
We should also note that B(Bc → τ ν̄τ )/B(Bc → τ ν̄τ )SM gets enhanced by a factor between
5 and 11, within bounds discussed in Ref. 25 .
1.10

SU (5) embedding: GUT – The Gravy

One might wonder about our motivation for choosing the Yukawa matrices as in Eq. (6), where
T and y = −y . That choice was actually driven by the possibility of
we also required yR = yR
L
embedding our model in a plausible SU (5) GUT scenario. We should note that in SU (5) the
SM matter fields are in 5 and 10 multiplets, while the scalar leptoquarks live in R2 ∈ 45, 50
and S3 ∈ 45. In order to comply with the bounds on the proton lifetime, the contractions
z · 10i 10j 45 are constrained to extremely small values (z  1), which we can safely set to zero
(z = 0) 26 . Other available operators are
10i 5j 45 :
10i 10j 50 :

y2RLij uiR R2a εab Lj,b
L ,
y2LRij eiR R2a ∗ Qj,a
L ,

i,a

LL
y3ij
Qc L εab (τ k S3k )bc Lj,c
L ,

(12)

where i, j are the generation indices. While breaking SU (5) down to SM, the two R2 mix in
such a way that one can be light and the other one very heavy. In that way we remain with two
light LQ’s, one being R2 and the other S3 . This explain our motivation for Eqs. (5) and (6).
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Figure 3 – Predictions based on the model proposed here: Left panel shows the correlation between B(B → Kµτ )
and Rνν which allows one to deduce the upper and lower bound on B(B → Kµτ ), as discussed in the text. Right
panel shows the enhancement of B(Bc → τ ν̄τ ) with respect to its SM value (red and orange regions correspond
to 1 and 2 σ constraint, respectively).

2

Conclusion
• Currently there is a considerable effort to build a viable NP model that would accommodate
the B-physics anomalies, but remains consistent with all other measured flavor observables.
That task is highly nontrivial as we are in the era in which the model building efforts are
data driven.
• We propose a minimalistic model which involves two scalar leptoquarks of mass O(1 TeV)
and which complies with all of the available low energy flavor physics constraints. A peculiarity is that one of the Yukawa couplings is complex. The corresponding NP phase
does not result in any visible CP-violating effects. Furthermore, regarding the NP contribution to b → cτ ν modes, our model is not of the “V-A”-type. Instead in generates
terms proportional to (pseudo-)scalar and to tensor operators in a peculiar combination,
cf. Eq. (10).
• The high-pT tail of pp → `` can be sensitive to the presence of light LQ’s. Together with
the bounds concerning the leptoquark pair production, we show that our model is expected
to stay consistent with direct searches after projecting to 100 fb−1 of data. Since such data
are becoming increasingly important, it is essential to correctly estimate the experimental
background before promoting the experimental bounds to the stringent constraints on the
Yukawa couplings.
• We also show that the model we build is inspired by the SU (5) unification. By relying
on the 1-loop running, we checked that our Yukawa couplings satisfy the perturbativity at
every stage of the construction and the unification can be achieved at ΛGUT ' 5×1015 GeV.
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Doršner, Darius Faroughy, Nejc Košnik and Olcyr Sumensari from whom and with whom I
learned so much about the subject of this talk.

45

References
1. D. Becirevic, I. Dorsner, A. Faroughy, S. Fajfer, N. Kosnik and O. Sumensari,
arXiv:1806.05689 [hep-ph].
2. J. A. Bailey et al. [MILC], Phys. Rev. D 92 (2015) no.3, 034506 [arXiv:1503.07237 [heplat]]; H. Na et al. [HPQCD], Phys. Rev. D 92 (2015) no.5, 054510 Erratum: [Phys. Rev. D
93 (2016) no.11, 119906] [arXiv:1505.03925 [hep-lat]]; see also M. Atoui et al., Eur. Phys.
J. C 74 (2014) no.5, 2861 [arXiv:1310.5238 [hep-lat]].
3. G. M. de Divitiis et al., Nucl. Phys. B 807 (2009) 373 [arXiv:0807.2944 [hep-lat]].
4. I. Caprini, L. Lellouch and M. Neubert, Nucl. Phys. B 530 (1998) 153 [hep-ph/9712417];
C. G. Boyd, B. Grinstein and R. F. Lebed, Phys. Rev. D 56 (1997) 6895 [hep-ph/9705252].
5. A. Abdesselam et al. [Belle], arXiv:1702.01521 [hep-ex]; B. Aubert et al. [BaBar], Phys.
Rev. D 77 (2008) 032002 [arXiv:0705.4008 [hep-ex]].
6. D. Bigi, P. Gambino and S. Schacht, JHEP 1711 (2017) 061 [arXiv:1707.09509 [hep-ph]].
7. C. Bouchard et al. [HPQCD], Phys. Rev. D 88 (2013) no.5, 054509 Erratum: [Phys. Rev.
D 88 (2013) no.7, 079901] [arXiv:1306.2384 [hep-lat]]; J. A. Bailey et al., Phys. Rev. D 93
(2016) no.2, 025026 [arXiv:1509.06235 [hep-lat]].
8. M. Bordone, G. Isidori and A. Pattori, Eur. Phys. J. C 76 (2016) no.8, 440
[arXiv:1605.07633 [hep-ph]].
9. D. Becirevic and N. Kosnik, Acta Phys. Polon. Supp. 3 (2010) 207 [arXiv:0910.5031 [hepph]]; S. de Boer, T. Kitahara and I. Nisandzic, arXiv:1803.05881 [hep-ph].
10. Y. Amhis et al. [HFLAV], Eur. Phys. J. C 77 (2017) no.12, 895 [arXiv:1612.07233 [hep-ex]],
see HFLAV website for the most recent updates.
11. R. Aaij et al. [LHCb], Phys. Rev. Lett. 120 (2018) no.12, 121801 [arXiv:1711.05623 [hepex]].
12. R. Aaij et al. [LHCb], Phys. Rev. Lett. 113 (2014) 151601 [arXiv:1406.6482 [hep-ex]].
13. R. Aaij et al. [LHCb], JHEP 1708 (2017) 055 [arXiv:1705.05802 [hep-ex]].
14. S. Fajfer, J. F. Kamenik and I. Nisandzic, Phys. Rev. D 85 (2012) 094025 [arXiv:1203.2654
[hep-ph]].
15. D. Becirevic, D. Leljak, B. Melic and O. Sumensari, in preparation; B. Colquhoun et al.
[HPQCD], PoS LATTICE 2016 (2016) 281 [arXiv:1611.01987 [hep-lat]].
16. C. Langenbruch, “Lepton flavour universality (LFU) tests in B decays as a probe for new
physics”, talk presented at this conference.
17. A. Greljo, “B-anomalies: A Model Builder’s Guide ”; R. Alonso, “Gauged flavour symmetry for B anomalies; J. Fuentes-Martin, “UV-complete model for B anomalies and SM
flavor hierarchies”; M. Nardecchia, “Flavour anomalies and UV completion after RK (∗) ”,
talks presented at this conference.
18. S. Descotes-Genon, L. Hofer, J. Matias and J. Virto, JHEP 1606 (2016) 092
[arXiv:1510.04239 [hep-ph]].
19. P. Ball and R. Zwicky, Phys. Rev. D 71 (2005) 014029 [hep-ph/0412079].
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Search for new physics in b → q`` decays
F. Dettori a
Oliver Lodge Laboratory, University of Liverpool, Liverpool, UK
Recent results obtained in experiments at the LHC in the field of rare b-hadron decays are
reviewed in this contribution, with a focus on b → q`` processes. A general status is presented
as well as recently completed measurements.

1

Introduction

The study of flavour-changing neutral-current processes (FCNC) is a sensitive tool to explore
possible interactions beyond those predicted by the Standard Model (SM). In particular, rare
hadron decays having tiny probabilities in the SM, can receive possible New Physics (NP)
contributions at the same level or even larger than the SM. Probing NP using these techniques
is especially sensitive when the SM predictions are very precise; in these cases, we can often
probe energy scales orders of magnitude higher than those available for the direct production of
new states at colliders. In addition, rare decays offer the possibility of model-independent tests
of physics beyond the SM. Finally, historically rare decays have been the laboratory of many
particle physics discoveries.
The description of heavy-quark hadrons rare decays is usually made in terms of effective
field theories where SM and NP contributions are computed in terms of local operators and
their Wilson coefficients. This allows to put model-independent constraints on possible NP
couplings. As an example possible new (pseudo)-scalar contributions in b → q`+ `− processes
¯ 5 )` where
can be defined as a term in the effective hamiltonian proportional to CS(P ) q̄L bL `(γ
CS(P ) are the Wilson coefficients, and the overall normalisation is not reported. Similarly in
¯ µ (γ5 )`. We do
what follows it is useful to define (axial-)vector contributions as C9(10) q̄L γ µ bL `γ
not list them, but additional operators also possibly contribute to b → q`+ `− transitions as well
as the chirally-flipped versions of the ones defined.
In this contribution we review recent results in rare b-hadron decays based on quark-level
b → s`+ `− and b → d`+ `− transitions with a focus on measurements from experiments at the
Large Hadron Collider (LHC).
2

Scalar, pseudoscalar and axial-vector couplings

NP contributions in the form of scalar, pseudoscalar and axial-vector couplings are best tested
0 → `+ `− decays. The branching fractions of these decays are very well predicted
with B(s)
in the SM 1,2 and thus allow for extremely sensitive tests of NP. Due to helicity suppression
0 → e+ e− decays are too rare to be currently probed at branching fractions close to
the B(s)
0 → τ + τ − decays are the less rare but, due to the difficulty of
the SM contribution. The B(s)
a

On behalf of the LHCb collaboration
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reconstructing τ leptons, especially at hadron colliders, the SM branching fraction is still out
of reach. The current world best limits on these decays have been recently set by LHCb 3 .
Nevertheless it is important to probe these decays, especially in light of possible hints of lepton
0 → µ+ µ−
non universality (see C. Langenbruch contribution at this same conference 4 ). The Bd,s
decays instead, being cleaner from an experimental point of view, are being probed by several
experiments. The first evidence for the Bs0 → µ+ µ− decay, came from the LHCb experiment 5 ,
while the definitive observation resulted from the combined analysis of the LHCb and CMS Run 1
measurements 6 . The current world best measurement comes from the last LHCb measurement 7 ,
where the full Run 1 as well as 1.4 f b−1 of integrated luminosity collected in Run 2 was exploited
leading to the first observation of the Bs0 → µ+ µ− decay from asingle experiment. The branching
−9
fraction measurement yields B(Bs0 → µ+ µ− ) = 3.0 ± 0.6+0.3
−0.2 × 10 , in good agreement with
recent SM predictions 1,2 as well as with the previous measurements. The Run 1 ATLAS search
for the same decay is instead in slight tension with these results 8 , reporting only a 1.4σ excess
over background expectations and thus putting an upper limit on the branching fraction at
B(Bs0 → µ+ µ− ) < 3.0 × 10−9 at 90% CL, lower than the SM prediction. For more details on
these and other very rare decays measurements see M. van Veghel contribution at this same
conference 9 .
3

Vector couplings and a possible anomaly

1.6

s= 8 TeV, 20.3 fb-1

ATLAS
Preliminary

ATLAS
CMS
BaBar
theory DHMV

1.4
1.2

5

1.8

P'

FL

While scalar and pseudo-scalar couplings seem to be in good agreement with the SM, the same
is not true for other couplings, especially vector ones (C9 ). Several small discrepancies, which
we review briefly, are accumulating giving an overall tension with the SM.
We start from the Bd0 → K̄ ∗0 µ+ µ− decay; its rich phenomenology allows to test several
couplings simultaneously through the study of its angular distributions. Recent measurements
have been done by four experiments, often exploiting the so-called optimised observables 10 , which
have the advantage of reduced theoretical uncertainty. Within the Run 1 LHCb measurement 11
the full fit to CP-averaged observables shows a tension with the SM with a significance of 3.4
standard deviations. Considering single variables, the most striking feature is a discrepancy in
the P50 parameter. This behaviour seems to be confirmed by ATLAS 12 and Belle 13 measurements;
while the CMS 14 measurement is more in agreement with SM. This is shown in Figure 1, where
the different measurements are presented as a function of q 2 , the dimuon invariant mass squared,
and compared with SM predictions 15,16,17 .
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Figure 1 – Measurements of the FL and P50 observables in Bd0 → K̄ ∗0 µ+ µ− decays, in bins of q 2 , for different
experiments and compared with SM predictions.

Similarly, discrepancies are present in the branching fractions of several b → sµ+ µ− processes, recently measured by LHCb, which tend to show a mild tension with the SM. In particular the differential and integrated branching fractions of B + → K + µ+ µ− , B + → K ∗+ µ+ µ− ,
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B 0 → K 0 µ+ µ− 18 as well as Bd0 → K̄ ∗0 µ+ µ− 19 and Bs0 → φµ− µ+ 20 lie all below the SM
prediction, albeit not with great significance.
These discrepancies summed with the hints of lepton flavour universality violation in B + →
K + `+ `− , Bd0 → K̄ ∗0 `+ `− and B → D(∗) `ν decays 4 lead to possible global discrepancies with
respect to the SM even above the 5σ level. In particular, global fits 21,22,23,24 could indicate
possible NP contributions on the C9 Wilson coefficient, or to the C9 and C10 simultaneously. The
significance of these discrepancies is almost completely dominated by the statistical uncertainties,
hence they will need to be confirmed with additional statistics by the same experiments, and
cross-checked by other experiments (such as Belle-II), but give encouraging hints on the direction
to follow.
3.1

Angular analysis of B + → K + µ+ µ− at CMS

Presented for the first time at this conference, the CMS collaboration has performed an angular
analysis of the B + → K + µ+ µ− decays, exploiting 20.5f b−1 of integrated luminosity collected
√
in Run 1 at s = 8 TeV 25 . The differential decay rate of this decay can be written as:
1 dΓ`
3
1
= (1 − FH )(1 − cos2 θ` ) + FH + AF B cos θ`
Γ` d cos θ`
4
2

,

(1)

1

20.5 fb-1 (8 TeV)

CMS Preliminary

FH

A FB

where θ` is the angle between the direction of the µ− and the one of the K + meson for the B +
decay. The two parameters on which the differential decay rate depends (AF B and FH ) are a
function of q 2 and sensitive probes to scalar and tensor new physics contributions. The B + →
K + µ+ µ− angular analysis was previously performed also by the LHCb 26 , BaBar 27 , Belle 28 and
CDF 29 experiments. The CMS results as a function of q 2 are shown in Figure 2, as extracted
from about 2300 signal candidates. The largest systematic uncertainties are due to modelling of
the background components and dominate the total uncertainty in some bins. The results are
compatible with previous measurements and with SM predictions. While this measurement is not
yet the world most precise, it is important to have measurements from different experiments,
especially when anomalies such as the ones described are surfacing. A measurement of the
B + → K + µ+ µ− differential branching fraction by CMS is therefore important and awaited.
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Figure 2 – Measurement of (left) the AF B parameter and (right) the FH parameter as a function of q 2 in the
angular analysis of B + → K + µ+ µ− decays in CMS.

3.2

b → d``

Processes involving b → d`+ `− transitions are even more rare than those with an s quark due
to the additional CKM suppression. The observation of these processes was established by
LHCb in B + → π + µ+ µ− and Λ0b → pπ − µ+ µ− decays 30,31 . The Bs0 → K̄ ∗0 µ+ µ− decay is
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instead yet to be observed. This decay can be sensitive to NP contributions, but is also an
important probe of the |Vtd |/|Vts | ratio. A search for this decay has been performed by LHCb
exploiting 4.6f b−1 collected at different energies in Run 1 and 2 32 . A common selection for the
Bs0 → K̄ ∗0 µ+ µ− and the control and normalisation channels Bd0 → K̄ ∗0 µ+ µ− , Bd0 → K̄ ∗0 J/ψ
and Bs0 → K̄ ∗0 J/ψ is devised. The search for the rare non-resonant channel is restricted to
dimuon invariant masses squared of 0.1 < q 2 < 19.0 GeV2 /c4 excluding the region 12.5 <
q 2 < 15.0 GeV2 /c4 , which is dominated by charmonium resonances. After a loose pre-selection,
candidates are classified in bins of a neural network based on geometric and kinematic variables.
The background is predominantly composed of combinatorial background and of the upper tail
of the Bd0 → K̄ ∗0 µ+ µ− distribution. The distribution of the K − π + µ+ µ− candidates summed
over the three most sensitive bins of neural network is shown in Figure 3. The presence of
an excess on top of the background at the Bs0 mass can be seen. From a simultaneous fit a
combined significance of 3.4 standard deviations is derived, including systematic uncertainties,
which represents the first evidence of the Bs0 → K̄ ∗0 µ+ µ− decay. Normalising the signal to the
Bd0 → K̄ ∗0 µ+ µ− decay a branching fraction of B(Bs0 → K̄ ∗0 µ+ µ− ) = (2.9±1.0±0.2±0.3)×10−8
is obtained, where the first uncertainty is statistical, the second systematic and the third is due
to limited knowledge of parameters used in the normalisation. This result is in agreement with
SM expectations.
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Figure 3 – Invariant mass distribution for (left) K − π + µ+ µ− candidates for the three most sensitive neural network
bins of the LHCb analysis and (right) a zoom on the same plot to highlight the Bs0 → K̄ ∗0 µ+ µ− signal.

3.3

b-baryons

A different look to b → s`+ `− transitions can be taken by studying b-baryon decays, the rare
decays of which start to be probed only recently. In addition to the already mentioned Λ0b →
pπ − µ+ µ− , the LHCb collaboration has studied the Λ0b → pK − µ+ µ− decay exploiting 3f b−1 of
Run 1 data 33 . The Λ0b → pK − µ+ µ− decay is observed for the first time, with large significance.
Exploiting a signal yield of 600 ± 44 candidates, a search for CP violation is performed in this
channel which can be a sensitive probe of NP 34 . A measurement of CP violation is built from
raw yields as:
ACP ∝ Araw =

N (Λ0b → pK − µ+ µ− ) − N (Λ̄0b → p̄K + µ+ µ− )
N (Λ0b → pK − µ+ µ− ) + N (Λ̄0b → p̄K + µ+ µ− )

,

(2)

where the proper conversion to ACP is obtained correcting for production and reconstruction
asymmetries. For additional robustness, CP violation is searched in the difference of this observable between the Λ0b → pK − µ+ µ− and the control channel Λ0b → pK − J/ψ, on which no
significant CP violation is expected. This measurement results in: ∆ACP = (−3.5 ± 5.0(stat) ±
0.2(syst))×10−2 , showing no sign of CP violation. A second CP violating variable is constructed
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from the positive-negative asymmetry of the triple products CT̂ = p~µ± · p~p × p~K + ; comparing
the positive and negative muon CP-odd and P-odd observables are obtained. The results for
b
the CP-odd observable are aTCP−odd = (1.2 ± 5.0(stat) ± 0.7(syst)) × 10−2 , showing again no sign
of CP violation, in agreement with SM predictions 35,36 .
4

Conclusions

A very brief account of recent rare decays searches and measurements, in the field of b → q`+ `−
transitions was given in this contribution. The topic is among the most exiting in current particle
physics as small discrepancies that point towards possible NP contributions beyond the SM are
accumulating. The results based on the analysis of Run 1 LHC data by the LHCb, ATLAS and
CMS experiments show tantalising hints of possible deviations from the SM, especially in the
muonic vector coupling. These discrepancies will be possibly confirmed or disproved by Run 2
data and through different observables. Finally, the LHC experiments will face soon the healthy
competition of the Belle II experiment in the run for new physics.
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Lepton Flavour Universality tests in B decays as a probe for New Physics
C. Langenbruch on behalf of the LHCb collaboration
RWTH Aachen, I. Physikalisches Institut B, Sommerfeldstr. 14,
52056 Aachen, Germany
In the Standard Model (SM), the coupling of the electroweak gauge bosons to the leptons is
lepton flavour universal. Tests of this property constitute sensitive probes for new physics
models that violate lepton flavour universality. Recent tests of lepton universality in rare
b → s`` decays and semileptonic b → cτ ν̄τ transitions have shown some tensions with the
precise SM predictions. These proceedings summarise the latest results on lepton flavour
universality from the LHCb experiment.

1

Introduction

Lepton flavour universality, i. e. the equal coupling of the electroweak gauge bosons to the
charged leptons, is a central property of the Standard Model (SM). Lepton flavour universality
is well established, for example in τ and K decays 1,2 , and deviations from the precise predictions
would constitute unambiguous signs of New Physics (NP) beyond the SM.
Measurements of rare b → s`` decays are particularly sensitive probes for NP effects as
they are loop-suppressed in the SM and effects beyond the SM could thus be comparably large.
Furthermore, tree-level b-hadron decays involving τ leptons are currently under intense study,
as many NP models predict enhanced couplings to the heavy third generation. In both cases
it is useful to study ratios of branching fractions to final states containing different leptons, as
hadronic uncertainties largely cancel.
The LHCb experiment is ideally suited for lepton universality tests in b-hadron decays due
to its large acceptance, high trigger efficiencies and excellent tracking and particle identification
capabilities. These proceedings give an overview of recent lepton universality tests at LHCb
using the LHC run 1 data sample corresponding to an integrated luminosity of 3 fb−1 .
2
2.1

Lepton flavour universality tests in rare decays
RK ∗

The branching fraction ratio RK ∗ = B(B 0 → K ∗0 µ+ µ− )/B(B 0 → K ∗0 e+ e− ) is a sensitive test
of lepton universality. In the q 2 range 1.1 < q 2 < 6 GeV2 , where q 2 is defined as the squared
invariant mass of the dilepton system q 2 = m2 (``), RK ∗ is precisely predicted to be unity in
the SM. Hadronic uncertainties largely cancel in the ratio and QED effects are not expected to
exceed O(%) 3 .
The LHCb measurement uses the double ratio with the tree-level decay B 0 → K ∗0 J/ψ(→
`+ `− ) to determine RK ∗ according to
RK ∗

=

B(B 0 →K ∗0 µ+ µ− )
B(B 0 →K ∗0 J/ψ(→µ+ µ− ))
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B(B 0 →K ∗0 e+ e− )
B(B 0 →K ∗0 J/ψ(→e+e− ))
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This is experimentally advantageous, as many systematic uncertainties cancel in the double
ratio. Figure 1 shows the reconstructed K ∗0 `+ `− mass vs. q 2 for the decays B 0 → K ∗0 µ+ µ−
and B 0 → K ∗0 e+ e− . Experimentally, the electron mode B 0 → K ∗0 e+ e− is more challenging to
reconstruct due to higher trigger thresholds and more pronounced emission of Bremsstrahlung
which deteriorates the mass resolution.
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Figure 1 – Reconstructed K ∗0 `+ `− mass vs. q 2 for (left) the decay B 0 → K ∗0 µ+ µ− and (right) the decay
B 0 → K ∗0 e+ e− 4 . The control decays B 0 → K ∗0 J/ψ(→ `+ `− ) are clearly visible, as is the more pronounced
Bremsstrahlung for the electron final state.

The tree-level decay B 0 → K ∗0 J/ψ(→ `+ `− ) is used to control and correct simulation and
to model the B 0 → K ∗0 `+ `− signal mass shape. Furthermore, it allows the determination of
the single ratio rJ/ψ = B(B 0 → K ∗0 J/ψ(→ µ+ µ− ))/B(B 0 → K ∗0 J/ψ(→ e+ e− )). This ratio
is found to be compatible with unity and flat in control variables. As systematic differences
between electron and muon reconstruction do not cancel in this ratio, rJ/ψ represents a very
stringent crosscheck.
LHCb measures RK ∗ in two distinct regions of q 2 and finds
= 0.66+0.11
−0.07 ± 0.03

RK ∗ (0.045 < q 2 < 1.1 GeV2 )

RK ∗ (1.1 < q < 6.0 GeV ) = 0.69+0.11
−0.07 ± 0.05,
2

2

in tension with the SM predictions at 2.1–2.3 and 2.4–2.5 σ, respectively 4 . The result is shown
in Fig. 2, overlaid with SM predictions 3,5,6,7,8 .
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Figure 2 – (Left) The LHCb measurement of the branching fraction ratio RK ∗ in two different q 2 bins 4 , overlayed
with SM predictions 3,5,6,7,8 . (Right) Measurement of RK from LHCb 9 , together with earlier measurements by
the Belle and BaBar collaborations 10,11 .
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2.2

RK

The observable RK = B(B + → K + µ+ µ− )/B(B + → K + e+ e− ) is closely related to RK ∗ . As
for RK ∗ , hadronic uncertainties cancel in the ratio and it is thus a very clean test of lepton
2
2
2
universality. LHCb finds RK = 0.745+0.090
−0.075 ± 0.036 in the q range 1 < q < 6 GeV , in tension
with the SM prediction of unity at 2.6 σ 9 . Figure 2 shows this result, together with previous
results from the Belle and BaBar collaborations 10,11 .
2.3

Interpretation

R(D*)

The LHCb measurements of RK and RK ∗ are part of the so-called flavour anomalies in rare
decays. The results can be interpreted in an effective field theory framework where they can be
used to determine generalised effective couplings, the Wilson coefficients. Figure 3 shows results
for a combination of the lepton flavour universality tests RK (∗) 4,9 and a lepton universality test
in B 0 → K ∗0 `+ `− angular observables by the Belle collaboration 12 . The blue contours give
the resulting confidence regions for the effective vector coupling C9 and the effective axial-vector
coupling C10 . The combination is in tension with the SM prediction at a level of around 4 σ 13 .
Adding additional b → sµµ observables to the combination, including branching fraction
measurements 14,15,16 and angular observables 17 , results in the red contours. The significance
of the tension with the SM further increases to above 5 σ, it should however be noted that the
theory uncertainties of some of the additional observables are currently under discussion.
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Figure 3 – (Left) Global fit of the effective vector and axial-vector couplings C9 and C10 using b → s`` data 13 . The
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only include lepton flavour universality tests 4,9,12 , the red contours also include further b → sµµ
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observables 14,15,16,17 . For other global fits see for example Refs. 18,19 . (Right) Combination by the Heavy Flavour
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Group 26 of the RD∗ measurements from the LHCb collaboration 21,22 and the RD and RD∗ results
from BaBar 32,33 and Belle 34,35,36 .
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The observable RD∗ is defined as the ratio RD∗ = B(B̄ 0 → D∗+ τ − ν̄τ )/B(B̄ 0 → D∗+ µ− ν̄µ ).
In the SM2 it can be precisely RRpredicted to RD∗ = 0.252 ± 0.003 20 , it is lower than unity due
LFU observables
to the considerable lepton mass
difference. LHCb has measured RD∗ in the leptonic τ decay
b → sµµ global fit
mode τ − 1→ µ− ν̄µ ντ 21 . Due to the neutrinos in the final state, the B momentum can not
be reconstructed analytically. Instead, vertexing information is used to deduce the B flight
0
direction which
then allows to approximate the B momentum with a resolution of around 18%.
The three quantities m2miss , Eµ∗ and q 2 are used in a three-dimensional template fit to separate the
−1
relative contributions of signal mode B̄ 0 → D∗+ τ − ν̄τ and normalisation mode B̄ 0 → D∗+ µ− ν̄µ .
2
Here, mmiss
denotes the missing mass squared, Eµ∗ the muon energy in the B rest frame and q 2
−2
flavio
the four-momentum
transfer squared. Background and signal shapes are extracted from control
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Figure 5 – (Left) The τ lifetime and (right) q 2 in the bin of the multivariate classifier with the highest purity for
the LHCb measurement of RD∗ using the hadronic τ decay mode 22 .

3.3

RJ/ψ

Due to the different hadron species produced at the LHC, LHCb is also able to perform lepton
universality tests with Bc+ mesons. LHCb has performed a measurement of the ratio RJ/ψ =
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B(Bc+ → J/ψτ + ντ )/B(Bc+ → J/ψµ+ νµ ), where the τ + is reconstructed in the leptonic decay
τ + → µ+ νµ ν̄τ 27 . The predictions for this observable are less precise than for RD and RD∗ due to
the larger form-factor uncertainties 28,29,30,31 , with central values in the range RJ/ψ ∈ [0.25, 0.28].
A three-dimensional template fit is performed to the quantities m2miss , τ (Bc+ ) and Z = (Eµ∗ , q 2 ).
The resulting value of RJ/ψ = 0.71 ± 0.17 ± 0.18 is around 2 σ above the SM prediction. This
analysis also constitutes the first evidence for the decay Bc+ → J/ψτ + ντ at 3 σ.
3.4

Combination

The measurements of RD∗ by LHCb 21,22 can be combined with measurements of RD and RD∗ by
the BaBar 32,33 and Belle 34,35,36 collaborations. Figure 3 shows the resulting confidence regions,
derived by the Heavy Flavour Averaging Group 26 . The RD and RD∗ combination, given by the
red contours, is in tension with the SM prediction given by the blue contours at 4.1 σ. It should
be noted that the tension is somewhat reduced using recent theory input 37 .
4

Conclusions and outlook

Recent results on lepton universality in B decays show intriguing tensions with the precise SM
predictions. In rare b → s`` decays a combined tension of around 4 σ is found for the ratios
RK and RK ∗ measured by the LHCb collaboration. Consistent explanations of the anomalies
in the rare decays are possible, examples are new heavy gauge bosons 38,39,40,41 and leptoquarks 42,43,44,45 . In semileptonic b → cτ ν̄τ transitions, multiple experiments find tensions with
the SM. A combination of the results from the LHCb, BaBar and Belle collaborations yields
a significance of 4.1 σ. Combined explanations of the flavour anomalies in rare and tree-level
decays are challenging but possible 46,47,48,49,50,51,52,53 .
Since the SM predictions for the presented lepton flavour universality tests are generally
very precise, the currently limiting factor are the experimental uncertainties. Future analyses
of the LHCb experiment exploiting the data samples collected during the LHC Run 2 and the
LHCb upgrade will reduce the experimental uncertainties for the lepton universality tests in
both rare loop-level as well as tree-level decays. Furthermore, LHCb will test lepton universality
in additional decay modes (e.g. measurements of Rφ , RKππ and RΛ(∗) in the rare decays and
of RD0 , RD+ , RDs and RΛ(∗) in tree-level decays), and important related searches for lepton
c
flavour violating decays will be performed. Independent clarification of the anomalies is also
expected from future lepton universality measurements by the Belle II experiment.
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|Vcs |, f+K (0) and fDs+ measurements in D(s)
and lepton universality test in D → πlν at BESIII
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Using the world’s largest e+ e− collision data samples taken at 3.773 GeV and 4.178 GeV with
the integrated luminosities 2.93 fb−1 and 3.19 fb−1 , accumulated by the BESIII experiment
at the Beijing Electron Positron Collider (BEPCII), we determine the CKM matrix element
K
|Vcs |, the form factor f+
(0) of D semi-leptonic decays, and the Ds+ decay constant fD+ from
s

analyses of D0(+) → Ke+ νe and Ds+ → µ+ νµ , as well as the lepton universality test in
D0(+) → π −(0) µ+ νµ decays.

1

Introduction

The D pure and semi-leptonic decays help us to understand the weak and strong interaction
in the charm quark sector, and are used to determine the Cabibbo-Kobayashi-Maskawa (CKM)
matrix element |Vcs |, form factor and the D decay constant. We can obtain these results with
much higher precision, base on the world’s largest e+ e− collision data samples taken at 3.773
GeV and 4.178 GeV collected by BESIII detector. The improved measurements of the decay
constant fDs+ and the form factor f+K (0) are critical to test and calibrate the lattice quantum
chromodynamics (LQCD) calculation, and the improved measurements of the CKM matrix
element |Vcs | play an important role on testing the CKM matrix unitarity. In addition, studying
these leptonic decays in the charm-quark sector can also provide valuable information about the
possible physics beyond the standard model (SM) that might result in the violation of lepton
universality.
2

Pure leptonic decay of Ds+ → µ+ νµ

In the SM, the pure leptonic decay of Ds+ → µ+ νµ is described by the annihilation of the initial
quark-antiquark pair into a virtual W + that materializes as a µ+ νµ pair, as shown in Fig. 1,
and the decay rate is

Γ(Ds+ → µ+ νµ ) =

m2µ+
G2F 2
fD+ m2µ+ mDs+ (1 − 2 )2 |Vcs |2 ,
8π s
mD +

(1)

s

where GF is the Fermi coupling constant, mµ is the mass of µ lepton, mDs+ is the Ds+ mass.
This analysis is based on the 3.19 fb−1 data sample taken at the center-of-mass energy of
Ecm =4.178 GeV, where the Ds+ mesons are mainly from e+ e− → Ds+ Ds∗− (the charge conjugate
processes are implied throughout the text). For single tag (ST) side, 14 hadronic decay modes are
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Figure 1 – The feyman diagrams of the D pure leptonic decay (left) and semi-leptonic decay (right).

used to fully reconstructed Ds− candidates, including Ds− → K + K − π − , K + K − π − π 0 , KS0 K − ,
KS0 K − π 0 , KS0 KS0 π − , KS0 K + π − π − , KS0 K − π + π − , K − π + π − , π + π − π − , ηγγ π − , ηπ0 π+ π− π − ,
0 π − , and η
−
ηη0 γγ π+ π0 π − , ηγρ
0
γγρ− . For an event, only one candidate is kept of which the Ds recoil
mass (Mrec )
r

Mrec ≡

(Ecm −

q

|~
pDs− |2 + m2D− )2 − |~
pDs− |2

(2)

s

is the closest to the Ds∗+ nominal mass 1 . The total ST yield is 388660 ± 2592. And then
two kinematic variables are defined as
∆E ≡ Ecm − Etag − Emiss − Eγ(π0 ) ,

(3)

2
Mmiss
≡ (Ecm − Etag − Eγ(π0 ) − Eµ )2 − | − p~tag − p~γ(π0 ) − p~µ |2 ,

(4)

and

where Emiss ≡

q

|~
pmiss |2 + m2D+ , p~miss ≡ −~
ptag − p~γ(π0 ) , Etag (~
ptag ), Eγ(π0 ) (~
pγ(π0 ) ) and Eµ
s

(~
pµ ) denote the energies (momenta) of ST side, γ(π 0 ) from Ds∗− decay and µ from Ds+ decay.
Looping over all the γ or π 0 candidates except for those from ST side, the one with the minimum
2
value of |∆E| is chosen. An unbinned fit is performed on the Mmiss
to obtain the number of
Ds+ → µ+ νµ decay to be 1135.0 ± 33.1, as shown in Fig. 2.

Figure 2 – Fit to the
µ+ νµ candidates.

2
Mmiss

distribution for

Ds+

2
Figure 3 – Fit to the Mmiss
distributions for (a) D0 →
π − µ+ νµ and (b) D+ → π 0 µ+ νµ .

→

The preliminary result of branching fraction is BDs+ →µ+ νµ = (5.28±0.15stat. ±0.14syst. )×10−3 .
With |Vcs | from CKMfitter 1 or the decay constant fDs+ from LQCD calculation 2 , we determine
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fDs+ = 249.1 ± 3.6stat. ± 3.8syst. MeV

(5)

|Vcs | = 0.974 ± 0.014stat. ± 0.016syst. .

(6)

and

Comparison with the results from other experiments, one can see that the result from BESIII
experiment has a better precision, which is shown in Fig. 4.

Figure 4 – Comparisons of the decay constant fD+ (left) and the CKM matrix element |Vcs | from BESIII and
s
other experiments.

3
3.1

Semi-leptonic decays of D → K(π)l+ νl
D0(+) → π −(0) µ+ νµ

Based on a data sample corresponding to an integrated luminosity of 2.93 fb−1 collected at
Ecm = 3.773 GeV, three hadronic decay modes are used to select ST D̄0 candidates 3 : D̄0 →
K + π − , K + π − π 0 and K + π − π − π + , while six hadronic decay modes for the ST D− candidates:
D− → K + π − π − , Ks0 π − , K + π − π − π 0 , KS0 π − π 0 , KS0 π + π − π − and K + K − π − . For each ST mode,
the one with the smallest |∆E| ≡ |ED̄ − Ebeam | is chosen
q if there are multiple ST D̄ candidates,

2
and then the maximum likelihood fits to the MBC ≡ Ebeam
/c4 − |~
pD̄ |2 /c2 are performed to
obtain the ST signal yield, where Ebeam is the beam energy, p~D̄ and ED̄ are the momentum
and energy of the ST D̄ candidate in the e+ e− rest frame. For signal side, the undetected
2
2 /c4 − |~
neutrino is inferred from the variable Mmiss
≡ Emiss
pmiss |2 /c2 , which peaks at zero for
signal events. Here Emiss ≡ Ebeam − Eπ−(0) − Eµ+ and p~miss ≡ p~D − p~π−(0) − p~µ+ , which

q

2
2
p~D ≡ (−p̂D̄ ) Ebeam
/c2 − m2D c2 . After a fit to Mmiss
distribution, which is shown in Fig. 3, the
signal yields are determined to be 2276 ± 63 for D0 signal and 1340 ± 42 for D+ signal. The
branching fractions of B(D0 → π − µ+ νµ ) and B(D+ → π 0 µ+ νµ ) are measured to be (0.267 ±
0.007stat. ± 0.007syst. )% and (0.342 ± 0.011stat. ± 0.010syst. )%, respectively. Using these results
along with previous BESIII measurements, the ratios of B(D0 → π − µ+ νµ )/B(D0 → π − e+ νe )
and B(D+ → π 0 µ+ νµ )/B(D+ → π 0 e+ νe ) are determined to be 0.905 ± 0.027stat. ± 0.023syst.
and 0.942 ± 0.037stat. ± 0.027syst. , which are compatible with the theoretical prediction of lepton
universality with 1.9σ and 0.6σ, respectively.
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3.2

D+ → K̄ 0 µ+ νµ

After the same ST method in Sec. 3.1, the Umiss ≡ Emiss − |~
pmiss | is defined to analysis the
signal side D+ → K̄ 0 µ+ νµ via K̄ 0 → π + π − and K̄ 0 → π 0 π 0 4 . Performing the simultaneous
fits to the two Umiss distributions, the production signal yield is obtained to be 132712 ± 1041.
The branching fraction B(D+ → K̄ 0 µ+ νµ ) is measured to be (8.72 ± 0.07stat. ± 0.18syst. )%.
Combining the B(D+ → K̄ 0 e+ νe ) taken from the world average 1 , the ratio of the partial widths
Γ(D+ → K̄ 0 µ+ νµ )/Γ(D+ → K̄ 0 e+ νe ) = 0.988 ± 0.033, which is consistent with the predicted
value in Ref. 5 within uncertainties.

3.3

D+ → K̄ 0 (π 0 )e+ νe

+
In the SM, in the limit of zero positron mass, the differential decay rate for D(s)
→ P e+ νe
−
0
0
0
(P = K , π , K̄ or π ) is given by

dΓ
G2 p3 K(π)
= X F 3 |f+ (q 2 )|2 |Vcd(s) |2 ,
dq 2
24π

(7)

K(π)

where f+ (q 2 ) represents the hadronic form factors of the hadronic weak current that
depend on the square of the four-momentum transfer q = pD+ − pK(π) , X is a multiplicative
(s)

factor due to isospin, which equals to be 1 for P = K − , π 0 or K̄ 0 modes and 1/2 for P = π 0
modes. The feynman diagram is shown in Fig. 1.
Using the same analysis method in Sec. 3.2, the signal yields are 26008 ± 168 for D+ →
0
K̄ e+ νe via K̄ 0 → π + π − , and 3402 ± 70 for D+ → π 0 e+ νe 6 . The branching fraction B(D+ →
K̄ 0 e+ νe ) and B(D+ → π 0 e+ νe ) are measured to be (8.60 ± 0.06stat. ± 0.15syst. )% and (0.363 ±
0.008stat. ±0.005syst. )%. The relations between the partial decay rates and squared 4-momentum
transfer q 2 for these two decays are also studied with different form factor parametrizations, as
shown in Fig. 5. Using the global SM fit values for |Vcs |, the form factor f+K (0) is obtained to
be 0.725 ± 0.004stat. ± 0.012syst. based on the two-parameter series expansion fits.

K
Figure 5 – The fit results of differential decay rate (left) and the projections on the form factor f+
(right) for
D+ → K̄ 0 e+ νe as a function of q 2 with different form factor parametrizations.

62

3.4

Ds+ → K (∗)0 e+ νe

Using the same analysis method in Sec. 2, the decays Ds+ → K 0 e+ νe and Ds+ → K ∗0 e+ νe are
analyzed for the first time. By performing an unbinned maximum likelihood fit to the square
of the missing mass (as shown in Fig. 6), the signal yield is obtained to be 117.2 ± 13.9 and
155.0 ± 17.2 for Ds+ → K 0 e+ νe and Ds+ → K ∗0 e+ νe , respectively, and the resultant branching
fractions are B(Ds+ → K̄ 0 e+ νe ) = (3.25 ± 0.38stat. ± 0.14syst. ) × 10−3 and B(Ds+ → K̄ ∗0 e+ νe ) =
(2.38 ± 0.26stat. ± 0.12syst. ) × 10−3 .

Figure 6 – Fits to the square of missing mass distributions of Ds+ → K 0 e+ νe (left) and Ds+ → K ∗0 e+ νe (right)
decays.

The fits to the differential decay rate with respect to q 2 of the e+ νe system and projections
of the fits onto the form factor f+K (q 2 ) for Ds+ → K̄ 0 e+ νe are also performed with different form
factor parametrizations, as shown in Fig. 7, where the form factor f+K (0) is determined to be
0.720 ± 0.084stat. ± 0.013syst. .

K
Figure 7 – The fit results of differential decay rate (left) and the projections on the form factor f+
(right) as a
function of q 2 with different form factor parametrizations for Ds+ → K 0 e+ νe decay.

4

Summary

With the data samples of 2.93 fb−1 and 3.19 fb−1 taken at the center-of-mass energies of 3.773
GeV and 4.178 GeV, BESIII have performed studies on Ds+ → µ+ νµ and D → K(π)l+ νl decays
to measure their branching fractions, the decay constant fDs+ , the form factor f+K (0) and the
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CKM matrix element |Vcs |, as well as the lepton universality test. In the near future, many
results can be expected, such as the measurements of fDs+ and |Vcs | through other Ds+ decays,
the form factor studies of Ds+ → η (0) e+ νe , and so on.
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Leptoquarks (LQs) are hypothetical bosons, each coupling to a lepton and a quark of a given
generation. They recently got particular attention, as the “TeV-scale LQ” might explain
observed anomalies reported by dedicated B physics experiments. In these proceedings, the
recent progress of the direct searches on LQs at CMS experiment is presented. The results
are based on a data sample of proton-proton collisions at a center-of-mass energy of 13 TeV,
recorded with the CMS detector corresponding to an integrated luminosity of 35.9 fb−1 .

1

Introduction

Leptoquarks (LQs) are hypothetical color-triplet bosons, that carry both baryon and lepton
quantum numbers, and have fractional electric charge. They are predicted by many extensions
of the standard model (SM) of particle physics, such as grand unified theories, technicolor
frameworks, and composite models. Due to experimental constraints on flavor changing neutral
currents and other rare processes, it is generally assumed that there would be three types
of LQs, each coupled to leptons and quarks of the same generation. The second- and thirdgeneration LQs have recently received considerable theoretical interest, as the TeV scale LQ
might provide explanations for the B physics anomalies reported by the BaBar, Belle, and
LHCb Collaborations. In the following sections, recent progress of the direct searches on LQs
at CMS experiment [1] is reviewed.
2

LQ signatures

The production cross sections in proton-proton colliders are determined by the mass of the LQ
(mLQ ) and the Yukawa coupling λ of the LQ-lepton-quark vertex. LQs can be produced in
pairs via gluon fusion or quark-antiquark annihilation, and singly via quark-gluon fusion. Pair
production of LQs does not depend on λ, while single production does, and thus the sensitivity
of single-LQ searches depends on λ. At lower masses, the cross section for pair production is
greater than that for single production. However, single-LQ production cross section decreases
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more slowly with increasing mLQ , exceeding that for pair production with masses above O(1)
TeV.
The LQ decay depends on the (unknown) branching fraction to a charged lepton (`) and a
quark (q), denoted as β = B(LQ → `q), whereas the rest of the decay will be to a neutrino (ν)
and a quark; 1 − β = B(LQ → νq). Depending on the assumed β value, the preferred decay
signatures vary as summarized in Table 1. The recent search results are marked with a *, which
will be reviewed in the rest of the proceedings.
Table 1: Possible decay signatures of the LQ. The results marked with a * are reviewed in these proceedings.

LQ coupling
1st. generation
2nd. generation
3rd. generation (q = t)
3rd. generation (q = b)

3

Pair LQ production
eejj [2]
eνjj [2]
ννjj* [5]
µµjj* [3] µνjj* [3] ννjj* [5]
τ τ tt* [4]
τ νtt
ννtt* [5]
τ τ bb [6,7]
τ νbb
ννbb* [5]

Single LQ production
eej
eνj
ννj
µµj
µνj
ννj
ττt
τ νt ννt
τ τ b* [8] τ νb ννb

LQLQ→ µµjj, µνjj

The LQ couplings to the 2nd generation fermions are of importance for two reasons; 1) they
might explain observed anomalies in B→K(∗) µ+ µ− decay, and 2) the third-generation LQ, once
produced, might result in final states including muons at the end of its decay chain. We searched
for the final states with two muons and two jets (µµjj channel) or with one muon, two jets, and
missing transverse energy (pmiss
T ) (µνjj channel) [3]. The µµjj (µνjj) channel drives the sensitivity
at high (low) β, but the µµjj channel dominates the analysis sensitivity up to reasonably low β
region due to better S/B ratio. The description below focuses on the µµjj channel.
The analysis requires two muons with transverse momentum, pT > 53 GeV and pseudorapidity, |η| < 2.4, which are required to satisfy a set of identification criteria optimized for high
pT . In addition, at least two jets are required, each should satisfy pT > 50 GeV, |η| < 2.4, and
to be separated from selected muons. The LQ candidates are then reconstructed by pairing each
muon with a jet in the configuration that minimizes the LQ-LQ invariant mass difference.
The signal extraction is performed by a cut and count analysis. For each mass point, an
µµjj
min , where
optimized set of cuts for three kinematic variables is applied: ST
, Mµµ , and Mµj
µµjj
ST is the scalar sum of the transverse momenta of the two jets and two muons in the event,
min is defined as the smaller of the two
Mµµ is the invariant mass of the di-muon system, and Mµj
muon-jet invariant masses that minimize the LQ-LQ invariant mass difference. At high mLQ ,
the harder cuts are applied, as it helps to effectively reduce backgrounds.
min distribution for the mass point of m
Figure 1 (left) shows the Mµj
LQ = 1400 GeV. The
dominant backgrounds are Z+jets, tt̄ and the single top quark processes, which are estimated in
a data-driven way, wherever possible. The analysis sensitivity is ultimately limited by the size
of the data sample. No significant excess is observed across the whole mLQ range considered in
the analysis. Limits are set at 95% confidence level (CL) for β values from 0 to 1, as a function
of mLQ , as also shown in Figure 1 (right). The combination improves the mass exclusion for
values of β < 1. Second-generation scalar LQs with mLQ < 1530 (1285) GeV are excluded for β
= 1.0 (0.5).
4

LQLQ→ ννjj, ννbb , ννtt

The results of a previous search [9] for squarks and gluinos are recently reinterpreted [5] to
constrain models of scalar and vector LQ production. The LQ decays to a neutrino and a top,
bottom, or light quark (any single one of up, down, strange, or charm) are considered. This
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min
Figure 1 – (Left) The Mµj
distribution at final selection level for mLQ = 1400 GeV for the µµjj channel, (right)
the expected and observed exclusion limits at 95% CL for second-generation LQ mass as a function of β [3].

reinterpretation relies on our confirmation that the acceptance of the analysis does not change,
within uncertainties, between squark, scalar LQ, and vector LQ pair production for the same
particle mass. We extended the interpretations to higher mass values, incorporating higher cross
sections of the vector LQ signals.
The baseline selection requires Nj ≥ 1, where Nj denotes the number of jets with pT >
30 GeV and |η| < 2.4, and to pass either pmiss
> 30 GeV if they have HT > 1000 GeV, or
T
pmiss
> 250 GeV if they have 250 < HT < 1000 GeV, where HT is defined as the scalar sum of
T
jet pT . Further baseline requirements include that the pmiss
vector is not aligned in the azimuthal
T
angle φ with any of the four leading jets in pT , that the negative vector sum of jet transverse
momenta is consistent with the pmiss
vector, and that no loosely identified charged leptons or
T
isolated tracks are found in the event.
For events with Nj ≥ 2, a momentum imbalance, MT2 > 200 GeV is required, which is raised
to MT2 > 400 GeV for events with HT > 1500 GeV, to further reject QCD multijet backgrounds.
Events are then categorized according to four variables: HT , MT2 , Nj , and number of b-tagged
jets. Events with Nj = 1 are categorized according to the jet pT and the presence or absence of a
b-tagged jet. The analysis spans a wide range of kinematics and jet multiplicities, containing 213
search bins in total. Depending on mLQ and the decay products, different search bins provide
the greatest signal sensitivity.
Figure 2 (left) shows the MT2 distribution in one of the most sensitive search categories
for mLQ = 1500 GeV decaying with unity branching fraction to tν. Simultaneous maximum
likelihood fits to data yields in all bins are performed, showing no significant deviations from the
SM prediction. Assuming a scalar (vector) LQ decaying with unity branching fraction to a light
quark and neutrino, mLQ < 980 (1790) GeV are excluded at the 95% CL by the observed data.
For an LQ decaying to bν, mLQ < 1100 (1810) GeV are excluded, and for an LQ decaying to
tν, mLQ < 1020 (1780) GeV are excluded, as shown in Figure 2 (right). A vector LQ decaying
with a 50% branching fraction to tν, and 50% to bτ , has been proposed [10] as part of an
explanation of anomalous B physics results. In such a model, using only the decays to tν, LQ
masses below 1530 GeV are excluded assuming the Yang-Mills type coupling, placing the most
stringent constraint to date from pair production.
5

LQLQ→ τ τ tt

This analysis [4] targets pair production of LQs, each decaying to a top quark and a τ lepton.
Since both the top quarks and the τ leptons can decay leptonically or hadronically, a variety of
final states emerges. The search considers final states with an electron (pT > 30 GeV, |η| < 2.1)
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Figure 2 – (Left) MT2 distribution with a hypothetical vector LQ signal with mLQ = 1500 GeV with unity
branching fraction to tν, (right) The 95% CL upper limits on the production cross sections as a function of LQ
mass for LQ pair production decaying with unity branching fraction to a neutrino and a top quark [5].

or a muon (pT > 30 GeV, |η| < 2.4), one or two τh candidate(s) (pT > 20 GeV and |η| < 2.1), and
at least two jets (pT > 50 GeV and |η| < 2.4). Events are selected if a third jet with pT > 30 GeV
and |η| < 2.4 is present, and any additional jets are only considered if they have pT > 30 GeV.
The events are further divided into three categories, depending on various kinematic quantities.
The most sensitive category requires exactly one τh candidate with pT > 100 GeV and one
oppositely charged electron or muon. Further, the leading jet is required to have pT > 150 GeV,
pmiss
> 100 GeV, at least one b-tagged jet, and the scalar pT sum of all selected jets, leptons,
T
and pmiss
should be greater than 1200 GeV.
T
In this analysis, the dominant background comes from tt̄ production process, where the jet
is misidentified as a τh candidate. As the top quarks originating from the decay of a heavy
LQ are expected to be produced with larger pT than the top quarks in the tt̄ background,
the pT distribution of the top quark candidate decaying into hadronic jets (ptT ) is used as
a final discriminant. The ptT is constructed by the jet triplet that gives the best top quark
mass (172.5 GeV). Since the ptT distribution is not well modeled by the simulated events, the
background distribution in the signal region (SR) has been derived by using a control region
(CR), where the τh isolation requirement is inverted. Since the inversion of the τh isolation
criterion introduces kinematic differences between the SRs and CRs, the ptT distribution has
been corrected in order to reproduce the shape of the backgrounds in the SRs.
The statistical evaluation in the most-sensitive category is performed through a templatebased fit to the measured ptT distribution, as shown in Figure 3 (left) for the muon channel.
No evidence for pair production of LQs is found. Assuming a branching fraction of unity for
the decay LQ → tτ , upper limits on the production cross section are set as a function of mLQ ,
excluding masses below 900 GeV at 95% CL. Exclusion limits with varying β are presented in
Figure 3 (right), where limits on the complementary LQ → bν (β = 0) decay channel are also
included. The results for β = 0 are obtained from a search for pair-produced bottom squarks
with subsequent decays into b quark and neutralino pairs [9], in the limit of vanishing neutralino
masses. Scalar LQs can be excluded for mLQ < 1200 GeV for β = 0 and for mLQ < 750 GeV
over the full β range.
6

LQ→ τ τ b

As the LQ mass increases, the cross section for the singly produced LQ starts to dominate
than that of the pair production. If the third-generation LQ is responsible for the observed B
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Figure 3 – (Left) ptT distribution in one of the most sensitive category in the muon channel, (right) Upper limits
at 95% CL on the leptoquark mass as a function of the branching fraction for the pair production of scalar LQs
decaying to a top quark and a τ lepton [4].

physics anomalies, a large λ is favored (λ ∼ mLQ measured in TeV), such that this crossover
occurs at mLQ = 1.0 − 1.5 TeV [10]. We searched for associated production of a LQ and a τ
lepton, leading to a final state with a bottom quark and two τ leptons [8]. The analysis selects
events containing an electron or muon, and a τh candidate (denoted as the eτh , µτh channel,
respectively, or collectively as the `τh channels) or two τh candidates (τh τh channel), produced
in association with a b-tagged jet.
In the eτh (µτh ) channel, events are selected by requiring a single electron (muon) with
pT > 50 GeV and |η| < 2.1 (|η| < 2.4), and a single τh candidate with pT > 50 GeV and
|η| < 2.3. In the τh τh channel, two τh candidates are required with pT > 50 GeV and |η| < 2.1.
The selected lepton (electron or muon) and τh candidate, or two τh candidates, must meet
isolation requirements, and have opposite-sign electric charges. Since signal events contain at
least one energetic bottom quark jet coming from the LQ decay, at least one b-tagged jet with
pT > 50 GeV is required. To reduce the Z+jets background, the invariant mass, mvis , of the
lepton and τh candidate (two τh candidates), is required to be greater than 85 (95) GeV in the `τh
(τh τh ) channels. The sensitivity of the analysis is dominated by the τh τh channel due to its larger
branching fraction of B(τ τ → τh τh ) = 42%, compared to B(τ τ → µτh ) = B(τ τ → eτh ) = 21%.
Furthermore, `τh channels are contaminated by the tt̄ → WWbb → `τh ννbb, in addition to
the tt̄ → WWbb → τ` τh ννbb background, which is not the case for the τh τh channel. Here, τ`
denotes a leptonically-decaying τ lepton. The dominant background in the τh τh channel comes
from QCD multijet and tt̄ processes, where the former is derived in a data-driven way, and the
latter by simulated events.
After applying the event selection, an excess of events over the SM backgrounds is searched
for using the distribution of the scalar pT sum of all required final state objects, ST . A binned
maximum likelihood method is used for the signal extraction. The fit is performed simultaneously in the eτh , µτh , and τh τh signal regions, as well as in the eµ control region to better
constrain systematic uncertainties related to the tt̄ modeling.
Figure 4 (left) shows the ST distributions in the τh τh channel, after the combined fit. The
observed data are consistent with the background only (SM) hypothesis. Assuming λ = 1 and
β = 1, third-generation scalar LQs with mLQ below 750 (740) GeV are excluded at the expected
(observed) 95% CL. Figure 4 (right) also shows the expected and observed upper limits on λ
versus mLQ . The blue band shows the parameter space for the scalar LQ preferred by the B
physics anomalies: λ = 0.95 ± 0.25 × mLQ (TeV) [10]. The plot contains the limit from the pair
production search [6], overlaid as a red vertical line, which does not depend on λ. This result,
together with pair production search, begins to constrain the region of parameter space implied
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by the B physics anomalies.

Figure 4 – (Left) Scalar pT sum distribution in the τh τh channel, (right) 95% CL expected and observed exclusion
limits on the Yukawa coupling λ at the LQ-lepton-quark vertex, as a function of the LQ mass [8].

7

Summary

CMS has searched for leptoquarks (LQs) as one of the primary benchmark scenarios with the
lepton plus jets signature. In light of B physics anomalies, we performed extensive searches,
especially in terms of second- and third-generation LQs. In these proceedings, recent progress
has been highlighted: update on the LQ pair production decaying to muon final states; reinterpretation of the squark, gluino searches in the context of scalar and vector LQs; update on the
LQ pair production decaying to τ τ tt; new searches on singly-produced LQs decaying to τ b. All
results are consistent with SM expectations, and our limits are approaching the 1 TeV regime.
In most of the searches, the measurement sensitivity is limited by the size of the data sample.
We therefore expect further improvements of our search as the data size increases.
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K + → π + νν: first NA62 results
Radoslav Marchevski a
Department of experimental particle and astroparticle physics
Johannes Gutenberg University, Mainz, Germany
The decay K + → π + νν with a very precisely predicted branching ratio of less than 10−10
is one of the best candidates to reveal indirect effects of new physics at the highest mass
scales. The NA62 experiment at CERN SPS is designed to measure the branching ratio of
the K + → π + νν with a decay-in-flight technique, novel for this channel. NA62 has taken
data firstly in 2016 with the aim to reach the SM sensitivity, it has then collected 10 times
more statistics in 2017 and a similar amount of data is expected from the 2018 run. The
preliminary result on K + → π + νν from the full 2016 data set is presented and prospects for
future developments reviewed.

1

The K + → π + νν decay in the Standard Model

The K + → π + νν , (Kπνν ) decay is a flavour changing neutral current process proceeding through
box and electroweak penguin diagrams. The process is very rare, due to quadratic GIM mechanism and strong Cabibbo suppression. The dominant contribution comes from the short-distance
physics of the top quark loop, with a small charm quark contribution and long-distance corrections. This makes the Kπνν very clean theoretically and sensitive to physics beyond the Standard
Model (SM), probing the highest mass scales among the rare meson decays 1,2,3,4,5,6 . The SM
a
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prediction using elements of the Cabibbo-Kobayashi-Maskawa (CKM) matrix extracted from
tree-level processes 7,8 is
BR(K + → πνν) = (8.4 ± 1.0) × 10−11 .

(1)

The knowledge of the external inputs dominate the uncertainties on the predictions. The experimental result from the BNL E949 collaboration 9
−11
BR(K + → πνν) = (17.3+11.5
,
−10.5 ) × 10

(2)

was obtained using stopped kaons. The branching ratio is ∼ 1 σ away from the SM prediction,
but the measurement was based on only few events and the experimental uncertainties are large.
2

NA62 beam and detector

The fixed target NA62 experiment aims at measuring the branching ratio of the Kπνν decay
with a 10% precision. A sample of about 1013 kaon decays should be collected in few years of
data-taking using the 400 GeV/c primary SPS proton beam. A maximum of 10% of background
contamination is required, necessitating a background rejection factor of the order of 1012 .
The beam impinges on a beryllium target producing secondary particles, of which the kaon
component is 6%. A 100 m long beam line selects, collimates, focuses and transports charged
particles of (75.0±0.8) GeV/c momentum to the evacuated fiducial decay volume.
The NA62 experimental apparatus is shown in Figure 1. The KTAG is a differential
Cherenkov detector filled with N2 placed in the beam to identify and timestamp kaons. It is followed by the Gigatracker (GTK) detector, composed of three silicon pixel stations of 6 × 3 cm2
surface exposed to the full 750 MHz beam rate. The GTK is used to timestamp and measure the momentum of the beam particles before entering the vacuum region downstream. The
CHANTI detector, placed after the Gigatracker, tags hadronic beam-detector interactions in the
last GTK station. Downstream, the magnetic spectrometer made of four straw chambers and a
dipole magnet between the second and third chamber is used to measure the momentum of the
charged K + decay particles. A 17 m long RICH counter filled with neon gas is used to separate π + , µ+ and e+ . The time of charged particles is measured both with the RICH and with
an array of scintillators (CHOD) located downstream of the RICH. Two hadronic calorimeters
(MUV1 and MUV2) and a fast scintillator array (MUV3) provide further separation between
π + and µ+ . A set of photons vetoes (LAVs, LKr, IRC, SAC) hermetically cover angles up to
50 mrad to reject extra electromagnetic activity. A detailed description of the apparatus and
its performances in 2015 can be found in the NA62 beam and detector paper 10 .

Figure 1 – Schematic layout of the NA62 experiment in the xz plane
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3

The K + → π + νν analysis

The analysis of the complete 2016 data set is presented here, corresponding to a total number
of kaon decays in the fiducial decay region NK = 1.21(2) × 1011 . The Kπνν decay signature is
one track in the initial and final state with two missing neutrinos. The main kinematic variable
is m2miss ≡ (pK − pπ+ )2 , where pK and pπ+ are the 4-momenta of the K + and π + respectively.
The theoretical shape of the main K + background decay modes are compared to the Kπνν in
Figure 2 (left).

Figure 2 – Left: m2miss shapes for signal and backgrounds of the main K + decay modes: the backgrounds are
normalized according to their branching ratio; the signal is multiplied by a factor 1010 Right: Distribution of
m2miss as a function of track momentum for events selected on minimum bias data; The bands corresponding to
K + → π + π 0 and K + → µ+ νµ decays are clearly visible; the signal regions (red box) are drawn for reference.

The analysis is performed in two separate regions: Region 1 (R1) between the K + →
µ+ νµ (Kµν ) and K + → π + π 0 (Kππ ) contribution and Region 2 (R2) between Kππ and K + →
π + π + π − (Kπππ ) contribution. The main backgrounds entering those regions are Kµν and Kππ
decays through non-gaussian resolution and radiative tails; Kπππ through non-gaussian resolution; K + → π + π − e+ νe (Ke4 ) and K + → l+ π 0 νl (Kl3 ) decays with neutrinos in the final state
(l = µ, e); upstream background consisting of K + decays upstream of the GTK3 station and inelastic beam-detector interactions. Each of the background processes requires different rejection
procedure depending on its kinematics and type of charged particle in the final state.
Events with single track topology are selected using the downstream detectors STRAW,
CHOD and RICH. The track must have a matching pair of slabs in the CHOD and a reconstructed ring in the RICH, where the time is measured with 100 ps resolution. The downstream
track is then associated to an in-time kaon in the KTAG detector. The K + track is then
reconstructed and time-stamped in the GTK detector. A kaon decay vertex is created at the intersection point of the GTK and STRAW tracks. The kaon decays within a 50 m fiducial region
beginning 10 m downstream to the last GTK station (GTK3) are selected (Figure 2-right).
The π + tracks are identified by the calorimeters and the RICH counter providing 108 muon
suppression for 64% π + efficiency. The performances are measured on kinematically selected
Kππ and Kµν decays on control-trigger data.
Events passing the π + identification criteria are mainly Kππ decays, which are further suppressed by rejecting in-time coincidences between the π + and energy deposits in the electromagnetic calorimeters LKr, LAVs, SAC, IRC. The resulting π 0 suppression is 3 × 10−8 , as measured
from minimum bias and Kπνν -trigger streams before and after γ rejection, respectively.
Signal region definitions are driven by the m2miss (ST RAW, GT K) resolution σ(m2miss ) =
1 × 10−3 GeV2 /c4 . To protect against kinematic misreconstruction additional constraints are
imposed on the m2miss (RICH, GT K) computed by replacing the STRAW momentum with that
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measured by the RICH under a π + mass hypothesis and m2miss (ST RAW, Beam) computed by
using nominal K + momentum. The total Kπνν acceptance after the complete selection and
signal region definition is 4%, divided between R1(1%) and R2(3%).
The probability of the Kµν (Kππ ) decays to enter the signal regions defined by the three m2miss
is 3 × 10−4 (1 × 10−3 ). This kinematic suppression factor is used for the background estimation
and is measured using Kµν (Kππ ) decays selected with πνν-like selection on a control-trigger
data sample.
The single event sensitivity for a SM Kπνν decay is SES = (3.15±0.01stat ±0.24syst )×10−10 ,
dominated by systematic uncertainty. Summary of the systematic uncertainties on the SES is
presented in Table 1. The uncertainty is dominated by: random veto losses induced by the
π 0 rejection procedure; stability of the SES estimation when varying the π + π 0 normalization
region; simulation of the π + losses due to interactions in the detector material upstream of the
hodoscopes.
Table 1: Sources of systematic uncertainties to SES. See text for the definition of the various sources.

δSES (10−10 )

Source
Random veto
Definition of π + π 0 region
Aπνν
NK
Trigger efficiency
Extra activity
Pileup simulation
Momentum spectrum

±0.17
±0.10
±0.09
±0.05
±0.04
±0.02
±0.02
±0.01

Total

±0.24

Table 2: Summary of the expected number of signal and background events in R1 and R2 after the Kπνν analysis
is applied on the complete 2016 data set.

Process
K+
K+

→

π + ν ν̄

Expected events in R1+R2
(SM)

π + π 0 (γ)

→
IB
K + → µ+ ν(γ) IB
K + → π + π − e+ ν
K + → π+π+π−
Upstream Background
Total Background

0.267 ± 0.001stat ± 0.020syst ± 0.032ext
0.064 ± 0.007stat ± 0.006syst
0.020 ± 0.003stat ± 0.003syst
0.018+0.024
−0.017 |stat ± 0.009syst
0.002 ± 0.001stat ± 0.002syst
0.050+0.090
−0.030 |stat
0.15 ± 0.09stat ± 0.01syst

The behaviour of the K + → π + π 0 (γ) and K + → µ+ νµ (γ) background decays is shown in
Figure 3 as a function of the Pπ+ momentum and compared to the signal expectation. The
Kππ(γ) (Kµν ) background is dominating at low(high) Pπ+ . The shape of the other background
processes can’t be studied with the 2016 data set because the limited statistics. A MC simulation of 400 million generated K + → π + π − e+ νe (Ke4 ) decays is used to estimate the expected
background. The simulation is validated on data using 5 independent samples. The precision
of the Ke4 background estimation is limited by the size of the MC sample. The upstream background is estimated using a data driven method. The method is statistically limited, reflected
in the large uncertainty dominating the overall background estimation.
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Figure 3 – Left: Expected number of K + → π + π 0 (γ) background events in R1 and R2 in bins of Pπ+ compared to
the expected number of SM K + → π + νν events. Right: Same as left plot, but for the K + → µ+ νµ (γ) background.
Uncertainties on the background estimations are statistical only, while on expected signal are mostly systematic.

4

Results

One event is found in R2 after un-blinding the signal regions. The Kπνν candidate event (Figure 4-left) has 15.3 GeV/c momentum and is perfectly consistent with a π + track in the RICH
detector (Figure 4-right). Upper limit on the branching ratio of the K + → π + νν decay are
obtained using the CLs method 11 :
BR(K + → π + νν) < 14 × 10−10 @ 95% CL observed limit
BR(K + → π + νν) < 10 × 10−10 @ 95% CL expected limit.
Alternatively the Rolke-Lopez method 12 is used, assuming a Poisson process in the presence of
background with a gaussian uncertainty. The results are in agreement with the CLs treatment.
A measurement of the branching ratio at 68% CL is also computed after subtracting the
expected background
−10
BR(K + → π + νν) = 2.8+4.4
@ 68% CL.
−2.3 × 10

Figure 4 – Left: m2miss as a function of Pπ+ (dots) after the complete K + → π + νν selection is applied, but the
cuts on m2miss and Pπ+ . The gray area corresponds to the distribution of K + → π + νν MC events. The red lines
correspond to the two signal regions. The event observed in R2 is shown. Right: Position of the hits in the RICH
forming the ring associated to the π + track in the observed event in R2, given by the RICH event display. The
circles illustrate the positron, muon and pion hypothesis, showing a perfect agreement with the pion hypothesis
(the innermost ring).
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No statistically significant signal observation can be claimed, therefore the branching ratio is
shown only for comparison with the result obtained by the BNL E949 collaboration BR(K + →
−10 @ 68% CL 9 and with the Standard Model prediction BR(K + →
π + νν) = 1.73+1.15
−1.05 × 10
π + ν ν̄) = (0.84 ± 0.10) × 10−10 . Our result is in agreement with both the SM prediction and
previous measurements.
The analysis of the 2016 data set proves that the decay-in-flight technique of NA62 to study
K + → π + νν works. The K + → π + νν analysis of the 2017 data is ongoing. Improvements
at both hardware and analysis level are foreseen to reduce the background and improve signal
efficiency. Considering the statistics collected in 2017 and expected in 2018, NA62 should observe
about 20 SM K + → π + νν events with the complete data set.
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STATUS OF KL → π 0 νν ANALYSIS AT J-PARC KOTO

KOTA NAKAGIRI
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The purpose of the J-PARC KOTO experiment is to study the KL → π 0 ν ν̄ decay. This rare
decay is known as a “golden mode” to search for new physics beyond the Standard Model (SM)
because it violates the CP symmetry directly, it is strongly suppressed in the SM (branching
fraction : 3 × 10−11 ), and its theoretical uncertainty is small (2%). The upper limit on the
branching fraction of the decay is 2.6 × 10−8 by the KEK E391a experiment. In 2013, in the
first physics run for 4 days we achieved a comparable sensitivity as in E391a. In 2015, we
performed a physics run and collected the data 20 times more than the 2013 run. The status
of the data analysis is reported.

1

Introduction

KL → π 0 νν is a CP-violating rare decay. It is highly suppressed in the Standard Model (SM)
because it is induced by the s → d flavor-changing neutral current transition. The SM predicts
the branching fraction of this decay to be 3.0 × 10−11 . The suppression in the SM and the
small theoretical uncertainty (2%) 1 allow the decay mode to be a sensitive probe to search for
new physics beyond the SM. The current experimental upper limit on the branching fraction is
2.6 × 10−8 at the 90% confidence level 2 , which was set by the E391a experiment. An indirect
limit based on the measured branching fraction of the K + → π + νν decay is 1.46 × 10−9 at the
90% confidence level 3 4 , which is approximately an order of magnitude better than the direct
one.
The KOTO experiment at the Japan Proton Accelerator Research Complex (J-PARC) is
dedicated to study the KL → π 0 νν decay. The KOTO detector is located at the Hadron
Experimental Facility (HEF) of J-PARC. The first physics run 5 was conducted in 2013. With 4day data taking, we achieved the single event sensitivity (SES) of 1.28×10−8 , which is comparable
to the sensitivity of E391a. In 2015, we performed a physics run and collected the data 20 times
more than the 2013 run. The status of the analysis of 2015 data is provided in this report.
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Figure 1 – Cross-sectional view of the KOTO detector system in the 2013 run. The decay volume (Z=3-5 m)
is surrounded by the CsI Calorimeter and other veto counters. BHTS was not used for the veto system but for
detector calibration. Some detectors were added before the 2015 run, as described in section 4.

2

Experimental apparatus and technique

The KL → π 0 νν decay contains only neutral particles in the initial and final states. Two
photons from π 0 are observable in this decay, and the final state in the detector is “two photons
+ nothing else.”
2.1

KL beam line

A 30-GeV proton beam is extracted from the J-PARC Main Ring accelerator and transported
to HEF every 5.52 seconds with a duration of 2 seconds. A gold production-target is bombarded
with the beam, and neutral particles are transported to the experimental area. The beam line
consists of a 7-cm-thick lead photon absorber, two collimators, and a sweeping magnet, and is
21-m-long toward the 16◦ direction from the primary beam. The solid angle of the secondary
beam spread is 7.8 µsr, which corresponds to the size of 8 cm × 8 cm at the end of the beam
line (“beam exit”), or the upstream end of the KOTO detector system.
The neutral beam also contains neutrons and photons. Some neutrons are scattered inside
the collimators and spread out of the nominal beam solid angle; they are referred to as “halo
neutrons.”
2.2

KOTO detector

A schematic view of the KOTO detector is shown in Fig. 1. A KL beam is directed in the positive
z-direction. Two photons from π 0 are measured by an electromagnetic calorimeter (CSI), which
consists of 2716 undoped CsI crystals. The length of the crystals is 50 cm, and the cross-section
of the crystals is 25 mm × 25 mm for the inner 1.2 m × 1.2 m region and 50 mm × 50 mm for
the outer region, respectively. A beam hole of 15 cm × 15 cm is located at the center of CSI to
let the beam particles pass through. The waveform of all the signals from the crystals of CSI
were recorded with 125 MHz ADCs with a Gaussian shaper 6 .
The other detector subsystems are veto counters to ensure that there are no other detectable
particles in the KL decay. Backgrounds due to the KL decay modes such as KL → 3π 0 ,
KL → π + π − π 0 , and KL → 2π 0 are rejected by imposing vetoes. Main Barrel (MB) and Front
Barrel (FB) are cylindrical shower counters consisting of layers of lead and plastic-scintillator
sheets, surrounding the decay volume to detect extra photons from the KL → 3π 0 and KL → 2π 0
decays. OEV, which is also a set of lead-scintillator sandwich shower counters, is placed at the
outer edge of the CSI. NCC, a photon veto counter made of undoped CsI crystals, is located
inside FB and covers the upstream near-beam region. CC03, CC04, CC05 and CC06 are photon
veto counters composed of undoped CsI crystals. Charged Veto (CV), which consists of two
layers of 3-mm-thick plastic scintillator sheets, is a charged-particle counter covering the front
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Figure 2 – Reconstructed π 0 transverse momentum (Pt ) v.s. decay vertex position (Zvtx ) plot of the 2013 run
result 5 . All the selection criteria are imposed. The region surrounded by solid lines is the signal region. The
black dots represent the data. The numbers in black represent the observed numbers of events and the numbers
in red represent the estimated number of background events.

of CSI to veto the KL decays with charged particles in the final states. Hinemos, BCV, LCV
are charged-particle counters made of plastic-scintillators. BHCV and BHPV are in-beam veto
counters for charged particles and photons, respectively, to detect particles which escape through
the beam hole of CSI.
2.3

Event reconstruction and selection

The event reconstruction was based on the CSI information. A π 0 was reconstructed from two
photons hitting CSI. The opening angle θ between the two photons was calculated as
cos θ = 1 −

Mπ20
,
2Eγ1 Eγ2

(1)

where Mπ0 is the nominal π 0 mass and Eγ1 and Eγ2 are energies of photons. Assuming the π 0
decay vertex to be on the beam axis, the vertex position Zvtx and the π 0 transverse momentum
Pt were obtained.
In the case of the KL → π 0 νν decay, the reconstructed π 0 should have a finite Pt because
the two neutrinos carry away with their momenta. A signal region is defined on the Pt versus
Zvtx plot of the reconstructed π 0 . We determine all the selection criteria (cuts) without seeing
the candidate events in the signal region in order to reduce bias.
3

Results of the first physics run

In our first physics run performed in 2013, the SES of 1.28 × 10−8 was achieved. One event was
observed in the signal region, which was consistent with the expected number of background
events, 0.34. The final plot of the 2013 data analysis is shown in Fig. 2.
The dominant background in the analysis was “hadron cluster background” induced by halo
neutrons. A halo neutron hits CSI and makes a primary hadronic shower. A neutron in the
shower can travel and make another hadronic shower in CSI. Events in and above the signal
region in Fig. 2 are considered to be due to the hadron cluster events.
Events that are located at around Z = 2400 mm are derived from the π 0 production by halo
neutrons hitting NCC. Although their reconstructed Z positions are outside the signal region,
the events can be a background source (NCC-π 0 background) because if the energy of photons
is measured smaller, the decay vertex shifts downstream toward the signal region.
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Events in the low Pt region are from the KL → π + π − π 0 decays, in which π + and π − go
through the beam hole. Some π ± ’s interact with the vacuum pipe and disappear without making
hits in any veto counter.
4

Detector upgrades after 2013

In order to suppress the backgrounds described above, we upgraded the KOTO detector after
the 2013 run.
The hadron cluster and NCC-π 0 backgrounds are induced by halo neutrons. To reduce
them, we focused on two scattering sources. One was the collimators in the beam line. A
beam profile monitor was developed, and collimators were tuned according to the beam profile
measurements. The other source was the polyimide vacuum window placed at the end of the
beam line to separate the vacuum regions in the beam line and the detector. We replaced the
vacuum window (125-µm-thick) to thinner one (12.5-µm-thick). As a result, the number of halo
neutrons was reduced by half.
For the KL → π + π − π 0 background, the downstream beam pipe was replaced. The old one
was made of stainless steel, and the new one was made of aluminum. The thickness of the beam
pipe was 5 mm for both the old and new ones. In addition, we added new scintillation counters
along the beam pipe. With these upgrades, the KL → π + π − π 0 background was suppressed to
1/20.
5

Status of the 2015 data analysis

In the 2015 run, in addition to the physics data-taking, we performed a special run to collect a
control sample of the hadron cluster background. In this run, we inserted an aluminum plate in
the upstream beam-core region so that scattered neutrons hit CSI and produced hadron cluster
events.
5.1

Sensitivity estimation

The KL yield was calculated with the simultaneously-collected KL → 2π 0 sample. A KL was
reconstructed with four photons in CSI. After the acceptance corrections, the KL yield was
obtained to be 4.62 × 1012 at the beam exit.
The signal acceptance was estimated by simulation to be 1.8 × 10−4 including the decay
probability in the decay region. The SES was calculated to be 1.2 × 10−9 (preliminary), which
is 10 times better than the sensitivity of the 2013 result.
5.2

Background estimation

Hadron cluster background
For further suppression of the hadron cluster background, new cuts were developed. The key
was how to discriminate photon clusters from neutron clusters using the CSI information. There
are two types of cuts: the cluster shape discrimination and the pulse shape discrimination.
The fine segmentation of CSI allows us to reconstruct the electromagnetic shower development. The “Cluster shape χ2 cut” compares the cluster shape with that of a simulated photon
cluster and evaluates the consistency as a χ2 value:
χ2 =

1
N

27×27
Xregion 
i

ei /Einc − µi
σi

2

,

(2)

where Einc is the measured photon energy, ei is the measured deposit energy in the i-th crystal,
µi and σi are the expected mean and standard deviation of ei /Einc , respectively, obtained from
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a simulation with photons. The summation is taken over 27 × 27 crystals around the cluster
center. If the χ2 value is small, the event is accepted. This cut has already been used in the
2013 data analysis.
The new “Cluster shape neural-net cut,” also with the cluster shape information, uses a
neural net based on several variables from a cluster shape. The main difference from the Cluster
shape χ2 cut is to use the timing difference among the crystals in a cluster.
The “Pulse shape likelihood cut” uses the pulse shape information. This method extracts
the information of the waveform by fitting it with an asymmetric Gaussian :
A(t) = |A|exp −

(t − t0 )2
2σ(t)2

!

,

σ = σ0 + a(t − t0 ).

(3)

In the case of neutron, hadronic showers have longer tail components. It makes the σ0 and a
parameters in the fitting function larger. A likelihood ratio based on σ0 and a was used to reject
the hadron cluster background events.
The reduction power of these cuts were evaluated with the control sample taken with the
neutron scattering source. The number of the hadron cluster background events was estimated
to be 0.26 ± 0.08.
CV-η background
In the 2015 data analysis we identified a new background source, which is referred to as “CV-η
background.” This background is caused by neutrons hitting CV and producing η mesons. The
η decays to two photons, and the opening angle between the photons are calculated to be smaller
than the true one due to the heavier mass of η (Mη ∼ 4Mπ0 ).
We developed a new cut for the reduction ; this cut rejects the events in which the cluster
shapes are consistent with the assumption that they are originated from the η → 2γ decay at
CV. The acceptance curve against the CV-η background and the signal are shown in Fig. 3.
With this cut, the CV-η background was suppressed by a factor of 10 while keeping 90% of
signal acceptance. The number of this background was estimated to be 0.05 ± 0.02.

Figure 3 – Acceptance of the new cut as a function of the cut threshold. Blue (red) graph represent the acceptance curve against CV-η background
(signal).

Other background sources
Backgrounds due to other KL decays were estimated with simulations. The number of these
background events was estimated to be 0.44 ± 0.15 in total.
The NCC-π 0 background was estimated by a simulation with the halo neutrons. The yield
was normalized to the number of events in the upstream region in the data. The number of this
background was estimated to be 0.13 ± 0.07.
Tab. 1 summarizes the background estimation in the signal region. The total number of
the background was estimated to be 0.88 ± 0.18 (preliminary). The Pt versus Zvtx plot of the
reconstructed π 0 of the 2015 data is shown in Fig. 4.
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Figure 4 – Reconstructed π 0 transverse
momentum (Pt ) v.s. decay vertex position (Zvtx ) plot of the 2015 run. All
the selection criteria are imposed. The
signal region is masked. The numbers
in red represent the estimated number
of background events. The components
are listed in Tab. 1.

Table 1: Summary of the background estimation in the 2015 data analysis (preliminary).

Background source
KL → 2π 0
KL → π + π − π 0
KL → 3π 0
KL → 2γ
Hadron cluster
NCC - π 0
CV - η
Total
6

Estimated number of events
0.07 ± 0.07
0.18 ± 0.05
0.17 ± 0.12
0.02 ± 0.02
0.26 ± 0.08
0.13 ± 0.07
0.05 ± 0.02
0.88 ± 0.18

Conclusions and prospects

The KOTO experiment studies the KL → π 0 νν decay at J-PARC. We performed a physics run
in 2015 and collected 20 times more data than the first physics run in 2013.
The analysis is ongoing, and the sensitivity of an order of magnitude better than the first
run is expected. After optimizing the selection criteria, we plan to release the results of the 2015
data in the summer of 2018.
After the 2015 run, we continued to take data with an additional cylindrical photon-counter
inside MB. We have collected as much data as the 2015 run until Feb. 2018.
In the summer of 2018, we are going to upgrade the KOTO detector in order to acieve further
background reduction. After that, we will continue data-taking for several years to search for
the KL → π 0 νν decay at the SES of O(10−11 )
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ASSOCIATED TOP PRODUCTION IN ATLAS AND CMS
SERGIO SÁNCHEZ CRUZ
on behalf of the ATLAS and CMS Collaborations
Facultad de Ciencias, 18 Federico Garcı́a Lorca,
Oviedo (Asturias) Spain
A set of measurements of top quark pair and single top quark production in association with
standard model (SM) bosons performed by the CMS and ATLAS Collaborations is presented.
The consistency of these results among themselves and with the SM prediction is discussed.
The latest results on four top quark production are also shown.

1

Introduction

The study of processes that involve the production of top quarks in association with the vector
bosons is an important test of the consistency of the SM of particle physics. In these processes
top quarks are either produced singly (tZq, tW) or in pairs (tt̄Z, tt̄W), and their production
cross-sections in pp collisions are several orders of magnitude below that of tt̄ production or
Drell-Yan, characteristic of hadron colliders at the CERN LHC energy scale. Nevertheless the
increased integrated luminosity delivered by the LHC to the ATLAS 1 and CMS2 experiments
makes the study of these processes feasible. This article reports on measurements of these
√
processes in pp collisions at s = 13 TeV recorded by the ATLAS and CMS experiments.
Measurements of tt̄Z and tZq provide a direct probe of the coupling of the top quark to the
Z boson, and tZq can also be sensitive to the WWZ coupling. The study of the tW process is
interesting because its sensitivity to the b quark PDF and its interference with tt̄ production
at NLO. Therefore tW production tests interesting aspects of QCD. tt̄W is, as the rest of the
processes, an important background in searches for new physics and precision SM measurements.
Another interesting process is tt̄tt̄ production. Its small cross-section makes very challenging
its study at the LHC, however its measurement would provide a valuable test of higher-order
perturbative QCD calculations. Moreover, it is sensitive to the Yukawa coupling of the Higgs
boson to the top quark, yt . Figure 1 shows leading order diagram for the 5 processes.
2

Associated production of a tt̄ pair with a vector boson

The tt̄W and tt̄Z production cross-section measurements 3,4 are performed in events in which
at least one of the W bosons originated in the top quark decay further decays into a lepton
(electron or muon), and the associated W and Z boson decays to a lepton and a neutrino or two
leptons, respectively.
The production of tt̄W is measured by CMS in events with two same-sign leptons, in order
to discriminate most of the background, and utilizes multivariate analysis (MVA) techniques
in order to separate signal from the remaining backgrounds, and to define a control and signal
region. 20 independent measurement regions are built in order to extract the cross-section
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Figure 1 – Leading order diagrams for the processes studied in this document. Top row shows tt̄W (left), tt̄Z
(center) and tt̄tt̄ (right), and bottom row shows tZq (left), tW (right).

Events

depending on the value of the MVA score, the charge of the leptons, the number of jets and
number of b-tagged jets, as shown in fig 2. The measurement of ttZ is performed in events
with three or four leptons containing a Z boson candidate, and measurement regions are defined
depending on the number of jets and b-tagged jets. Signals are extracted by performing a
maximum likelihood fit to the event yield in the measurement region defined.
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Figure 2 – Event yield in measurement regions from which the signals are extracted, after the fit is performed 3 .

Main backgrounds for both analyses are events containing non-prompt leptons, which are
not produced in prompt decays of W or Z bosons and which are estimated in a data-driven
fashion, and WZ production, that is estimated using simulations and validated in data control
regions.
tt̄Z and tt̄W are determined simultaneously and found to be consistent with SM prediction
within one standard deviation, as shown in fig 3. The result described corresponds to more
than 5 σ evidence of the two processes. This result allows to put stringent limit on new physics
models parameterized by the Wilson coefficients of several dimension 6 operators 5 .
Another measurement performed by ATLAS targets equivalent topologies 4 . tt̄W is measured
in events with two same-sign muons and three leptons, while tt̄Z is measured in events with three
or four leptons. Several measurement and control regions are defined, depending on the topology
of the event. They are summarized in figure 4.
Being performed in a smaller dataset, the result is still limited by the statistical uncertainty
of the collected data, and provides 3.9 σ evidence for tt̄Z production and 2.2 σ evidence for tt̄W
production.
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3

tt̄tt̄ production

The search for production of four top quarks is performed in events with at least a same-sign
lepton pair6 by CMS. Eight measurement regions are built depending on the lepton, jet and
b tag multiplicity, and are shown in fig 5. The signal is extracted by performing a maximum
likelihood fit to the measurement region yields, obtaining a tt̄tt̄ cross-section of 16.9+13.8
−11.4 fb,
in agreement with SM prediction. This result also allows to constrain the top quark Yukawa
coupling, obtaining an upper limit of |yt /ytSM | < 2.1, as shown in fig 5.
The ATLAS Collaboration has also performed this measurement using a smaller dataset in
the single lepton channel, in events with large jet multiplicity, obtaining an upper limit on the
tt̄tt̄ production rate of 21 times the SM value 7 .
4

tW production

The measurement of tW production is challenging due to the overwhelming presence of tt̄ production in the measurement regions. Both ATLAS 8,9 and CMS 10 Collaborations have measured
√
this process at s = 13 TeV. ATLAS utilizes the three di-lepton channels (ee, µµ and eµ) together in a smaller dataset, while CMS performs the measurement in the eµ channel.
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Figure 5 – Event yield in the defined measurement regions in the CMS analysis (left), upper limit derivation on
|yt /ytSM | (center) 6 , and signal and control regions in the ATLAS analysis (right) 7 .

Both analyses exploit the different distributions of the jet and b-jet multiplicity between tW
and the main background, as shown if fig 6, in order to extract the signal. Both define three
measurement regions: 1j1b (exactly one jet that is b-tagged), 2j1b (exactly two jets, out of which
one is b-tagged) and 2j2b (exactly two jets that are b-tagged). The first category contains most
of the signal, while the second and the third are used to constrain the background.
Both CMS and ATLAS have developed dedicated MVA discriminators for the 1j1b and
2j1b regions in order to discriminate signal from tt̄, while CMS also uses the subleading jet
transverse momentum distribution in the 2j2b region to allow for a better constraint of the
systematic uncertainties. The distribution of the MVA discriminators are shown in fig 6.
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The signal is extracted by performing a maximum likelihood fit to data in the distribution of the chosen variables, in which systematic uncertainties are parameterized as nuisance
parameters.
The result obtained by the ATLAS Collaboration is a measured inclusive cross-section of
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94 ± 10 (stat.) +28
−22 (syst.) ± 2 (lumi.) pb, obtaining a precision of the order of 30%. CMS
obtains a result of 63.1 ± 3%(stat.) ± 9%(syst.) ± 3%(lumi) pb, with an accuracy of the order of
10%. Both results are compatible with the SM prediction and between themselves.
The differential tW cross-section has also been measured by the ATLAS Collaboration 9 .
The measurement is performed in a fiducial region defined by the presence of two leptons and
exactly one jet containing b hadrons. These requirements are applied in the reconstructed-level
selection. On top of that, a signal-enhaced region is defined by the MVA discriminator. This
approach increases the statistical uncertainty but drastically reduces the tt̄ contribution to the
measurement, resulting in an overall reduced uncertainty.
The measurement is performed in six observables that are chosen so they are uncorrelated
to the MVA discriminant. The observed distributions are normalized to the measured fiducial
cross-section and unfolded to observables based on stable particles produced in Monte Carlo
simulations. Figure 7 shows two of the unfolded distributions compared to the results obtained
using different Monte Carlo models, showing a fair agreement with all of them.
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Figure 7 – Differential cross-section unfolded from data and compared with selected Monte Carlo models 9 .

5

tZq production

ATLAS11 and CMS12 have shown evidence for tZq production in pp collisions. Both measurements search for tZq production in events with three leptons, out of which two are candidates
of having been produced in the decay of a Z boson.
The measurement by ATLAS is performed in events with exactly 2 jets, out of which one
of them must be b-tagged. The remaining jet typically recoils against the tZ system and can
be emitted more colinearly with respect to the beam direction. The signal is extracted by
performing a maximum likelihood fit to the distribution of a MVA discriminator trained to
disentangle signal from the backgrounds, which is shown in figure 8.
The main source of background in this measurement is due to events with non-prompt
leptons, and are estimated in a twofold approach: events with a Z boson and a non-prompt lepton
are estimated using a data-driven method, while the remaining components of this background
-mainly tt̄- are estimated from simulations and validated in dedicated control regions.
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The CMS analysis utilizes three measurement regions defined by the number of b-tagged
jets and jets. The 1bjet region is defined as events containing two or three jets, one tagged a b
jet, and is the most signal enriched one. The 2bjets and 0bjets regions are used to control the
tt̄Z and WZ backgrounds, repectively. The former is defined as events with at least two jets,
with at least two b-tagged, while the latter is formed with events with at least one jet, but zero
b jets.
Signal is extracted by performing a maximum likelihood fit to the distributions of two MVA
discriminants in the 1bjet and 2bjet regions, while the transverse mass distribution is employed
in the 0bjet region. The distribution of the MVAs is shown in figure 8.
The result by ATLAS reports a signal strengh of µ = 0.75 ± 0.21 (stat.) ± 0.17 (syst.) ±
+0.31
0.05 (th.), while the result by CMS obtains a signal strength of µ = 1.31+0.35
−0.33 (stat.) −0.25 (syst.),
both consistent with the SM predictions.
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MEASUREMENTS OF THE TOP QUARK MASS USING THE CMS AND
ATLAS DETECTORS AT THE LHC
S. Menke, on behalf of the ATLAS and CMS Collaborations
Max-Planck-Institute für Physik, Föhringer Ring 6, 80805 München, Germany

Measurements of the top quark mass obtained by the ATLAS and CMS experiments in protonproton collisions at the LHC for centre-of-mass energies of 7, 8 and 13 TeV are presented.
The mass of the top quark is measured using several methods and channels, including the
reconstructed invariant mass distribution of the top quark and shapes of kinematic observables
from top quark decay products. Measurements of the top-quark pole-mass based on the
inclusive and differential tt̄ production cross sections and observables based on the differential
cross section in the tt̄ + 1jet channel are also discussed.

1

Introduction

The top quark is by far the heaviest known fermion and the heaviest known fundamental particle.
This gives the top-quark mass a unique role in over-constraining Standard Model (SM) fits 1
and testing their validity in comparisons to direct mass measurements. Together with the mass
of the Higgs boson the top-quark mass has consequences on the SM vacuum stability 2 .
Precision measurements of the top-quark mass are based on the “Run-1” datasets with
integrated luminosities of about 5 fb−1 and 20 fb−1 for both LHC experiments, ATLAS 3 and
CMS 4 , at 7 and 8 TeV, respectively. For “Run-2” both experiments have collected ∼ 85 fb−1 by
√
now at s = 13 TeV and results from CMS with the first 35.9 fb−1 are already available. The
statistical and systematic uncertainties on the top-quark mass reach levels well below 1 GeV –
with smaller uncertainties reached at 8 TeV due to the increased statistics.
Direct measurement methods as discussed in section 2 lead currently to the smallest overall
uncertainties but indirect methods as described in section 3 catch up in precision. For both
the theoretical question, how exactly the measured top-quark mass can be interpreted, seems to
converge to the same answer – that it can be identified with the top-quark pole mass. Experimentally, within uncertainties, direct and indirect measurements are giving consistent results,
hence supporting this view 5 .
Copyright 2018 CERN for the benefit of the ATLAS and CMS Collaborations. Reproduction of this article
or parts of it is allowed as specified in the CC-BY-4.0 license
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2

Direct top-quark mass measurements

A typical analysis leading to a direct top-quark mass measurement starts with the reconstruction
of top-quark candidates in events matching the signature of pp → tt̄ both in data and simulated
samples. Often with the aid of a kinematic fit improving the four-vectors of the decay products
assuming the decay chain t → Wb followed by either leptonic (W → νl) or hadronic (W → qq0 )
decay of the W-boson.
The top-quark mass is then obtained in likelihood fits in one (the top-quark mass mtop )
or more (jet energy scale factors for light-quark and b-quark jets, the fraction of background
events, ...) parameters of kinematic distributions in data to templates 6 or ideograms 7 from the
simulation.
Templates are probability-density-functions constructed from full Monte Carlo simulations
in the final observables (for example the reconstructed top-quark mass). For a variety of different top-quark-mass settings in the Monte Carlo and, optionally, variations in other quantities,
like a systematic shift in the jet-energy scale (JES) or jet-energy-scale factor (JSF), templates
are obtained for signal and background samples. Their shapes are parameterised and for the
signal samples the shape parameters are expressed as polynomial in mtop and the other varied
quantities.
Ideograms extend the idea of templates by allowing multiple permutations per event – in
the signal templates and in the final observable. The signal templates for the reconstructed topquark mass can differ for example by the number of correct matches of the reconstructed decay
products with generator-level partons and in each event all possible assignments of reconstructed
objects to partons are used with a weight proportional to the goodness-of-fit probability (pg.o.f. ).
2.1

Lepton plus Jets Channel
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Experimentally, tt̄ events with one of the W-bosons from top decay decaying leptonically (e or µ)
and the other one to quarks offers the best compromise between low backgrounds (through the
presence of an isolated high p⊥ charged lepton), large statistics and kinematic constraints (only
one neutrino escapes detection and can be accounted for with its transverse momentum through
the measurement of the missing transverse momentum vector). Therefore, the lepton+jets
channel leads typically to the lowest overall uncertainty on the top-quark mass. Beyond the
requirements for the leptons the signature is completed by 4 central jets, where exactly two of
them are identified as b-quarks. The reconstructed hadronic W-boson mass, mreco
W , prior to the
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Figure 1 – The reconstructed top-quark mass. Overlaid is the template fit for ATLAS 8 on the left and the
ideogram fit for CMS 9 on the right.
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adjustments of the four-vectors of the jets, is sensitive to the jet energy scale and is used as one
8
fit
of the templated observables. The reconstructed top-quark mass, mreco
top in ATLAS , and mt
9
in CMS , after the kinematic fit, is the main templated observable (see Fig. 1).
reco , the ratio of transverse momenta of b-tagged
ATLAS uses in addition a template in Rbq
over light jets prior to the kinematic fit, which gives a handle on the b-jet energy scale bJSF.
For the most recent ATLAS analysis at 8 TeV 8 an optimisation procedure led to a set of 13
input variables for a boosted-decision-tree (BDT) analysis to improve the event selection. The
three with the largest separation power are the log Likelihood of the kinematic fit, the distance
∆Rqq between the two light jets and the transverse momentum of the hadronic W-boson. The
final template fit to one-dimensional distributions in the three observables mentioned above for
the permutation with the highest BDT output leads to the result mtop = 172.08 ± 0.39stat ±
0.82sys (0.54JES ⊕ 0.38bTag ⊕ 0.32Model ⊕ ...) GeV. All modelling and theory-related uncertainties
are combined here and for other quoted direct mass measurements in σModel , which together
with jet-energy and flavour-tagging uncertainties accounts for the dominant part of systematic
uncertainty.
CMS’ most recent analysis in this channel 9 is one of the first at 13 TeV employing simultaneous ideogram fits in up to two observables (mreco
and mfit
W
t ) where both are weighted with
pg.o.f. . Compared to the 1D fit in just the top-quark mass and the full 2D fit in mtop and JSF the
best precision is achieved in the hybrid approach, where the 2D fit is augmented by a Gaussian
prior in JSF based on jet energy correction (JEC) constraints: mtop = 172.25 ± 0.08stat+JSF ±
0.62sys (0.41Flavor ⊕0.41Model ⊕0.19JEC ⊕...) GeV. The use of modern generators for this analysis
which contain next-to-leading order (NLO) effects in the top-quark decay are an important step
to unite the theoretical view of direct and indirect top-quark mass measurements.
2.2

Di-Lepton Channel

Requiring exactly two isolated oppositely charged leptons (except taus) in addition to two central jets, where at least one of them carries a b-tag, describes the base selection for the di-lepton
channel, in which both W-bosons decay leptonically. This channel features the smallest background among all top-pair channels but suffers from two neutrinos escaping detection. The two
most recent analyses for ATLAS 10 and CMS 11 are performed at 8 TeV. For same flavour leptons
large missing transverse momentum requirements and di-lepton invariant mass vetoes protect
against resonance decays to lepton pairs. Templates in the invariant mass of one of the leptons
and one of the b-jets (in case only one jet is b-tagged, the one with the highest b-tag weight is
taken as second b-jet), mreco
`b , are used to fit the top-quark mass.
ATLAS takes the permutation of lepton-b-jet pairings with the lowest average m`b . An optimisation procedure on the expected uncertainty of the fitted top-quark mass led to a restriction
on the combined lepton-b-jet transverse momentum, p⊥,`b > 120 GeV, and a fiducial range for
the templates of 30 GeV < mreco
`b < 170 GeV. The fit of mtop and the background fraction as free
parameters yields: mtop = 172.99 ± 0.41stat ± 0.74sys (0.54JES ⊕ 0.35Model ⊕ 0.30bJES ⊕ ...) GeV,
presently the result with the lowest overall uncertainty from ATLAS.
CMS employs two matching routes. The first is selecting for each b-jet the lepton that gives
the smallest m`b and the second is selecting for each lepton the b-jet that gives the smallest
m`b . This leads to either two or three different m`b , bound by the same kinematic endpoint
as the correct pairings and thus improves the statistical precision. In addition to templates
in m`b CMS also uses templates in a “stransverse” mass, mbb
T2 , which treats both W-bosons
as invisible. The third templated observable is mb`ν , the invariant mass of all three decay
products of each top-quark, where the neutrino four-vectors are inferred from a minimisation
procedure on another “stransverse” mass, m``
T2 , treating the neutrinos as invisible. 1D and
2D fits in mtop (1D) or mtop , JSF (2D) to mb` and mbb
T2 are performed and compared to an
alternative 1D fit in mtop to mbb
and
m
.
The
best
precision is expected from a hybrid
b`ν
T2
approach with 80% weight given to the regular 1D fit and 20% to the 2D fit, and yields: mtop =
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+0.62
172.22 ± 0.18stat +0.89
−0.93 sys ( −0.65 Model ⊕

2.3

+0.43
−0.46 JES

⊕ 0.40b-frag ⊕ ...) GeV.

Full-Hadronic Channel

Top-quark-pair events, where both W-bosons decay hadronically, exhibit a fully resolved final
state, allowing for a direct mass measurement without inferred momenta. However, since the
event selection for this full-hadronic channel involves 6 jets and no leptons, analyses suffer from
the large QCD multijet background. The use of b-tags, and kinematic constraints (either via
topological cuts on the jets (ATLAS) or via cut on pg.o.f. of a kinematic fit (CMS)) reduces the
overwhelming background significantly. Still, data-driven methods are needed to estimate shape
and amount of the remaining background. The latest results are based on the 8 TeV datasets
for ATLAS 12 and CMS 13 .
ATLAS obtains from a template fit of the top-quark mass to the 3-jet to 2-jet mass ratio,
R3/2 ≡ mjjj /mjj : mtop = 173.72 ± 0.55stat ± 1.01sys (0.69Model ⊕ 0.60JES ⊕ 0.34bJES ⊕ ...) GeV.
R3/2 reduces the impact of JES significantly without the need to construct templates in a second
observable.
reco
For CMS the hybrid fit in mtop and JSF to ideograms in mfit
t and mW offers as for the
other direct measurements the best result on the top-quark mass for this channel: mtop =
172.32 ± 0.25stat + JSF ± 0.59sys (0.41Flavor JSF ⊕ 0.35Model ⊕ 0.26JES ⊕ ...) GeV.
3

Indirect top-quark mass measurements

Indirect top-quark mass measurements complement the direct measurements by reversing the
analysis chain: Instead of fits of simulated templates or ideograms, which reflect the parton level
“folded” with the detector response, to data distributions, the indirect method is to unfold the
data to hadron or parton level and compare the unfolded distributions with QCD predictions
pole
with mtop as parameter. The advantage is a better control over the scheme in which the
top-quark mass is defined but the price to pay are larger uncertainties connected with the
unfolding of the data and, due to the indirect dependency, potentially less sensitivity to the
top-quark mass. An example for the latter is the top-pair-production cross section. The ratio of
next-to-next-to leading order (NNLO) to NLO predictions for the same mass differ by O(10%).
At the same time a 5% uncertainty in the cross-section corresponds to a 1% uncertainty in
the top-quark mass only 14 – i.e. without the large dependency on neglected higher orders for
the normalisation, indirect measurements would be very competitive. Also, cross-sections need
absolute normalisations from the experimental side giving rise to yet another uncertainty on
the top-quark mass from the luminosity measurements. The way out are observables that are
differential in nature and thus not sensitive to overall normalisations.
3.1

Top-Quark Pair plus Jet Channel

One of the above mentioned observables is constructed from the differential cross section in
dσtt̄+1jet pole
pole
2m0
√
tt̄ + 1jet events 15 : R(mtop , ρs ) = σ 1
dρs (mtop , ρs ), with ρs = stt̄j , twice the ratio
tt̄+1jet
of an arbitrary mass scale m0 in the vicinity of mtop over the invariant tt̄ + 1jet mass. The latest
ATLAS 16 result is based on the 7 TeV dataset with a lepton+jets selection for the top-quark
pair, while for CMS 17 the most recent result has been obtained at 8 TeV in the di-lepton channel
for the top-quark pair.
The event selection proceeds along the same criteria as for the corresponding tt̄ analysis for
the top-quark candidates. The leading unused jet is combined with the top-quark candidates
to reconstruct ρs . The distribution in ρs is unfolded and compared to NLO calculations with
pole
parton showering. mtop is extracted from χ2 -fits to theory with regularised covariance matrices
in the unfolded ρs ∈ [0.25, 1] (ATLAS) and ρs ∈ [0.2, 1] (CMS, see Fig. 2 left), leaving out
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the lowest bin (starting at 0) which is fully correlated to the others due to the normalisation:
pole, ATLAS
mtop
= 173.7 ± 1.5stat +1.0
−0.5 theo ± 1.4sys (0.9JES+bJES ⊕ 0.7ISR/FSR ⊕ 0.5PDF ⊕ ...) GeV,
pole, CMS

+2.5
+1.0
−0.1
mtop
= 169.9 ± 1.1stat +3.6
−1.6 theo −3.1 sys ( −2.8 Scale +1.6 Jet-Parton Match ⊕ 1.0Bkgd ⊕ ...) GeV.
The lepton+jets channel offers currently the smaller theoretical and systematic uncertainties,
partially due to the better constrained ρs with only one neutrino escaping detection.

3.2

Lepton plus Jets Channel

The total tt̄ production cross section in the first 2.2 fb−1 at 13 TeV in the lepton+jets channel
has been used by CMS 18 to extract the top-quark pole mass. Events are selected in 11 different
categories according to the total number of jets and the number of b-tagged jets among them in
addition to the base selection of an isolated central electron or muon and at least one central jet.
The total number of events is used in event categories with 0 b-tags, while mb` (or the smallest
mb` in events with more than one b-tag) is used in the event categories with at least one b-tag.
The cross section is measured to: σtt̄ (13 TeV) = 888 ± 2stat +28
−26 syst ± 20lumi pb, which translates
pole

−0.9
to a top-quark pole mass in NNLO of: mtop = 170.6 ± 2.7( −2.2
+2.5 fid. fit ⊕ +1.1 PDF,µR/F ,αS ⊕
−0.7
+1.1 extrapol. ⊕ ...) GeV. The dominant uncertainty in the top-quark mass extraction stems from
the modelling of the fiducial region of the fit.

3.3

Di-Lepton Channel

ATLAS 19 obtained 8 differential distributions from events selected with oppositely charged
di-lepton (eµ) final states with exactly 1 or 2 b-tagged jets at 8 TeV. Five of the differential
pole
µ
eµ
e
e
µ
distributions in p`⊥ , peµ
⊥ , m , p⊥ + p⊥ and E + E are sensitive to mtop (see Fig. 2 right).
And among these the three p⊥ -based ones have the highest sensitivity. Three other differential
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Figure 2 – Differential distributions in ρs for the top-pair plus jet channel from CMS 17 on the left and in the
di-lepton p⊥ for top-pairs in the di-lepton channel from ATLAS 8 on the right. Both are examples for shape-based
observables used in extracting the top-quark pole mass.

distributions in |η ` |, |y eµ | and ∆φeµ are used to obtain differential cross sections. All eight
`
eµ
are used in a simultaneous template fit to the top-quark50mass.
100 The
150 shapes
200
250in |η
300| and
350 |y400 |
eµ
constrain the parton distribution function (PDF), ∆φ constrains the QCD scales, µR/F , and
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pole

pole

the others constrain mtop : mtop = 173.2 ± 0.9stat ± 0.8sys ± 1.2theo GeV. The dominant
theoretical uncertainty stems from the QCD scales. The small total uncertainty in this result
demonstrates the advantages shape-based observables offer in the indirect determination of the
top-quark mass.
4

Conclusions

The top-quark mass measurements are performed at high precision at the LHC by ATLAS and
CMS. Template or ideogram based methods provide currently the smallest uncertainties in the
direct mass measurements (in the di-lepton channel at 8 TeV for ATLAS and in the lepton+jets
channel at 8 TeV for CMS) with total uncertainties well below 1 GeV. Indirect methods from
inclusive cross-section measurements and – with even higher precision – from shapes of kinematic
distributions in tt̄ and tt̄ + 1jet are used to extract the top-quark pole mass. Some of these can
compete already in precision with the direct mass measurements. Furthermore both types of
measurements are fully consistent with each other, indicating no fundamental deviation from
the assumption that both are sensitive to the pole mass of the top-quark.
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ELECTROWEAK MEASUREMENTS AT THE TEVATRON
C. P. Hays
Department of Physics,
Oxford OX1 3RH,
United Kingdom

The Fermilab Tevatron produced proton-antiproton collisions at a center-of-mass energy of
√
s = 1.96 TeV between 2001 and 2011. Using an integrated luminosity of ≈ 10 fb−1 collected
by each of the general-purpose experiments CDF and D0, many precision measurements were
performed. I present the Tevatron’s highest-precision electroweak measurements: the final
combined measurement of the forward-backward asymmetry of charged leptons from Z-boson
decays, and the ongoing measurements of the W boson mass and the charge-asymmetry of
leptons from its decays.

1

Introduction

√
The s = 1.96 TeV pp̄ collisions produced by the Fermilab Tevatron between 2001 and 2011
set records for the production of antiprotons and the number of pp̄ collisions, delivering more
than 10 fb−1 of integrated luminosity per experiment. The CDF and D0 experiments collected
and reconstructed events with high efficiency, including events with ten or more overlapping
collisions. The collected data resulted in many measurements that were the world’s first or
the most precise. The measurements of the effective Z-boson vector-coupling to leptons and of
the W boson mass are among the most precise such measurements and significantly constrain
models of new physics.
2

Z boson couplings

The Z-boson vector-coupling to fermions has both weak and hypercharge contributions, with the
relative fraction determined by the fermion charges and the electroweak mixing angle θW . Loop
corrections to the gauge-boson propagators include SM diagrams with an incoming Z boson and
an outgoing photon (and vice versa), affecting the effective vector coupling at the Z pole and
therefore the effective mixing angle. Beyond the SM, similar loops could modify the effective
mixing angle, such as a loop connected to a Z boson on one side and a dark-matter particle on
the other1 .
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Figure 1 – Left: The contribution to Afb from uū annihilation (u), dd¯ annihilation (d), and the two processes
combined (u + d)3,4 . Right: The χ2 for each PDF set from the NNPDF 3.0 ensemble of NLO PDFs. The χ2
compares the measured Afb as a function of dilepton mass to the SM templates with the best-fit value of sin2 θW
for each PDF set4 .

The relative vector and axial effective couplings of the Z boson to fermions can be measured
through the forward-backward asymmetry:
R1
0

dσ
d cos θ d cos
θ −

R1

dσ
0 d cos θ d cos θ

+

R0

dσ
−1 d cos θ d cos θ
dσ
−1 d cos θ d cos θ

R0

=

[(gV` )2

` g` gq gq
3gA
V V A
q 2 ,
`
+ (gA )2 ][(gVq )2 + (gA
) ]

(1)

f
where θ is the angle between the incoming and outgoing fermion momenta, and gVf and gA
are
the vector and axial couplings, respectively, of a given fermion f = q, ` to the Z boson. Loop
effects can be captured by the definitions

gVf ≡

√

f
ρeq (T3f − 2Qf κf sin2 θW ) and gA
≡

√

ρeq T3f ,

where T3f and Qf are the fermion isospin and electromagnetic charges, respectively; ρeq is
a common correction to the vector and axial couplings; and κf is the correction specific to
the vector coupling. The latter correction is absorbed into an effective mixing angle for a
f
given fermion, defined as sin2 θeff
= κf sin2 θW . This ansatz for incorporating loop effects is
implemented in zfitter2 and provides an enhanced Born approximation.
At the Tevatron the forward-backward asymmetry Afb is measured in the experimentally
lept
pure and precise e+ e− and µ+ µ− channels. Results are quoted for sin2 θeff
by setting κq to its
SM value. The measurements determine the relative number of negatively-charged leptons in
the forward region as a function of mass, correcting for detector acceptances and resolutions.
The results are sensitive to the parton distribution functions (PDFs) that affect the detector
acceptance, the effective coupling factor κq , and the relative contribution from u and d quarks in
Z-boson production. These quarks give substantially different asymmetries for dilepton masses
far from mZ (Fig. 1), a feature that can be used to constrain the PDFs. Both experiments have
performed measurements with their complete data sets, and a final combined measurement has
recently been accepted for publication3 .
The CDF measurement in the e+ e− channel4 uses an event-by-event weighting factor based
on the expected cos θ dependence of the forward-backward asymmetry. The weighting improves
the statistical precision of the measurement, reducing the largest uncertainty. The PDF uncertainty is suppressed by weighting the NNPDF 3.05 sets according to the χ2 between the
Afb measurement as a function of dilepton invariant mass and the prediction (Fig. 1). The
Afb distribution is unfolded for detector effects (Fig. 2) and a fit to the distribution gives
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Figure 2 – Left: The measured Afb from CDF as a function of dielectron mass, unfolded for detector effects4 .
Right: The raw Afb from D0 as a function of dimuon mass6 .
lept
sin2 θeff
= 0.23248 ± 0.00049 (stat) ± 0.00019 (sys). The systematic uncertainty is dominantly due to PDFs. Combining this measurement with the CDF measurement in the dimuon
lept
channel7 yields sin2 θeff
= 0.23221 ± 0.00043 (stat) ± 0.00018 (sys).
D0 recently completed a measurement of Afb in the µ+ µ− channel (Fig. 2), with the result
lept
sin2 θeff
= 0.23016±0.000646 . When combined with the D0 measurement in the e+ e− channel8 ,
which has the largest detector acceptance and therefore the highest statistical precision of any
lept
of the measurements, the result is sin2 θeff
= 0.23095 ± 0.00040.
The experiments have combined the four results into a Tevatron combination based on a
common PDF set (NNPDF 3.0) and a common application of electroweak corrections from
lept
zfitter. The combined measurement of sin2 θeff
= 0.23179 ± 0.00035 is compared with other
3
measurements in Fig. 3 . The result is consistent with the combination of all of the e+ e−
lept
measurements from LEP and SLD, sin2 θeff
= 0.23149 ± 0.00016, with approximately a factor
of two less precision. As a the test of the SM, the measurement can be translated into an indirect
determination of the W boson using SM corrections. The indirectly determined W boson mass
is consistent with that of the direct measurement (Fig. 3) at a precision of two parts in ten
thousand, providing a powerful constraint on models of new physics.

3

W -boson mass

The SM predicts the W boson mass mW at tree level from three precisely determined inputs:
the electromagnetic coupling constant, the effective weak coupling, and the Z boson mass. Loop
corrections to the W boson mass give O(1 GeV) corrections and provided sensitivity to the
top quark and the Higgs boson prior to their discovery. Further corrections could arise from
undiscovered supersymmetric particles, which would give an observable increase in mW if the
sparticle masses are sufficiently small (. 1 TeV) and are not degenerate. The more precise the
measurement, the higher the mass scale that can be probed.
Measurements of mW at the Fermilab Tevatron utilize its decays to an electron or muon
and a neutrino. The transverse momenta of the charged
lepton and the neutrino are separately
q
sensitive to mW , while the transverse mass mT = 2pνT p`T (1 − cos ∆φ) gives the best statistical
sensitivity to mW . The combined fit to these distributions relies on a high-precision lepton
momentum calibration (better than a part in 10,000), an accurate calibration of the detector
response to the initial-state radiation and the underlying event, and an accurate model of the
longitudinal and transverse momenta of the W boson.
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Figure 3 – Left: The measured values3 of sin2 θeff
from LEP and SLD9 , CMS10 , ATLAS11 , LHCb12 , CDF, and
D0, along with combinations from the Tevatron and from LEP and SLD. Right: The W boson mass inferred from
the Tevatron Afb measurements compared to the combined direct mass measurment. Also shown is the inferred
W boson mass quoted by the LEP and SLD experiments without including the Higgs boson mass as a constraint;
the inclusion of this constraint reduces the uncertainty by more than a factor of two.

The conditions of the Tevatron collisions are well suited to the mW measurement. The
average number of additional interactions per event is relatively small (Fig. 4) and the majority of the W bosons are produced by valence quarks, whose momentum distributions are well
constrained. The most recent Tevatron measurements are 80.387 ± 0.019 GeV from CDF13 and
80.376±0.023 GeV from D014 . The measurements are based on a quarter (CDF) to a half (D0) of
the available data set. The combination of the measurements gives mW = 80.387 ± 0.016 GeV15 .
The analyses of the complete data sets are progressing toward the final measurements. The
alignment of the CDF drift-chamber tracking detector, a crucial component of the CDF lepton
momentum calibration, has been updated using cosmic-ray tracks16 . The wire positions at the
tracker endplates have been aligned to a statistical precision of a micron, tightly constraining
the azimuthal dependence of any track-curvature biases. The wire-shape alignment has also
been updated to reduce polar-dependent biases. Figure 4 shows the sum of the charge/pT of the
incoming and outgoing cosmic ray tracks, which should equal zero. The alignment reduces the
maximum bias in this distribution by more than a factor of 30.
The final CDF measurement will use 4.2 million W → `ν candidates and has the potential
to improve the Tevatron mW precision to ≈ 10 MeV. To achieve this all uncertainties will need
to scale with luminosity, including a reduction of PDF uncertainty to O(5 MeV). This may
be possible if the analyses are optimized to reduce PDF uncertainties and if all the Tevatron
measurements of the W boson production charge asymmetry are incorporated in the constraints.
4

W -boson charge asymmetry

The proton parton distribution functions contain an asymmetry in the valence u and d quark
momentum distributions: the u quark peaks at higher x. Because of this W + (W − ) bosons
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Figure 5 – Left: The measured electron charge asymmetry as a function of electron pseudorapidity for electrons
with transverse momentum between 25 and 35 GeV. Right: The measured asymmetry for electrons with transverse
momentum above 35 GeV. The high-momentum electrons tend to come from decays perpendicular to the beam
and therefore provide a better proxy for the W boson charge asymmetry. The result is an increased sensitivity
to the parton distribution functions.

tend to have momentum along the (anti)proton direction. The interaction of the W bosons
with left-handed quarks tends to align the final-state (anti)lepton momentum with the initialstate (anti)quark direction. Thus, the decay of a W + to a positron tends to be opposite the
direction of the u quark, and thus the direction of the W + boson. The left-handed decay
therefore acts to counter the W boson charge asymmetry in production. This effect can be
suppressed by requiring high-momentum charged leptons, since this restricts the decay to be
approximately perpendicular to the beam line. A measurement of the electron charge asymmetry
with the complete D0 data set17 exploits this suppression by separating the electrons into low
and high momentum regions, with the separation at pT = 35 GeV. Figure 5 shows that the
high-momentum electrons maintain the W -boson charge asymmetry to higher electron rapidity,
while the low-momentum electrons are dominated by the decay asymmetry at high rapidity. The
high-momentum electrons substantially constrain the PDF uncertainties. CDF has performed
similar measurements18,19 and a final measurement with the full CDF data set is ongoing.

101

50

0
DØ Ae

RESBOS CTEQ6.6

EeT

-0.002

0.2

-0.5

MC@NLO MSTW2008NLO

-0.6

-1

DØ, 9.7 fb

EeT

0

NNPDF2.3 uncertainty

-0.4

(c)

cot θ 1

Δ t 0 (ps)

0

0

Asymmetry

DØ, 9.7 fb-1

(b)

0.2

Δ z 0 (mm)

Asymmetry

-1

5

Summary

The Tevatron is in the final stage of producing its legacy electroweak measureemnts. The Zboson coupling measurements have recently been updated to the full data set in all channels
and combined into a final Tevatron measurement. The W -boson mass measurements with the
complete data sets are active and targeting a precision of O(10 MeV). These legacy measurements
are among the world’s best and tightly constrain processes beyond the Standard Model of particle
physics.
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Measurement of the Higgs Boson Coupling to the Top-quark in ATLAS
Daniele Zanzi (CERN)
on behalf of the ATLAS Collaboration
CERN, 1211 Geneva 23, Switzerland
Searches for the Higgs boson production in association with a pair of top-quarks in the H → b̄b
and H → W W ∗ , τ + τ − , ZZ ∗ to multilepton final states with 36.1 fb−1 of pp collision data
√
at s = 13 TeV collected by the ATLAS Collaboration at the LHC are presented. The
combination of these with searches in the H → γγ and H → ZZ ∗ → 4` final states is also
presented. The combined result provides evidence for the Higgs boson coupling to top-quarks.

1

Introduction

The Yukawa coupling of the Higgs boson to the top-quark, the heaviest particle in the Standard
Model (SM), is expected to be of the order of unity, the largest among the Yukawa couplings.
It is a key parameter of the SM. It is, for instance, relevant for the issue of the vacuum stability
in the SM 1,2,3 . Its direct measurement could also help probing contributions beyond the SM in
the loop-mediated Higgs boson gluon fusion production and H → γγ decay.
A direct measurement can be achieved by measuring the rate of the process in which the
Higgs boson is produced in association with a pair of top-quarks (t̄tH), which is a tree-level process at lowest order in perturbation theory. The main experimental challenges for the detection
of the t̄tH production are the small cross section, two orders of magnitude smaller than the gluon
fusion production 4 , the multitude of final states produced by the decays of the Higgs boson and
the top-quarks, and the high multiplicity of detected and undetected final-state particles. The
presence of undetected particles, either neutrinos or particles outside the detector acceptance,
typically prevents the complete reconstruction of the Higgs boson and the top-quark candidates.
Moreover, the high multiplicity of detected particles leads to low combined reconstruction and
identification efficiencies and to high combinatorics when trying to assign these particles to the
Higgs boson or the top-quark candidates. To overcome these challenges, searches are performed
in several final states, typically with at least one light lepton candidate (either an electron or
a muon) which is used as triggering signature. Events are then categorised by multiplicity and
flavour of the final-state particles, allowing for particles expected in the signal decays not to
be reconstructed. Jets originated from the b-quarks (b-jets), which are expected in all signal
final states, are “tagged” by a multivariate discriminant 5,6 which combines information from
algorithms using track impact parameters and secondary vertices reconstructed within the jet.
Multivariate discriminants are also implemented to classify signal and background events and
their outputs are used in template fits to extract the signal cross section.
The ATLAS and CMS collaborations have searched for the t̄tH production using proton–
√
proton (pp) collision data collected during the LHC Run 1 at center-of-mass energies of s = 7
c 2018 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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√
TeV and s = 8 TeV 7,8,9,10,11 . The combination of the results by the two collaborations
12
measured an observed t̄tH production cross section of 2.3+0.7
−0.6 times the SM prediction .
This proceeding reports the results of searches for t̄tH production using a dataset corresponding to an integrated luminosity of 36.1 fb−1 collected with the ATLAS detector 13 at
√
s = 13 TeV during 2015 and 2016. The searches in the H → b̄b and H → W W ∗ , τ + τ − , ZZ ∗
to multilepton final states are presented together with their combination with searches in the
H → γγ and H → ZZ ∗ → 4` final states performed on the same dataset.

2

Measurement in the H → b̄b final state

The search for the t̄tH production in the H → b̄b decay 14 profits from the large Higgs boson
to b-quarks decay probability of 58% 4 . However, in addition to the challenges described earlier,
this final state is affected by the large background from the t̄t + jets production, especially when
the associated jets stem from heavy flavour (HF) quarks.
In order to select events at the trigger level and reduce the backgrounds, the analysis targets
events in which one or both top-quarks decay semi-leptonically, producing a light lepton. These
events are categorised according to the multiplicities of light lepton candidates and jets, and the
value of the b-tagging discriminant 5,6 of each jet. Four working points of the discriminant are
used and they correspond to expected efficiencies for b-jets with pT > 20 GeV between 85% and
60% and rejection factors for c-jets in the range 3–35 and for light jets in the range 30–1500. In
the analysis categories with the largest signal contributions, multivariate discriminants are used
to classify events as more or less signal-like. These discriminants combine several properties of
the detected particles in order to identify the jet assignments to reconstruct the top-quark and
Higgs boson candidates, and to discriminate between signal and background events.
Between 85% and 96% of the total background in the analysis categories is produced by t̄t
events. In particular, the t̄t events produced in association with b- (t̄t+≥1b) or c-quarks (t̄t+≥1c)
are the dominant background contributions in the most sensitive categories. The t̄t events were
simulated with the Powheg-Box v2 NLO event generator 15,16,17,18 with the NNPDF3.0NLO
PDF set 19 . Pythia 8.210 20 with the A14 set of tuned parameters 21 was used to model the
parton shower and the hadronisation. The t̄t+jets background is categorised according to the
flavour of the additional jets. These background categories are treated with dedicated sets of
corrections and systematic uncertainties. To model the dominant t̄t+≥1b background with the
highest available precision, the relative contributions of the events with different multiplicity
of associated b-jets are scaled to match the predictions of an NLO t̄tb̄b sample generated with
Sherpa+OpenLoops 22,23 and the CT10 four-flavour scheme PDF set 24,25 . This sample describes
the kinematics of the two additional b-jets with NLO precision in QCD, taking into account
the b-quark mass. Uncertainties associated with the modelling of the t̄t background are the
dominant uncertainties of the analysis. The largest ones are associated to comparisons with
alternative simulations of the inclusive t̄t sample and of its t̄t+≥1b component. They comprise
uncertainties related to the choice of the event generator as well as of the parton shower and
hadronisation model. Other significant uncertainties are the statistical uncertainties of the data
and the simulated samples.
The signal cross section is inferred from a combined profile likelihood fit in terms of the
signal-strength parameter µ = σt̄tH,obs /σt̄tH,SM , which is the ratio of the measured cross section
to the SM prediction. In this fit, the signal-rich categories are analysed together with the
signal-depleted ones in order to simultaneously determine the event yields for the signal and
for the t̄t+≥1b and t̄t+≥1c background components, while constraining the overall background
model within the assigned systematic uncertainties. The t̄t+≥1b and t̄t+≥1c contributions are
determined in the fit to data together with µ in order to reduce the systematic uncertainties on
the total cross section of the t̄t production in association with HF quarks.
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Table 1: The main contributions to the systematic uncertainty on µ in the H → b̄b analysis. The line ‘backgroundmodel stat. unc.’ includes the statistical uncertainties in the simulated samples. The total uncertainty is different
from the sum in quadrature of the different components due to correlations built by the fit 14 .

Uncertainty Source
t̄t+≥1b modelling
Background-model stat. unc.
b-tagging efficiency and mis-tag rates
Jet energy scale and resolution
t̄tH modelling
t̄t+≥1c modelling
Total systematic uncertainty

∆µ
+0.46 -0.46
+0.29 -0.31
+0.16 -0.16
+0.14 -0.14
+0.22 -0.05
+0.09 -0.11
+0.57 -0.54

The observed best-fit µ value is:
+0.64
µ = 0.84 ± 0.29(stat.)+0.57
−0.54 (syst.) = 0.84−0.61 ,

while the best-fit values for the normalisations of the t̄t+≥1b and t̄t+≥1c contributions are 1.24±
0.10 and 1.63 ± 0.23 times the predictions, respectively. A summary of the main contributions to
the systematic uncertainty on µ is reported in Table 1. The measured signal yield corresponds to
an excess of events over the expected SM background with an observed (expected) significance of
1.4 (1.6) standard deviations. A signal strength larger than 2.0 is excluded at the 95% confidence
level.
3

Measurement in the multilepton final state

Number of τhad

The search for the t̄tH production in the multilepton final states 26 targets the H → W W ∗ (→
`ν`ν, `νqq 0 ), τ + τ − , ZZ ∗ (→ ``νν, ``qq) decays. Only events with either two light lepton candidates with same electric charge (SS) or three or more charged lepton candidates, including also
hadronically decaying τ -leptons (τhad ), are selected. These requirements select signal events
where at least one top-quark decays leptonically and rejects background events from t̄t production with two leptonic top-quark decays. Seven final states are analysed, categorised by number
and flavour of the charged-lepton candidates, as depicted in Figure 1. The dominant Higgs
boson decay mode in most of these final states is H → W W ∗ . Significant contributions from
H → τ + τ − are expected in the final states with τhad candidates and small contributions from
H → ZZ ∗ decays are expected in the final states with three or four light leptons. Additional
requirements on the multiplicities of jets and b-jets are applied to reject background events from
diboson and t̄t productions, respectively.

2

1ℓ+2τhad

1

2ℓSS+1τhad 2ℓOS+1τhad

2ℓSS

0

1

3ℓ+1τhad

4ℓ

3ℓ

3

2

4
Number of light leptons

Figure 1 – The channels used in the multilepton analysis organised according to the number of selected light
leptons (electrons or muons) and τhad candidates 26 .
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Table 2: The main contributions to the systematic uncertainty on µ in the multilepton analysis. The total
uncertainty differs from the sum in quadrature of the different components due to correlations built by the fit 26 .

Uncertainty Source
t̄tH modelling (cross section)
Jet energy scale and resolution
Non-prompt light-lepton estimates
Jet flavour tagging and τhad identification
t̄tW modelling
t̄tZ modelling
Total systematic uncertainty

∆µ
+0.20 -0.09
+0.18 -0.15
+0.15 -0.13
+0.11 -0.09
+0.10 -0.09
+0.08 -0.07
+0.39 -0.30

After the event selection, the dominant sources of backgrounds are the t̄tV (V = W, Z)
production, with the same final states as the targetted t̄tH signal, and the t̄t(+γ ∗ ) production,
where the charged-lepton candidates are typically either non-prompt light leptons from HF
quark decays, electrons with mis-assigned electric charge, electrons from photon conversions
or jets mis-identified as τhad candidates. Multivariate discriminants combining information on
energy deposits and charge-particle tracks in a cone around the lepton direction are used to
improve the rejection against non-prompt leptons and electron candidates with mis-assigned
electric charge. Moreover, in most of the final states, multivariate techniques are used to build
discriminant between signal and the t̄tV and t̄t backgrounds. The outputs of these discriminants
are used in the combined likelihood fit to extract the signal yield.
The estimations of the two dominant background contributions are the main critical aspects
of the analysis. The t̄tV production is a rare SM process that is modelled from simulation.
Control samples in data enhanced with these events are used to validate the predictions, but the
limited purity and available statistics do not allow to reduce the theoretical systematic uncertainties which are sizeable. The background contributions from events with mis-reconstructed
charged-lepton candidates are estimated from data since the simulation of these events is not
reliable. Different techniques are used in the different final states depending on the nature of the
charged-lepton candidate and on the available statistics in data. In the two most sensitive final
states, 2`SS and 3`, a technique called Matrix Method is used to estimate the contributions
of events with non-prompt candidates. It takes as inputs the numbers of data events which
pass or fail the lepton selections and the rates of prompt and non-prompt leptons to pass these
selections as measured in data. The limiting factors in the precision of this method are: (1) the
limited statistics of events in data failing the lepton selection, (2) the non-negligible fraction of
non-prompt candidates from conversions with rates different from the ones of the non-prompt
leptons from HF decays, and (3) the limited statistics of the data samples used to measure
the rates. The non-prompt background estimates from the Matrix Method are from 1.5 to 2
times larger than what may have been predicted from simulation and their uncertainties range
between 20% and 30% depending on the final state and on the lepton flavours. These uncertainties are among the largest systematic uncertainties of the multilepton analysis. Other relevant
uncertainties are the systematic uncertainties on the prediction of the signal production cross
section and on the jet energy scale and resolution. The impacts of these uncertainties on the
measured µ are reported in Table 2.
From the combined profile likelihood fit of all final states, an excess of events over the
expected SM background is found with an observed (expected) significance of 4.1 (2.8) standard
deviations. The observed best-fit value of µ is:
+0.5
µ = 1.6 ± 0.3(stat.)+0.4
−0.3 (syst.) = 1.6−0.4 .

In order to cross-check the estimation of the t̄tV background, an alternative fit with unconstrained normalisations of the t̄tW and t̄tZ contributions was performed. The best-fit value of
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µ is unchanged from the nominal fit and the best-fit values for the t̄tW and t̄tZ cross section
modifiers are 0.92 ± .032 and 1.17+0.25
−0.22 , respectively, in agreement with SM predictions. Figure 2
reports the best-fit values of µ as measured in each individual final state together with the combined one. The most sensitive final states, 2`SS and 3`, are equally limited by systematic and
statistical uncertainties, while the other final states are mostly statistically limited.

Figure 2 – The observed best-fit values of µ and their uncertainties by final state and combined in the multilepton
analysis. The individual µ values for the final states are obtained from a simultaneous fit with the µ parameter
for each channel floating independently 26 .

4

Combination

The searches for the t̄tH production in the H → b̄b and multilepton final states described above
are combined together with t̄tH searches performed by the ATLAS Collaboration in the H → γγ
√
and H → ZZ ∗ → 4` final states with 36.1 fb−1 at s = 13 TeV 27,28 . In this combination 26 , all
non-t̄tH Higgs boson production modes, including tHqb/W tH, are considered as backgrounds
and fixed to their SM predictions. Also, all the Higgs boson decay branching fractions are set to
the SM expectations. These assumptions are taken with appropriate theoretical uncertainties.
The combined best-fit value of µ is:
µ = 1.17 ± 0.19(stat.)+0.27
−0.23 (syst.),
and corresponds to a t̄tH production cross section of 590+160
−150 fb, to be compared to the SM
prediction of σ(t̄tH) = 507+35
−50 fb. The background-only hypothesis is excluded at 4.2σ, with an
expectation of 3.8σ in the case of a SM signal. This constitutes evidence for the t̄tH production.
Figure 3 reports the best-fit values of µ measured in each final state and in the combination.
5

Conclusions

Searches for the t̄tH production using a dataset corresponding to an integrated luminosity of
√
36.1 fb−1 of pp collisions at s = 13 TeV recorded by the ATLAS experiment at the LHC are
presented. These searches target the H → b̄b and H → W W ∗ , τ τ, ZZ ∗ decays and are combined
with other t̄tH searches by the ATLAS Collaboration in the H → γγ and H → ZZ ∗ → 4` final
states using the same dataset.
An excess of events over the expected SM background is found, which is interpreted as an
observed significance of 4.2 standard deviations for a SM Higgs boson of mass 125 GeV. The
expected significance is 3.8 standard deviations. The best-fit result of the observed production
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cross section is 590+160
−150 fb, in agreement with the SM prediction. This provides evidence for the
t̄tH production and therefore for the Higgs boson coupling to the top-quark.
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Figure 3 – Summary of the measurements of µ from individual analyses and the combined result. “ML” refers
to the multilepton analysis. The best-fit values of µ for the individual analyses are extracted independently, and
systematic uncertainty are only correlated for the combination. As no events are observed in the H → 4` analysis,
a 68% confidence level (CL) upper limit on µ is reported 26 .
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Associated production of H(bb̄, cc̄) with a W or a Z in ATLAS
Jason Nielsen, on behalf of the ATLAS Collaboration
Physics Department and Santa Cruz Institute for Particle Physics
University of California, Santa Cruz 95064 U.S.A.

Results are presented from the ATLAS searches for Standard Model Higgs bosons decaying to
a bb̄ or cc̄ pair, produced in association with a W or Z boson. The analyzed data correspond
to 36.1 fb−1 of 13 TeV proton-proton collision data collected in Run 2 of the Large Hadron
Collider. The combination of Run 1 and Run 2 data in the bb̄ channel yields a ratio of the
measured production rate to the SM prediction equal to 0.90 ± 0.18 (stat.)+0.21
−0.19 (syst.). The
observed significance of 3.6σ provides evidence for the direct Hbb Yukawa coupling. A similar
search for cc̄ decays results in an upper limit on the production cross section times branching
ratio of 2.7 pb.

1

Introduction

The measurement of the Higgs boson coupling to quarks is an important step in understanding
Higgs boson properties.Since several models of physics beyond the Standard Model predict
modified quark couplings, constraining the couplings experimentally can inform new models
and test the Higgs mechanism of fermion mass generation. The couplings to quarks, including
b and c quarks, can be measured directly through Higgs boson decay to quark pairs, such as
H → bb̄ and H → cc̄. This contribution reports on recent results obtained from 13 TeV pp data
collected with the ATLAS experiment on the Large Hadron Collider at CERN 1 .
2

Evidence for H → bb̄ in associated production

The most promising mode of measuring direct H → bb̄ decays is in the associated production
of a Higgs boson with a W or Z vector boson, labeled more generally as V . V H production
features a clean event signature for triggering and for rejecting background contributions, but
the total cross section is about twenty times smaller than the cross section for gluon fusion
production 2 .
Copyright 2018 CERN for the benefit of the ATLAS Collaboration. Reproduction of this article or parts of
it is allowed as specified in the CC-BY-4.0 license
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Previous searches for V H(bb̄) production at the Tevatron and LHC reported an excess of
events at a mass of mH = 125 GeV. The combined results of the CDF and D0 searches correspond to a 2.8 σ local significance at that mass, with a global significance of 3.1 σ for an excess
in the range of 120 to 135 GeV 3 . The combination of Run I results from ATLAS and CMS
results in observed and expected significances of 2.6 σ and 3.7 σ, respectively 4 .
√
The updated ATLAS results presented here, using Run 2 data at s = 13 TeV, are based on
multivariate event selections followed by fits to signal and background contributions in data 5 .
Sensitivity to W H and ZH production is achieved through channels with 0, 1, or 2 charged
leptons, and each channel is further divided into 2- and 3-jet categories to improve performance.
Backgrounds are suppressed by a focus on boosted V production. The vector boson transverse
momentum requirement is pT > 150 GeV, except in the 2-lepton channel, where it is 75 GeV.
A key component to the ATLAS H → bb̄ and cc̄ searches is the multivariate flavor tagging
algorithm. This method, which provides a likelihood that a given hadronic jet originates from
a heavy-flavor quark, is based on the impact parameter and vertexing of associated tracks, plus
the decay length between the primary and secondary vertices. Dedicated b-jet energy corrections
account for energy losses from muons and neutrinos in semileptonic b-hadron decays.
The multivariate method used to discriminate Higgs boson signal production from background contributions is the boosted decision tree (BDT). Events with 2 b-tagged jets (pT >
20 GeV, lead jet pT > 45 GeV) are used to train a dedicated BDT for each signal region, defined by number of leptons, number of jets, and vector boson pT . The event-level BDT input
miss , ∆φ(V
~ and b-tagged jet momenta, among others. Because the
~ , bb),
variables include mbb , ET
BDT outputs include information from all of these event variables, especially mbb , these outputs
are used for the final fits to extract the background contributions and signal production rate.
Dedicated control data regions are defined to provide improved sensitivity to the background
contributions. For example, a control region defined by high-pT eµ pairs is especially sensitive
to tt̄ backgrounds, and a control region defined by low mbb and very high mb`ν is sensitive to
W +heavy flavor (HF) production. Templates of expected BDT outputs in each region are prepared from simulated event samples, but the normalizations of the backgrounds are constrained
principally through fits to data in the control regions. The background normalization factors are
fit separately for each region. W +HF and Z+HF backgrounds are constrained separately in 2and 3-jet events. The tt̄ and single top contributions are constrained in a combined 0,1-lepton
category and in separate 2- and 3-jet categories for 2-lepton events. A typical normalization
factor for W +HF is 1.22 ± 0.14, observed in 2-jet events, and a typical normalization factor for
tt̄ is 0.97 ± 0.09, observed in the 2-lepton 2-jet region.
A statistical fitting procedure is used to extract the Higgs boson signal strength µV H and the
background normalization factors. The signal strength is defined as the ratio of the measured
Higgs boson production rate to the Standard Model prediction. A binned likelihood function
is calculated from a product of Poisson probabilities, given the number of observed events and
the expected signal and background contributions. The effects of systematic uncertainties are
included through the use of prior constraints implemented in the likelihood function. The background normalization factors are fit at the same time as the Higgs boson signal strength. Since
the data samples are large enough to constrain the background contributions, the normalizations
are fit freely without any prior constraint functions.
An alternative analysis method, which serves as a useful validation, relies on fits to the
mbb invariant mass spectrum itself, in order to separate the resonant V H(bb̄) signal from the
non-resonant background contributions. This analysis method uses a tighter cut-based event
selection, without the BDTs, and a greater number of signal regions than in the BDT analysis.
The invariant mass distributions for the Higgs boson signal and the backgrounds are shown in
Figure 1. Even without emphasizing signal-like events through event weighting, the H → bb̄ and
Z → bb̄ stand out above the non-resonant background distribution. When events are weighted by
the S/B figure of merit, the distributions after background subtraction show clearly the relative
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Figure 1 – Invariant mass distributions from the V H(bb̄) analyses. The alternative fit results to the mbb spectrum
are shown with no event weighting (left) and after event weighting and background subtraction (right). The V Z
diboson signal is shown in gray, and the Higgs boson signal is shown in red. 5

contributions of the Z and H resonances. The overall shape of the resonant contributions
matches well the expectations for Standard Model boson production.
The likelihood fit to the data proceeds over all signal and control region BDT distributions
simultaneously. Background contributions are determined from the best-fit normalization factors, and the systematic uncertainties are calculated with respect to those normalizations. The
floating signal strength parameters in the fit can be combined to give results for the three channels (0,1,2-lepton) or for the Higgs boson production modes (W H, ZH). The post-fit results
for the Higgs boson signal strengths are shown in Figure 2. The observed signal strength for
+0.34
all channels and modes combined is µV H = 1.20+0.24
−0.23 (stat.)−0.28 (syst.). This evidence for Higgs
boson production has a significance of 3.5 σ, compared to the expected significance of 3.0 σ. The
compatibility between the 3 signal measurements in the 0,1,2-lepton states is 10%.
In the combined results from the 13 TeV data, the systematic uncertainties are greater than
the statistical uncertainties. The largest systematic uncertainties are theoretical and modeling
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Events / 0.25

uncertainties on the signal rate. Other large uncertainties are the statistical uncertainties on
estimates from Monte Carlo simulation; these are due to limited MC datasets. The largest
experimental uncertainty is on the b-tagging efficiency estimates, which are measured in tt̄ data
samples.
Because the signature for diboson production V Z(bb̄) is so similar to the Higgs boson signature, a dedicated measurement of V Z production provides another important validation of the
Higgs boson measurement. A dedicated BDT is trained to distinguish the V Z signal from backgrounds, including the SM V H production. The fit to extract the V Z signal strength is similar
to the V H fit, with the same floating normalization scheme and nuisance parameters. The main
difference is that the normalization uncertainties for W Z and ZZ production are left unconstrained, as those normalizations are now the parameters of interest. The results of the diboson
analysis are shown in Figure 3. Both the individual W Z and ZZ measurements are compatible
+0.22
with the expected SM production, and the combined result is µV Z = 1.11+0.12
−0.11 (stat.)−0.19 (syst.).
The combined V Z measurements at 13 TeV represent an observation of V Z(bb̄) with a significance of 5.8 σ, compared to an expected significance of 5.3 σ.
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Figure 3 – Measurement of the V Z(bb̄) diboson signal strength in dedicated analyses. Events from the three final
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best-fit signal strengths for W Z(bb̄) and ZZ(bb̄) production are combined (right). The V H production is treated
as a background in the V Z signal fit. 5

Previous ATLAS searches for V H(bb̄) production at 7 and 8 TeV observed a slight deficit in
Higgs boson production relative to Standard Model predictions 6 . The new results at 13 TeV are
combined with those previous results to obtain a single ATLAS measurement. Signal strength
parameters are floated separately in the combined likelihood fits, first for the different 0,1,2lepton channels, and then for the W H and ZH production mode. The results of the combined
fits are shown in Figure 4. For all channels at all energies combined, the overall Higgs boson
signal strength is µV H = 0.90 ± 0.18 (stat.)+0.21
−0.19 (syst.). This observation of V H(bb̄) production
corresponds to a significance of 3.6 σ, compared to the expected value of 4.0 σ.
3

Search for H → cc̄ in associated production

The methods used to measure V H(bb̄) production can also be used to search for V H(cc̄) production. The event signatures are very similar, and both benefit from the multivariate flavortagging algorithms. The main challenge is that the branching ratio H → cc̄ is about twenty
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Figure 4 – Combined ATLAS results for V H(bb̄) production, including data from 7 and 8 TeV. Results for W H
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times smaller than the branching ratio H → bb̄. Nevertheless, constraints on the Higgs coupling
to second-generation quarks would be another step in the exploration of the Higgs section.
The most recent ATLAS result is based on an inclusive approach of tagging c-jets and
employing the likelihood fits to normalize the signal and background contributions 7 . This
strategy contrasts with previous searches from ATLAS, which focused on exclusive decays to
charm, specifically J/ψγ and Υγ 8 .
A dedicated flavor-tagging multivariate discriminant is constructed to separate c-jets from
light-quark jets and c-jets from b-jets. The input variables are the same as for the flavor tagger
used in the H → bb̄ measurements. Due to the difficulty of separating c- and b-jets, the efficiency
of the c-tagger is relatively low, and events with 1 c-tagged jet or 2 c-tagged jets are used in the
final fits.
The analysis targets ZH(cc̄) production in the 2-lepton channel specifically, taking advantage
of reduced background in this clean event signature. This also allows for a simpler cut-based
event selection, as opposed to the BDT-based selections in the H → bb̄ measurement. The data
sample is divided into signal regions based on the Z boson pT : 75–150 GeV and > 150 GeV.
Figure 5 shows the invariant mass distributions for events with two c-tagged jets, including
contributions from Higgs boson signal events and background events.
A likelihood fit is performed on the mcc invariant mass distribution, with a simultaneous
fit of the Higgs boson signal and Z+jets background. For this fit, the H → bb̄ contribution is
treated as background, with a normalization equal to the Standard Model calculation. Systematic uncertainties are treated in the same way as for the V H(bb̄) measurement, with nuisance
parameters in the likelihood function that modify the signal or background contributions. The
dominant systematic uncertainties are in the efficiency of the flavor-tagging algorithm and in
the background modeling.
As in the V H(bb̄) measurement, a validation measurement of the ZV diboson production
is performed using the same analysis methods as in the Higgs boson search. The production
includes contributions from ZZ(cc̄) and ZW (cs, cd). In this fit, the Higgs boson signal contributions are constrained to the Standard Model predictions, and the ZV production is the signal
parameter of interest. The diboson production signal strength is measured to be µZV = 0.6+0.5
−0.4 ,
consistent with the SM expectation, even though the observed significance is only 1.4 σ and the
expected significance is 2.2 σ.
The result of the likelihood fit for the Higgs boson signal production ZH(cc̄) yields no
significant excess over the Standard Model background contributions. A 95% CL upper limit of
2.7 pb is placed on the production rate σ(ZH) × BR(H → cc̄). This corresponds to an 95% CL
upper limit µZH < 110 on the signal strength relative to the Standard Model predictions.
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4

Conclusions

The new ATLAS results on associated Higgs boson production with subsequent decay to b or c
quark pairs represent an advance in experimental Higgs physics. With direct evidence of the bb̄
decay in hand, experimentalists can focus on improving the measurements and constraining the
Higgs boson couplings to the b and c quarks.
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Rare decays of the Higgs boson with the CMS detector
Andrea Carlo Marini, on behalf of the CMS Collaboration
Laboratory for Nuclear Science, Massachusetts Institute of Technology, Cambridge,MA, USA
The CMS Collaboration reports the latest update on the searches of invisible and rare decays
of the Higgs boson. The searches for the standard model Higgs boson decaying into two
muons, for the standard model Higgs boson decaying into ``γ, and for invisible decay of the
Higgs boson in the vector boson fusion production channel are presented.

1

Introduction

The measurements of the Higgs boson in the main decay channels have shown good agreement
with the expectation for a standard model (SM) Higgs boson so far. The CMS Collaboration1
is using the proton-proton collision data collected during Run II at a center-of-mass energy of
√
s = 13 TeV in order to probe the rare and invisible decays of the SM Higgs boson. These
searches can further gauge the prediction of the SM and probe beyond SM (BSM) contribution.
√
During Run I ( s = 7, 8 TeV) limits were set on the branching fraction (BF) of the Higgs boson
to BSM contributions of B(H → BSM) < 34%2 , while the 95% confidence level (CL) upper limit
on the production cross section of the Higgs boson decaying into two muons was set to be < 7.4
times the SM calculations3 .
2

Searches for invisible decays of the Higgs boson

The Higgs boson decaying to invisible particles is predicted in the SM only through the H →
ZZ → 4ν decay with a small BF (≈ 0.1%). A significant decay of the Higgs boson to invisible
products will represent a clear indication of BSM physics; for example, many theories use the
Higgs boson as portal to the new physics particles. All the dominant SM production mechanisms are used in order to search for the invisible Higgs boson decays. The gluon-gluon fusion
production mechanism, dominates in the so-called “monojet” final states4 , where the Higgs boson is boosted and recoils against a jet, which is used to tag the event. The VH production
mode is explored in “mono-V” final states4,5 , where the vector boson (W , or Z) can be tagged
in hadronic and leptonic decays. Finally, the vector boson fusion (VBF) channel, which is the
most sensitive due to its unique topology, is explored through a specific tag that takes advantage
of the characteristics two well separated forward and backward jets with large invariant mass
and large pseudo-rapidity gap6 .
2.1

VBF Higgs boson to invisible decays

The VBF Higgs boson to invisible decay analysis requires two high energetic jets with a large
rapidity gap and large invariant mass and a large missing energy (pmiss
> 250 GeV). In the
T
2016 analysis, two strategies have been deployed. The “cut&count” analysis follows the Run I

117

approach, minimizing model dependences and using extreme selection criteria. The newly developed “shape analysis” uses the mjj full discrimination power in order to perform the signal
extraction. Figure 1 shows the distribution of the mjj discriminating variable after the fit to
the data using the background only hypothesis.
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Figure 1 – Distribution of the post-fit mjj variable in the VBF Higgs boson to invisible decays search6 .
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corresponding to the production mode: a lepton tag (Nlep ≥ 3), a dijet tag (Njets ≥ 2,mjj >
500 GeV, ∆η > 3.5), and a boosted tag (p > 60 GeV). Furthermore, the events not following
the production tags are divided into categories to enhance the momentum resolution of muon,
6 Summary
electrons, and photons. The signal extraction takes advantage of the smoothness of the falling
background with respect to the signal characterized by a peak in the invariant mass distribution.
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Finally, Figure 8 shows the expected limit for each category and the combined limit for both
γ``for a 125 GeV
channels for mH = 125 GeV. The combined observed (expected) limit is 3.9 (2.0)
jj After combining both the analyses, H ! g⇤Tg ! µµg and
Higgs boson decaying to ``g.
H ! Zg ! ``g and considering the background-only hypothesis, the observed p-value at
mH = 125 GeV is 0.02 which corresponds to around two standard deviations. The combined
16to a significance
expected p-value for a SM Higgs boson at mH = 125 GeV is 0.16, corresponding
of around one standard deviation.
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Summary

Figure 4 shows the cross section upper limits with respect to the SM production as function
of the Higgs boson mass for the H → γ γ and H → Zγ channels. Figure 5 shows the upper limit
on the production of H → ``γ with respect to the SM as well as the limits in all sub-categories
channels at m = 125 GeV. The observed (expected) limit is set to be 3.9 (2.0) times the σBF
of the SM, corresponding to approximately a ≈ 2σ excess.

A search has been performed for a SM Higgs boson decaying into a dilepton
and a photon. The
∗
analysis uses a dataset from proton-proton collisions at a center-of-mass energy of 13 TeV, corresponding to an integrated luminosity of 35.9 fb 1 . No significant excess has been found and
the limits on the Higgs production cross section times the corresponding branching fractions at
the LHC have been derived. The
Hexpected exclusion limits at 95% confidence level are around
2.3–2.1 (9–3) times the SM cross section in the H ! g⇤ g ! µµg (H ! Zg ! ``g) channel in
the mass range from 120 and 130 GeV, and the observed limit fluctuates between about 4 and
1.4 (11 and 6) times the SM cross section. Finally, the H ! g⇤ g ! µµg and H ! Zg ! ``g
analyses have been combined for mH = 125 GeV, obtaining an observed (expected) 95% upper
limit of 3.9 (2.0) times the standard model cross section.
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130 GeV. Figure 7 shows the combined limit for the H ! Zg ! ``g channel. The expected
exclusion limits at 95% confidence level are between 9 and 3.8 times the SM cross section and
the observed limit fluctuates between about 11 and 6 times the SM cross section.
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function of the Higgs boson mass based on 35.9 fb 1 of data taken at 13 TeV. function of the Higgs∗boson mass based on 35.9 fb 1 of data taken at 13 TeV.

Figure 4 – Upper limits on the production cross section of H → γ γ (left) and H → Zγ (right) with respect to the
Higgs boson mass (mH )9 .
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∗
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γ 125
channels
.
binations, are shown. Black full (empty) circles show the observed (expected) limit. Red circles
show the expected upper limit assuming a SM Higgs boson decaying to ``g decay channel.
5 Summary
The CMS Collaboration has a broad program for the searches and measurements of the Higgs
boson to rare and to invisible decays. These searches for rare decays of the Higgs boson probe the
standard model and the next generations of couplings; in this context the searches for H → µµ,
H → γ ∗ γ, and H → Zγ were presented.
Invisible decays of the Higgs boson could open new physics beyond the standard model. In
this context, the search for the Higgs boson decaying into invisible particles, using the VBF
production mode, has been presented. In addition, the combined branching fraction limit on all
production modes is also shown.
Observations are so far in agreement with the standard model theory.
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Measurements of the BEH scalar mass and other couplings in ATLAS and CMS
David Sperka
University of Florida, Gainesville, Florida
(On behalf of the ATLAS and CMS collaborations)

The ATLAS and CMS collaborations have performed numerous studies of the Higgs boson’s
√
properties using pp collisions from the LHC at s = 13 TeV during 2016. These studies include
precision measurements of the Higgs boson’s mass, which is a free parameter of the Standard
Model. The Higgs boson’s couplings have been constrained by combining the measurements
of multiple production and decay channels. These measurements can also be used to place
indirect constraints on physics beyond the standard model involving extended Higgs sectors.

1

Introduction

After the discovery of a Higgs boson with a mass of around 125 GeV by the ATLAS 1 and CMS 2
collaborations, a large part of the future of the Higgs physics program at the LHC will consist
of precision measurements of its couplings to Standard Model (SM) particles. Theories beyond
the SM (BSM) predict modifications to these couplings which can vary between 0.1% − 10%,
depending on the parameters of different models. As will be shown, current measurements
already probe O(10%) modifications, and the High Luminosity LHC will be able to probe O(1%)
modifications. An important prerequisite for this program is a precision measurement of the
Higgs boson mass, since an O(100 MeV) uncertainty in mH can also lead to O(1%) modifications
to the Higgs couplings. The Higgs boson mass is also an interesting measurement in its own
right, since it is not predicted by the SM and plays an important role in understanding the
hierarchy problem as well as the Electroweak vacuum structure and the stability of the universe.
During 2016, the ATLAS and CMS experiments both recorded datasets corresponding to about
√
36 fb−1 of pp collisions at a center of mass energy of s =13 TeV. These datasets have been
used to improve the precision on the measurement of the Higgs boson mass and couplings, and
chart the course for the future of Higgs physics at the LHC.
2

Measurements of the Higgs boson’s mass

The H→ γγ and H→ZZ→ 4` decay modes have the best mass resolution and are therefore used
to measure the Higgs boson mass. The preliminary measurement from ATLAS 3 combines both
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decay channels, while the published result from CMS uses only the H→ZZ→ 4` decay mode 4 .
The ATLAS analysis of the H→ γγ decay channel divides events into categories with different
mass resolution and signal to background ratio. The signal is then fit as a peak above the
continuum diphoton background. The main systematic uncertainties in the measurement come
from the determination of the photon energy scale, including the LAr cell non-linearity, interlayer calibration, and material description. For the analysis of the H→ZZ→ 4` decay channel,
both CMS and ATLAS use a similar strategy. A multivariate discriminator is used to better
separate signal events from background events. A kinematic fit of two of the leptons is performed
to constrain their invariant mass to the known Z-boson mass, improving the mass resolution.
The uncertainty in the 4` mass is determined event-by-event, improving both the accuracy
and precision of the measurement. The main systematic uncertainty is the determination of
the lepton energy and momentum scales. The result of the ATLAS measurement is mH =
124.98 ± 0.26 (±0.19 stat. ± 0.21 sys.) GeV and is shown in the top panel of Figure 1. The
H→ γγ decay channel is dominated by the systematic uncertainties and the H→ZZ→ 4` decay
channel is dominated by the statistical uncertainties. The result of the CMS measurement in
the H→ZZ→ 4` decay channel is mH = 125.26 ± 0.21 (±0.20 stat. ± 0.08 sys.) GeV and is shown
in the bottom panel of Figure 1. This is currently the single most precise determination of the
Higgs boson mass, surpassing the precision of the combined ATLAS and CMS measurement
using Run 1 data, where the result was mH = 125.09 ± 0.24 (±0.21 stat. ± 0.11 sys.) GeV.
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Figure 1 – Top: Summary of the Higgs mass measurements in ATLAS and a comparison with the ATLAS and
CMS combination using Run 1 data 3 . Bottom: Reconstructed 4` mass distribution in CMS and the likelihood
value in each final state and their combination as a function of mH 4 .

3

Measurements using the WW decay channel in CMS

Given the precise measurement of mH , the next step is to measure the Higgs boson’s couplings.
The analysis of the H→WW decay mode is an extremely important channel in this program,
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given its large branching fraction and relatively low background rates. This channel is sensitive
to almost all Higgs boson production mechanisms. For Moriond Electroweak, CMS has released
an analysis of the WW decay channel using the full 2016 dataset 5 . The analysis begins by
categorizing events based on the number of leptons and number of associated jets. The events
are further split based on the lepton flavor and charge composition to create categories with
different signal to background ratios. Events with 2 associated jets are also categorized based
on the dijet invariant mass and pseudorapidity difference to create categories sensitive to VBF
and VH production. This categorization results in a total of 30 signal regions sensitive to ggH,
VBF, WH and ZH production. Dedicated control regions for the dominant tt, Z→ ``, and VV
backgrounds are fit together with the signal regions to constrain the background rates. The
signal is extracted using binned templates of different sensitive observables depending on the
category. The combined signal strength is measured to be µ = 1.28+0.18
−0.17 = 1.28 ± 0.10 (stat.) ±
0.11 (sys.) +0.10
(theo.).
The
main
theoretical
uncertainties
are
ggH
cross section and jet bin
−0.07
migration, and the main experimental systematics come from the background rates, luminosity
measurement, and lepton identification efficiencies. The signal strengths as a function of the
analysis category and production mode are shown in Figure 2. It should also be noted that
the ATLAS collaboration also released an analysis of the H→WW decay channel for Moriond
Electroweak 6 .
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Figure 2 – Left: Measured signal strengths in the CMS H→WW analysis as a function of the analysis category.
Right: Measured signal strengths per Higgs production mechanism 5 .

4

Combined Higgs measurements

Once the individual analyses of different Higgs decay channels are finished, the next step is to
produce combined global fits to extract the Higgs couplings. This is necessary because different
usually different couplings are involved in the production and decay, and often a single analysis
is unable to resolve the ambiguity. The ATLAS collaboration has performed a preliminary
combination of the H→ZZ→ 4` and H→ γγ decay channels 7 . These results include model
independent measurements of the Higgs production in a simplified fiducial volume y(H) < 2.5.
In these measurements the theoretical uncertainties in the inclusive SM predictions are separated
from experimental and theoretical uncertainties affecting the measurements. This is done for
both the conventional production modes, as well as (for the first time) for a more granular
approach where ggH and VBF production are further broken down into different kinematic
regions, shown in the top panel of Figure 3. Also included in these results are constraints on
Higgs couplings. The bottom panel of Figure 3 shows the 2-dimensional confidence intervals
obtained for parameterizations assuming different coupling modifiers for fermions and vector
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Figure 3 – Combined Higgs measurements in ATLAS 7 . The top panel shows the simplified fiducial cross section
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ggH and H→ γγ processes.

For Moriond Electroweak, CMS has released a preliminary combination of the measurements
based on the 2016 dataset 8 . The combination includes a wide range of measurements and
is sensitive to 22 out of 25 possible production×decay combinations, considering the major
production and decay channels. Figure 4 shows the combined signal strengths as a function of the
production and decay mode, as well as measurements in the simplified fiducial volume y(H) < 2.5
for the conventional Higgs production mechanisms. The signal strengths per production mode
result in significant improvements in the precision of the measurements of ggH and ttH by ∼33%
and ∼50%, respectively, compared to the previous ATLAS and CMS combination using the Run
1 dataset.
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The combined results from CMS also include interpretations in terms of Higgs couplings
under different assumptions. The left panel of Figure 5 shows the measured couplings assuming
the SM structure of the ggH and H→ γγ processes, as well as their scaling as a function of the
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particle mass. The middle panel of Figure 5 shows the measured couplings without assuming
the SM structure of the loop induced processes but assuming no BSM contribution to the total
Higgs width, and finally the right panel allows for BSM contributions to the total Higgs width
but assumes |κV | < 1. In all cases, the results are compatible with the SM predictions. Constraints are therefore derived on BSM branching fractions to invisible particles (BRinv. <0.22)
and undetected final states (BRundet. <0.29) at 95% confidence level.
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Finally, the combined CMS measurement provides constraints on extended Higgs sectors. In
order to not spoil electroweak symmetry breaking, the couplings of the 125 GeV Higgs boson will
be modified in any BSM model with an extended Higgs sector. Figure 6 shows the constraints
in the 2-dimensional parameter space tanβ vs. cos(β − α) of different benchmark Two Higgs
Doublet models: Type I (left), Type II (middle), and the hMSSM 9 (right).
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Two Higgs Doublet models: Type I (left), Type II (middle), and the hMSSM (right).

5

Constraints on light quark Yukawa couplings in ATLAS

The aforementioned results provide constraints on the most significant Higgs couplings, namely
to vector bosons and third generation fermions. It is natural to wonder whether the couplings
of the Higgs boson to first and second generation fermions can be constrained. In the lepton
sector this is accomplished by searching for the decay H→ µµ, while the quark sector is more
challenging. The ATLAS collaboration has published the first search for the rare Higgs decays
H→ φγ and H→ ργ 10 which can constrain the Higgs boson’s couplings to second and first
generation quarks, respectively. The analysis searches for a peak in the K + K − γ or π + π − γ
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Events / 1 GeV
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invariant mass distributions, which are shown in Figure 7. In the absence of a signal, limits are
set on the rare branching ratios H→ φγ and H→ ργ respectively at 208 times and 52 times the
SM predictions.
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Figure 7 – The reconstructed K + K − γ (left) and π + π − γ (right) invariant mass distributions from the ATLAS
search for H→ φγ and H→ ργ 10 .

6

Conclusions

The CMS and ATLAS collaborations both had extremely fruitful physics runs during 2016,
performing numerous studies of the Higgs boson’s properties using pp collisions from the LHC
√
at s = 13 TeV. These studies include precision measurements of the Higgs boson’s mass, and
the Higgs boson’s couplings have been constrained by combining the measurements of multiple
production and decay channels. The precision of the measurements has surpassed those from
Run 1 for key observables, including ggH and ttH production. These measurements have also
be used to place indirect constraints on physics beyond the standard model involving extended
Higgs sectors. With more data, ATLAS and CMS should be able to see the deviations predicted
by many BSM models.
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Higgs measurements in the diboson final state
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These proceedings summarise recent measurements of the Higgs boson properties using its
diboson final states performed with 36.1 fb−1 of data collected with the ATLAS detector
in 13 TeV proton-proton collisions at the LHC. Two most recent results are highlighted:
the measurement of the Higgs production cross-section from gluon-gluon fusion and vectorboson-fusion modes with the H → W W ∗ decay and also a measurement of the Higgs boson
production combining the differential cross-sections of H → ZZ ∗ and H → γγ decay channels.

1

Introduction

One of the main aspects of the ATLAS experiment1 is to elucidate the nature of electroweak
symmetry breaking. In the Standard Model (SM), the Higgs boson is responsible of such symmetry breaking and a consequence of this are precise correlations between the elementary particle
masses and their coupling to the Higgs boson. Following the discovery of a Higgs boson during
Run-1 of the LHC, the goal is to study its various production and decay modes and measure
its couplings with high precision in order to confirm consistency with the SM predictions and
constrain the allowed phase space for beyond-the-SM phenomenology. The goal in Run-2 is to
exploit the increase in luminosity and center-of-mass energy and improve on the precision of the
cross-section and couplings measurements with respect to Run-1.
The H → bb̄ decay is favoured in terms of branching ratio, but experimentally it is much more
challenging to discriminate from background, making diboson decays of the Higgs boson particularly important for studies of production and couplings. The H → γγ and H → ZZ ∗ → 4` final
states, despite the much smaller branching ratios, give clean signal mass peaks that can be fully
reconstructed with high resolution from well-understood backgrounds, also in multi-jet environments. The H → W W ∗ → ``νν final state has a more complex background composition but,
thanks to its relatively large branching ratio, it has the potential of measurements with higher
signal significance. Thanks to these features, the analyses of these diboson final states can probe
all production modes in the same final state and eventually drive the overall sensitivity of the
current measurements. The analysis of the H → γγ and H → ZZ ∗ → 4` decay channels allows
also the direct measurement of the mass of the Higgs boson. In Run-2, the ATLAS collaboration
has analysed 36 fb−1 of data collected during 2015-2016 and provided measurements of mass,
fiducial, differential and total cross-sections and couplings in the four-lepton and diphoton final
states2,3,4 . In this article, two recent results using this dataset are presented: a) gluon-gluonand vector-boson-fusion (ggF, VBF) production measurements in the H → W W ∗ decay,5 and
b) the combination of the H → γγ and H → ZZ ∗ → 4` cross-sections6 .
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2

ggF and VBF production measurements in the H → W W ∗ decay channel

The analysis of the H → W W ∗ decay is performed using the leptonic decays of the W bosons,
giving a signal that consists of two prompt isolated leptons with small opening angle due to their
spin correlations in this decay, and also missing transverse energy from the neutrinos. These
features are exploited in the event selection in order to suppress backgrounds with similar final
state.
Regarding backgrounds in general, there are many processes that contribute. To evaluate
the understanding of the background composition and eventually constrain the normalisation
of the dominant sources, control regions (CRs) that are orthogonal to the signal region are
built by relaxing/inverting the signal selections. Events with zero, one or at least two jets of
pT > 30 GeV are studied separately in order to probe the ggF and VBF production modes and
also to exploit the fact that they have quite different background composition. For example,
there is the non-resonant W W production that is relatively higher in events with no jets, while
top quark pair production and associated top-W production become dominant in the one- and
two-jet categories. Drell-Yan production of τ -lepton pairs is also contributing to the background.
Background from misidentified leptons has a smaller contribution. Its contribution in the signal
region is obtained with a technique that is using Z+jets data and minimum input from simulation, mainly to account for differences between Z and W +jets, which is also contributing as
a process. Lastly, non-resonant production of other dibosons also contributes a small amount
which is obtained from MC simulation normalised to next-to-leading-order predictions.
A few differences are pointed out in the comparison of the present analysis to the one
performed in Run-17 . Currently only the e+µ final state is considered due to the fact that the
same-flavour final states suffer from a much larger Drell-Yan background which does not allow
them to improve the significance of the measurement. Also the associated production with a
vector boson, having quite smaller cross-section and a lower sensitivity given the current dataset,
is not included in this result. Moreover, due to the relative increase of the top background in
√
Run-2 because its cross-section grows faster with s than the other processes, actions were taken
to suppress the top background further in the zero-jet category. A veto on b-jets of pT > 20 GeV
is introduced together with an additional zero-jet top-enhanced CR to constrain this component.
The signal region for ggF is split into 16 categories in total and the transverse mass of the
W W ∗ system is used as the discriminant for the Higgs boson signal. For VBF, a multivariate
discriminant based on a boosted decision tree (BDT) is used instead; the signal region is split
into four categories according to the BDT score. All categories are fitted simultaneously with
the CRs to constrain the background normalizations. The post-fit result is shown in Figure 1
separately for the ggF- and VBF-targeted regions. In the plot of the transverse mass for events
with one or zero jets, a clean signal excess with a 6.3σ significance is seen (5.2σ expected). In
the VBF-targeted region with at least two jets, the signal significance observed is 1.9σ, slightly
lower than the expectation of 2.7σ.
The size of the data sample in the signal region yields a 8% uncertainty on the ggF and
46% uncertainty on the VBF measurement. Regarding the systematic uncertainties entering the
measurements, they are many and only a short summary is given here. The experimental ones
are mostly related to the reconstruction of jets and missing transverse energy (MET). Thanks to
the excellent jet and MET performance of the ATLAS detector, they are kept at remarkably low
levels and sum up to about 8%–9% for both categories. Theoretical understanding of the signal
and background processes in the simulation is a crucial aspect of this analysis. The nature of
the uncertainty has to do with the modelling of the processes, evaluated by comparing different
generators and parton showers, and with the missing higher orders that affect not only the
overall normalization of the components but also the modelling of the migrations between the
jet categories. The theoretical uncertanties sum up to 8% for ggF and to 21% for VBF, but
given the statistical precision of the two measurements, they have a larger impact on the ggF
than on the VBF one.
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+0.18
The measured signal strengths of ggF and VBF are µggF = 1.21+0.12
−0.11 (stat.)−0.17 (syst.) =
+0.22
+0.30
+0.37
1.21−0.21 and µVBF = 0.62−0.28 (stat.)±0.22(syst.) = 0.62−0.36 , respectively. The precision of the
ggF measurement is as good or better than the Run-1 combined ATLAS+CMS measurement8 .
For VBF production, this is the most precise single-channel measurement regarding the expected
uncertainty for a signal strength of one. The corresponding cross-sections-times-branching-ratio
+0.30
are σggF · BH→W W ∗ = 12.6+2.3
−2.1 pb and σVBF · BH→W W ∗ = 0.50−0.29 pb. The consistency with
the SM prediction is demonstrated in Figure 2 and it is at the level of 1σ.
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3

Differential production measurements in the H → γγ and H → ZZ ∗ → 4` decays

The ATLAS Collaboration has recently published results for the diphoton and four-lepton channels3,4 including measurements of the fiducial and total cross-sections, as well as measurements
of various interesting differential distributions (e.g. transverse momentum and rapidity of the
j1
H
Higgs boson, pH
T , y , jet multiplicity, Njets , leading jet transverse momentum, pT ). The fiducial
measurements are given in the phase space that is directly accessible with the ATLAS detector
and with minimal assumptions on the properties of the Higgs boson. The signal composition
is assumed to be that of the SM; nevertheless, the model-dependence systematic uncertainty is
found to be minimal or insignificant. The fiducial measurements, exclusive in the decay (they
include the branching ratio) and inclusive in the production, provide the means for a comparison with theory predictions in a model-independent manner. The measurements in both decay
channels and also the differential distributions that are studied are in good agreement with the
SM predictions. It is clear, however, that the precision of the theory calculations is better than
the experimental one, so these comparisons will become more interesting with more data.
In anticipation of larger datasets, the combination of the available four-lepton and diphoton
measurements is exercised in order to increase the sensitivity of the tests. In this combination, the branching ratios for the H → γγ and H → ZZ ∗ decays of a SM Higgs boson of
125.09 GeV9 are assumed. Acceptance corrections to extrapolate the measurements from the
fiducial volume to the common, full phase space is also required. They are calculated with Monte
Carlo simulated events generated with next-to-next-to-leading-order precision for ggF and nextto-next-to-leading-order precision for VBF and the other production modes. The acceptance
corrections are about 50% and 42% for the diphoton and four-lepton channels, respectively, and
vary mildly as a function of the observables. The measured total cross-section from the combi+4.0
nation of the two decay channels is 57.0+6.0
−5.9 (stat.)−3.3 (syst.) pb, in excellent agreement with the
10
best available prediction of 55.0 ± 2.5 pb .
In the following, the differential measurements between the two channels are compared and,
H
eventually, combined. The four aforementioned observables are considered, pH
T , y , Njets and
j1
pT . The p-value of the compatibility between the two channels in all bins of the observables
considered is found to be better than 40% in all cases. The individual differential measurements from diphotons and four-leptons can be seen in Figure 3 together with their combination.
The statistical uncertainty ranges from 20 to 30% and dominates the total uncertainty. The
systematic uncertainty from luminosity determination is 4% and found to be among the larger
ones. For the jet-based observables, jet experimental uncertainties are relatively small, typically
3%–6% and only become slightly larger than 10% in the bin with at least 3 jets, but still small
in comparison with the corresponding statistical uncertainty of about 30%. The level of compatibility with various theory predictions is also evaluated with the p-value, taking into account
only the uncertainties of the measurements and neglecting the uncertainties of the predictions.
Generally, high level of compatibility is seen, 20% and higher. A mild excess is seen at high
j1
values of pH
T , pT and Njets which yields lower p-values (5% in the worst case). The excess is seen
for both channels but it is still within expectations from statistical fluctuations.
4

Summary

With the first 36.1 fb−1 of data collected in Run-2 of the LHC, ATLAS has performed measurements of the Higgs boson cross-sections and couplings that already improve on the precision
achieved in Run-1. These proceedings focus on the results of two recent measurements with
diboson decays.
Firstly, a measurement of the ggF and VBF production in the H → W W ∗ decay was
presented, which improves on previous measurements in the H → W W ∗ decay and also yields
the most precise measurement of VBF production in a single channel. The results are in very
good agreement with the SM prediction. Also presented is the combination of the H → ZZ ∗ →
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4` and H → γγ decay channels for the measurement of not only the total, but also of the
differential cross-sections for a few interesting observables. This allows comparisons against
theory predictions with increased precision with respect to the measurements in the individual
channels. No significant deviations from the SM predictions are seen. Nevertheless, given the
current statistical limitations, it is clear that these comparisons will become more interesting
with more data.
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These results, together with those from fermionic decays (i.e H → bb̄), set the foundation on
which the ATLAS Collaboration will perform the conclusive measurements with the full Run-2
dataset. Irrespectively of the outcome, measurements of the Higgs properties are a major legacy.
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Figure 3: Differential cross-sections measured in the H → γγ (red upward triangle) and H → ZZ ∗ → 4` (blue
downward triangle) decay channels, as well as the combined measurement (black circle) for kinematic observables
of the Higgs boson and associated jets 6 . The jet multiplicity is given for jets of at least 30 GeV of transverse
momentum. The first bin in the pj1
T distribution separated with vertical line corresponds to the zero-jet bin
of the Njets distribution. For comparison, various theoretical predictions are overlayed with the corresponding
uncertainties from parton-distribution functions and missing higher orders. The dotted red line corresponds to
the prediction obtained using NNLOPS for ggF, scaled to the N3 LO cross-section. Its compatibility with the data
j1
H
(neglecting the uncertainty of the theoretical calculations) is 29% for pH
T , 92% for y , 45% for Njets and 5% for pT .
In the Njets distribution plot, the MadGraph5 aMC@NLO prediction is also scaled to the N3 LO cross-section.
Predictions for the other production processes XH are added to the ggF predictions, and also shown separately
with the dashed-line histogram. For better visibility, all bins are presented in the same size, independent of their
numerical width.
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DI-HIGGS RESULTS FROM THE ATLAS AND CMS EXPERIMENTS
MICHAEL KAGAN, on behalf of the ATLAS and CMS Collaborations
SLAC National Accelerator Laboratory, 2575 Sandhill Rd.
Menlo Park, CA, 94025, USA
Measurements of di-Higgs production are of fundamental importance to understanding the
process of electroweak symmetry breaking and the structure of the Higgs potential. While
the Standard Model (SM) predicted production cross section for this process is too small
to be observed by current LHC datasets, searches for this process at the ATLAS and CMS
experiments can set limits on the SM production rate, anomalous Higgs self-couplings and
Beyond the SM di-Higgs interaction vertices, and contributions to this process from new
heavy resonances. Results from current experimental searches by ATLAS and CMS using
data from Run 1 (2009-2013) and Run 2 (2015-2018) of the LHC are presented.

1

Introduction

The simultaneous production of two Higgs bosons, or di-Higgs production, is of fundamental
importance to the physics program of both the ATLAS [1] and CMS [2] experiments at the
LHC [3]. Di-Higgs production can proceed through the production of an offshell Higgs boson
which produces two Higgs bosons through the trilinear Higgs self-coupling, λ, that is generated
from the Higgs potential after Electroweak Symmetry Breaking (EWSB). Thus measurements of
di-Higgs production and the Higgs self-coupling give direct experimental access to the structure
of the Higgs potential and the process of EWSB.
While the small cross section for Standard Model (SM) di-Higgs production of ∼ 36 fb at
√
proton-proton collision energies of s = 13 TeV [4] implies that observation of this process may
require dataset sizes only available at the future High-Luminosity LHC (HL-LHC), if new physics
contributes to the Higgs potential it may be observable directly as new resonances decaying to
di-Higgs, or as anomalous self-couplings or new di-Higgs production vertices [5–10].
The ATLAS and CMS experiments have di-Higgs search programs utilizing the bb̄bb̄, bb̄τ τ̄ ,
bb̄γγ, bb̄V V where V is either W or Z, and the W W γγ decay modes [11–24]. The three channels
with leading sensitivity, bb̄bb̄, bb̄τ τ̄ , and bb̄γγ, all utilize the h → bb̄ decay mode for at least one
Higgs boson decay. This documenta will summarize the results of di-Higgs searches from Run 1
(2009-2013) of the LHC in Section 2, and the status of di-Higgs searches in Run 2 (2015-2018)
of the LHC in Section 3. Future prospects for di-Higgs searches at the HL-LHC are discussed
in Section 4.
2

Summary of LHC Run 1 Results

Run 1 (2009-2013) of the LHC acquired a total of approximately 30 fb−1 of data at collision
√
√
energies of s = 7 TeV and s = 8 TeV. Results presented here focus on the analysis of
a
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the s = 8 TeV data. A summary and combination of the ATLAS di-Higgs searches can be
found in reference [11], including searches in the bb̄bb̄, bb̄τ τ̄ , bb̄γγ, and W W γγ channels, while a
combination of the CMS bb̄τ τ̄ and bb̄γγ results can be found in reference [12] and CMS results
for the bb̄bb̄ channel in references [13, 14].
In terms of searches for new heavy resonances decaying to di-Higgs, neither experiment
observed signs of an excess in the range of 300 GeV to 3000 GeV of di-Higgs invariant mass.
The upper limits at the 95% confidence level (CL) on the cross section of a potential new resonant
spin-0 and spin-2 signal were set in the O(1pb - 10fb) range depending on resonance mass. The
cross section upper limit results from ATLAS and CMS for spin-0 resonances can be found in
Figure 1.
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Figure 1 – (Left) Summary of ATLAS Run 1 searches for resonant BSM di-Higgs production [11]. The discontinuity
arises because the mass range for the bb̄bb̄ search results starts at 500 GeV. (Right) Summary of CMS Run 1
searches for resonant BSM di-Higgs production [25].

In terms of SM di-Higgs production, the ATLAS observed (expected) limit at the 95% CL
on the production cross section was 0.69 (0.47) pb, or 70 (48) time the SM predicted cross
√
section of 11 fb for proton-proton collisions at s = 8 TeV [11]. This limit computed from the
aforementioned combination of 4 decay channels, and the breakdown in terms of contributions
to the limit can be found in Table 1. CMS observed (expected) limit at the 95% CL on the
production cross section was 43 (47) times the SM cross section prediction, computed from the
aforementioned combination of 2 decay channels [12].
Table 1: ATLAS SM di-Higgs results summary, adapted from from reference [11].

Analysis
Expected
Observed
Expected
Observed

3

bb̄γγ

γγW W
bb̄τ τ̄
bb̄bb̄
Combined
Upper limit on the cross section [pb]
1.0
6.7
1.3
0.62
0.47
2.2
11
1.6
0.62
0.69
Upper limit on the cross section relative to the SM prediction
100
680
130
63
48
220
1150
160
63
70

LHC Run 2 Searches

√
With increased luminosities and increased collision energy of s = 13 TeV, Run 2 of the LHC
provides the opportunity to greatly increase the sensitivity to a di-Higgs signal. Both ATLAS
and CMS have undertaken Run 2 searches for di-Higgs production, with a summary of recent
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searches found in Table 2. A summary of limits on the production of spin-2 resonances from
both experiments can be found in Figure 2, though it should be noted that resonance models
vary slightly between experiments.
Table 2: ATLAS and CMS di-Higgs results from LHC Run 2.
σ U pper

Channel

Experiment

Luminosity [fb−1 ]

bb̄bb̄
bb̄γγ
γγW W
bb̄bb̄
bb̄γγ
bb̄τ τ̄
bb̄V V

ATLAS [15]
ATLAS [16]
ATLAS [17]
CMS [18–20]
CMS [21]
CMS [22, 23]
CMS [24]

28-36
3
13
36 (resonant), 2 (non-resonant)
36
36
36

Limit

non-resonant 95%CL
σhh, SM
Observed (expected)
13 (21)
120 (160)
760 (390)
340 (340)
19 (17)
30 (25)
79 (89)

35.9 fb-1 (13 TeV)

CMS Preliminary

bblν lν JHEP 1801 (2018) 054
104

bbττ Phys.Lett. B778 (2018) 101-127
bbττ CMS-PAS-B2G-17-006
bbbb CMS-PAS-HIG-17-009
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The selection of candidate signal events and signal extraction procedure differ between each
analysis and experiment, and can be found in the references listed in Table 2. Generally, the signal extraction relies on either (i) reconstructing the candidate di-Higgs invariant mass spectrum
(or a related variable) and performing a maximum likelihood fit for a di-Higgs resonant or nonresonant contribution [15, 18–20, 22, 23], (ii) Performing a maximum likelihood fit the di-Higgs
contribution in one or both candidate Higgs mass distributions [16, 17, 21], or (iii) training a
classifier to discriminate between di-Higgs signal and background contributions and performing
a maximum likelihood fit for a di-Higgs contribution in the discriminant output distribution [24].
In terms of searches for BSM resonances decaying to di-Higgs, the upper limits at the 95%
CL on BSM resonant spin-2 production from the CMS searches as well as that from the ATLAS
bb̄bb̄ search can be found in Figure 2. Upper limits at the 95% CL on the production cross
section for new resonances with a mass near 300 GeV are O(pb), while upper limits at the 95%
CL on the production cross section for new resonances with a mass in the TeV range are O(fb).
No signs of new physics producing a di-Higgs signal was observed by either experiment.
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Figure 2 – (Left) CMS Summary of Run 2 searches for BSM spin-2 resonant di-Higgs production [25]. (Right)
Results from the ATLAS search for BSM spin-2 resonant di-Higgs production in the bb̄bb̄ channel [15].

In terms of limits on SM di-Higgs production, the channels with leading sensitivity are bb̄bb̄,
bb̄γγ, and bb̄τ τ̄ , as seen in Table 2. The current best observed (expected) upper limits at the
95% CL on the di-Higgs production cross section divided by the SM predicted cross section of 36
fb are 13 (21) from the ATLAS bb̄bb̄ search [15], 19 (17) from the CMS bb̄γγ search [21], and 30
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(25) from the CMS bb̄τ τ̄ search [22]. In addition to searching for a SM-like di-Higgs production,
CMS also searched for anomalous Higgs trilinear self couplings with a best limit at the 95% CL
of an anomalous coupling being in the range of -8 to 15 times the SM self-coupling value [21]. In
comparison to Run 1, these Run 2 analyses benefit significantly from improved bottom quark jet
identification performance and calibrations [26, 27], increased sensitivity through the utilization
of new machine learning techniques [21–24] , and improvements in the capability to trigger on
these event (for instance in the ATLAS bb̄bb̄ analysis [15]).
4

Di-Higgs Prospects at the HL-LHC

While the upper limits on SM di-Higgs production in Run 2 searches are reaching O(10-20)
times the SM production cross section, discovery will require significantly larger datasets and
improvements to the the particle reconstruction and analysis methodologies. To assess the longterm feasibility of di-Higgs searches at the HL-LHC, both ATLAS and CMS have performed
projection studies for di-Higgs analyses whilst utilizing current analysis technologies [28–30].
These studies indicate that single di-Higgs channels could reach a upper limits at the 95% CL
on SM di-Higgs production in the range of a few times the SM predicted cross section, and limits
at the 95% CL on the anomalous trilinear self-coupling between approximately -1 and 8 time
the SM predicted coupling value. By combining several channels (already three leading channels
have been identified in Run 1 and Run 2 analyses) significant improvements in sensitivity should
be achieved. In addition, while these projections indicate an extremely challenging road ahead
for di-Higgs searches, it should be noted that recent Run 2 analyses have made significant
improvement to analysis sensitivity while such projections were made before such improvements
have been accomplished. More generally such projections do not include potential future analysis
technique and reconstruction performance improvements, and thus future projection studies and
future analyses of data may be improve significantly.
5

Conclusions

Di-Higgs searches at the ATLAS and CMS experiments are making rapid progress. Upper limits
on the SM production cross section are reach O(10-20) times the SM prediction whilst limits
on BSM resonance decaying to di-Higgs are O(1pb - 1fb) for resonances with masses in the 300
GeV to 3 TeV mass range. When applying current analysis techniques for HL-LHC projections,
limits from single decay channels on the di-Higgs process reach a few times the SM value. Whilst
challenging, with continued improvements to reconstruction and analysis techniques, which have
already lead to significant improvements in analysis reach between Run 1 and Run 2, the exciting
prospect of observing and studying the SM di-Higgs process may become a realistic possibility.
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The state of Lattice QCD computations for heavy flavour physics is briefly reviewed. The
focus lies on the technical challenges faced in order to fully control the error budget of lattice
computations, as well as on selected processes where the impact of lattice results is maximal.

1

Flavour physics and Lattice QCD

Precision studies of flavour-changing processes in the hadronic sector remain one of the main
fronts in the search for new physics, in spite of the stalwart nature of the Standard Model (SM)
flavour structure exhibited by the first B-factory programmes. This is particularly so in the face
of the continuing lack of new physics hints from the general-purpose LHC experiments.
Several sources of tension persist, or have recently surfaced, that point at discrepancies
between experimental results and SM predictions. Prominent examples include lepton-flavouruniversality- (LFU-) sensitive quantities such as R(D(∗) ) and R(K (∗) ), or angular observables
in rare B-meson decays 1 . The experimental precision for these processes is expected to increase
significantly in the next few years, as a result of the upcoming Belle II programme and updates
from LHCb. Meanwhile, classic conundrums in kaon physics like the ∆I = 1/2 rule 2 or the
measured value of 0 /, are still missing a satisfactory SM explanation in spite of recent remarkable progress 3 ; and the increasing precision of results for the charm sector will add further
information on the flavour puzzle. Altogether, pressure keeps mounting on the SM to keep pace
with experiment.
Naturally, the main difficulty in obtaining solid SM predictions is the need to control longdistance strong-interaction contributions to quark flavour-changing transitions; and the obvious
tool to perform computations where all systematic uncertainties are kept under control is Lattice
QCD (LQCD). Field-theoretical and algorithmic advances have brought forward the possibility
of high-precision LQCD computations, e.g., of fundamental QCD parameters 4 or light hadron
spectroscopy 5 . Sub-percent precision is now routinely achievable also for decay amplitudes
involving no more than one pseudoscalar meson in the initial and final states (cf. below). Challenges however remain on several fronts that are relevant to the topic at hand:
• QCD is a multiscale problem — successful treatment of flavour physics requires taking
simultaneously into account all the energy scales between light quark scales (ΛQCD , mπ )
and mb . The UV (a−1 ) and IR (L−1 ) cutoffs introduced by formulating QCD in a finite,
discrete spacetime of linear size L and lattice spacing a should be well away from those
physical scales. Typical finite-volume and UV cutoff effects scale as e−mπ L and with powers
of a, respectively. Even with state-of-the-art lattice actions where the latter are engineered
to start at O([αs (a−1 )aΛQCD ]2 , [αs (a−1 )amb ]2 ), keeping heavy-quark discretisation effects
at bay naı̈vely requires a . m−1
b ∼ 0.04 fm. Well-behaved simulations in this regime are
however severely hampered by the degradation of the performance of standard algorithms 8 ,
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(Möbius) RBC-UKQCD
Nf = 2 + 1
MILC
Nf = 2 + 1
MILC
Nf = 2 + 1 + 1
ETMC
Nf = 2 + 1 + 1
BMW Nf = 1 + 1 + 1 + 1
JLQCD/CP-PACS (2001)
Nf = 2
Mπ (experiment)

0.20

0.20

a[fm]

a[fm]

0.15

0.15

0.10

0.10

0.05

0.05

0.00

100

200

300

400

500

600

0.00

0

1/5

1/2.5

MPS [MeV]

1/1.67

1/1.25

1/L [fm−1 ]

Figure 1 – Current LQCD simulation landscape, showing the position of ensembles in the lattice spacing-pion
mass-box size parameter space. [Figure by P. Dimopoulos and G. Herdoı́za.]

although some proposed solutions have shown potential to enter the small-lattice-spacing
regime 9 . Thus, extensive simulations with a . 0.04 fm and L/a & 128 — as dictated by
the need to simulate at the physical value of mπ and/or treat multihadron channels —
are not yet within our technical reach, as shown by the current simulation landscape in
Fig. 1. A key consequence of this state of affairs is that the study of B-physics on the
lattice requires some reliance on effective theory — be it through the direct use of effective
actions for the b quark 10 , or by building effective theory input into lattice actions 11 or
computational procedures 12 . Fig. 1 shows that, on the other hand, physics in the light,
strange, and charm sectors are well within the direct scope of current simulations.
• Multihadron final states require a non-trivial analytic continuation to retrieve physical
amplitudes from Euclidean matrix elements. The relevant formalism to solve this problem
has long existed 6 , and has been recently extended to cover most cases of interest 7 . Yet,
their numerical implementation remains challenging in practice (cf. the remarks on K →
ππ above). This also applies, by extension, to amplitudes with strong-interaction-unstable
resonances in the final state (K ∗ , ρ, φ, . . .).
• Finally, reaching sub-percent precision almost unavoidably requires to include QED and
isospin-breaking corrections non-perturbatively. This problem has received renewed intense scrutiny, and several results have shown the feasibility of various approaches 13 .
This writeup focusses on a selection of recent results in heavy quark physics, where great
progress is being made in spite of the aforementioned difficulties. For a more complete treatment
the reader is referred to the latest review by the Flavour Lattice Averaging Group (FLAG) 14 ,
upon which this summary is largely built.
2

Leptonic Ds and B(s) meson decay

The SM branching fraction for the charged-current-mediated decay of a D(s) meson is given by
B(D(s) → `ν` ) =


2
G2F |Vcq |2
2
τD(s) fD
m2` mD(s) 1 − m2` /m2D(s)
(s)
8π

(1)

with q = d, s, and where the long-distance QCD contribution is encoded in the decay constant
fD(s) = h0|c̄γ µ γ5 q|D(s) i/(ipµD(s) ). An experimental measurement of B can thus be used to determine the CKM matrix element |Vcq |, with theory uncertainties dominated by the error on
fD(s) and the neglect of electromagnetic corrections. The FLAG-3 summary plot of results 15 for
fD(s) is given in Fig. 2. The main recent update to this collection of results is the FNAL/MILC
determination based on new Nf = 2 + 1 + 1 ensembles 16 , consistent with previous results but
with quoted uncertainties in the 0.2% ballpark. This is much smaller than the current and
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Figure 2 – FLAG-3 summary of results for leptonic D(s) (above) and B(s) (below) decay constants.

expected experimental errors (Belle II long-term aim is 2–4% precision for Ds → τ ντ , while for
Ds → µνµ a ∼ 1% precision is expected 17 ), and definitely brings the need of a solid computation
of electromagnetic corrections under the spotlight.
The SM branching fraction for the leptonic decay of B + and Bc+ mesons is given by Eq. (1),
after replacing meson masses, decay constants, and CKM matrix elements appropriately. For
Bs0 decay, which proceeds at one loop in the SM electroweak interaction, one instead has
s

2
m2
G2F |Vtb∗ Vts |2 2
B(Bs → `ν` )
α
2
=
fBs Y
mBs m` 1 − 4 2` ,
(2)
2
τBs
π
mBs
4π sin θW
where Y is a function that includes NLO QCD and electroweak corrections. The FLAG-3 summary plot of results 18 for fB(s) is again shown in Fig. 2. Decay constants in the B sector display
a relative richness of crosschecks — results are available from several different, complementary
approaches to heavy quarks on the lattice, providing confidence on systematic uncertainties.
Again, a very significant addition to these results comes from 16 , where the quoted precision is
well below 1%.a This precision ballpark is of course way ahead of experiment, where prospects
for Belle II involve getting from the current ∼ 40% precision in B → τ ν to ∼ 5% with a full
50 ab−1 dataset 17 .
3

SM tree-level semileptonic decays

The SM differential rate for H → P `ν` decay (P, H are both pseudoscalar mesons) is given by
q
"

2
2 2
2
2
m2`
G2F |Vcq |2 (q − m` ) EP − mP
dΓ(H → P `ν` )
=
1
+
m2H (EP2 − m2P )|f+ (q 2 )|2
dq 2
24π 3
2q 2
q 4 m2H
#
(3)
3m2` 2
2 2
2 2
+
(mH − mP ) |f0 (q )| ,
8q 2
a

Another recent new Nf = 2 + 1 + 1 computation, with similar uncertainties to those in Fig. 2, is 19 .
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Figure 3 – FLAG-3 determinations of |Vub | from B → π`ν decay (left) and |Vcb | from B → D`ν decay (right).

where EP is the energy of the outgoing meson, q is the total four-momentum transferred to the
lepton pair, and the vector and scalar form factors f+,0 , normalised such that f+ (0) = f0 (0),
parametrise the hadronic matrix element of the relevant charged current,


hP |q̄γ µ c|Hi = f+ (q 2 ) pµH + pµP − (m2H − m2P ) (q µ /q 2 ) + f0 (q 2 ) (m2H − m2P ) (q µ /q 2 ) .
(4)
The suppression factor with the squared lepton mass implies that the contribution of the scalar
form factor is non-negligible in τ channels only.
The computation of form factors on the lattice poses several specific technical issues. Channels with a large phase space (such as B → π or Bs → K transitions) involve large q 2 intervals.
Since lattice momenta are naturally O(1/a), this means that large-recoil regions may be difficult
to access. Low q 2 also implies fast final-state mesons, which especially for pions or kaons hampers the use of chiral perturbation theory to trace the quark-mass dependence of the amplitudes.
Finally, even once the q 2 dependence at physical masses has been determined with controlled
uncertainties in some interval, it is of the utmost importance to bound the systematics incurred
in by fitting form factors to some specific function of q 2 — which often enters extrapolations
to the non-covered regions in q 2 . This latter problem has been subject to intense scrutiny 20 ;
the use of z-parameterisations 21 has become standard, although their purported virtues — such
as bounds on systematics from unitarity — have so far been properly exploited in a few cases
only 14,20 .
Results for B → π, Bs → K, B(s) → D(s) , and B → D∗ by several collaborations are
available 22,23 . Their main usage is the combination with experimental differential rates to obtain state-of-the-art determinations of |Vub | and |Vcb |; an illustration of the typical procedure is
given in Fig. 3. Experimental and theoretical precision are roughly comparable, although the
expected experimental improvement by Belle II will require a consistent theory effort to bring
uncertainties close to the 1% ballpark — a challenging order, in view of the errors exhibited by
the comparatively simpler state-of-the-art decay constants. It is important to stress that results
for the q 2 dependence, including scalar form factors, are available for most channels. This allows,
in particular, to determine the ratio R(D) 23 — for R(D∗ ), on the other hand, only preliminary
lattice results exist so far 24 . Another interesting development has been the pioneering computation of baryonic decay form factors by Meinel and collaborators 25 . In particular, their work on
Λb decay, composed with LHCb results, has allowed for a determination of |Vub /Vcb | that nicely
complements SM consistency analyses 26 .
The paucity of results for charm semileptonic decay outside the q 2 = 0 limit 27 has meanwhile
been alleviated by a recent comprehensive ETMC computation 28 of the full q 2 dependence of
the vector, scalar, and tensor form factors for D(s) decay into pions and kaons. While the
impact of accurate determinations of |Vcq | on unitarity triangle analyses is currently limited,
there are two strong motivations to apply the full toolset of high-precision LQCD to the charm
sector: improved experimental precision by BESIII and Belle II will require matching theory,
and possibly reignite detailed studies of 2nd-row CKM unitarity; and charm physics provides an
ideal environment to benchmark the lattice techniques needed to bring B-physics observables
to sub-percent precision — or to test new approaches to tackle open problems in heavy quark
physics. Indeed, upcoming updates on charm leptonic and semileptonic amplitudes by several
groups are due 29 .
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Figure 4 – FLAG-3 summary of vector and scalar (left) and tensor (right) form factors for B → K`+ `− decay ?,? .

4

Rare B decays

The appearance of tensions with SM predictions in various rare B semileptonic channels is
(justly) receiving much attention 1 . As LHCb and Belle II keep improving the precision of the
relevant experimental input, it is of the utmost importance to assess systematic uncertainties
in theoretical results. A process like B → K ∗ `+ `− is very challenging from the theory point
of view — it requires to tackle most of the notorious technical difficulties mentioned in Sec. 1.
Yet, the differential rate at large q 2 is largely dominated by current form factors — e.g., from
the effective Hamiltonian operators O7,9,10 — for which the toolset developed for SM tree-level
semileptonic decay is available. In particular, form factors for B → K`+ `− or B → π`+ `− can
be computed to the same level of satisfaction as, say, for B → π`ν.
As an illustration, the FLAG-3 summary of the existing computations 30 for B → K form
factors is shown in Fig. 4. While there are still few results and some internal tensions — note
the almost 3σ discrepancies in the tensor form factor — it is clear that the level of precision is
already similar to that for tree-level-allowed decays. From the lattice point of view, an interesting
exercise may be to use the techniques developed for K → ππ and (g − 2)µ in order to explore
the impact of charmed penguins, or — as required also for B → π`ν or Bs → K`ν — attempt
to extend the computation to low q 2 and confront LCSR predictions.
5

Outlook

Progress in tackling leptonic and semileptonic heavy hadron decay — as well as other processes
not mentioned here, such as B 0 –B̄ 0 mixing — has been fast in recent years. LQCD techniques
are ready to attack the sub-percent precision era required by new dedicated experiments, and
topics such as heavy-to-light form factors at low q 2 or electromagnetic corrections are expected to
dominate theory work in upcoming years. A key step forward will be brought by simulations at
lattice spacings well below a ∼ 0.05 fm, and the appearance of results with different approaches
to the discretisation of heavy quarks. These additions to the existing arsenal will be crucial to
push the border of new physics searches in the flavour sector in the era of Belle II and HL-LHCb.
The author wishes to thank the organisers of Moriond EW 2018 for the excellent programme
and atmosphere. Support through the Spanish MINECO project FPA2015-68541-P and the
Centro de Excelencia Severo Ochoa Programme SEV2016-0597 is gratefully acknowledged.
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SEARCH FOR EXOTIC HIGGS BOSON DECAYS TO PAIRS OF LIGHT
PSEUDOSCALARS WITH THE CMS DETECTOR
C. CAILLOL, ON BEHALF OF THE CMS COLLABORATION
University of Wisconsin-Madison
United States of America
Searches for exotic Higgs boson decays to pairs of light pseudoscalars are performed using the
data collected by the CMS experiment at center-of-mass energies of 8 and 13 TeV. The results
are interpreted in different scenarios of two Higgs doublet models extended by a scalar singlet.
Particular emphasis is given to the recent h → aa → 2b2τ analysis, which is the first to target
this decay chain at the LHC.

1

Introduction

After the discovery in 2012 of a new particle compatible with the Higgs boson by the ATLAS
and CMS Collaborations 1,2,3 , many fundamental questions remain open. It is legitimate to
wonder if this new boson could decay via channels not predicted in the standard model (SM).
All the results obtained so far at the LHC still allow for the possibility of nonnegligible branching
fractions of the Higgs boson to beyond-the-SM (BSM) particles, B(h → BSM). In particular
the combination of Higgs boson measurements from the ATLAS and CMS Collaborations at
center-of-mass energies of 7 and 8 TeV exclude at 95% confidence level branching fractions of
the Higgs boson to BSM particles above 34% 4 .
Exotic Higgs boson decays appear in many BSM theories 5 . The decay width of the Higgs
boson is so small that even small couplings to new particles could open BSM decays with
considerable branching fractions. Two Higgs doublet models extended with a scalar singlet
(2HDM+S) can easily accommodate exotic Higgs boson decays with all the measurements made
at the LHC so far. The next-to-minimal supersymmetric SM (NMSSM) is a special case of
2HDM+S. Several models incorporating dark matter candidates can also give rise to exotic
Higgs boson decays 6 .
The CMS Collaboration has searched for Higgs boson decays to light pseudoscalars, h → aa,
using data collected at 8 and 13 TeV center-of-mass energies. Different final states have been
studied to probe masses of the pseudoscalar bosons between 0.25 and 62.5 GeV.
2

Searching for h → aa decays

The analysis techniques to search for h → aa decays strongly depend on the mass of the pseudoscalar boson, ma . There are essentially two aspects that affect the search strategy:
• below some mass threshold, some decay channels involving heavy SM particles are not
open;
• below some mass threshold, the pseudoscalar bosons are boosted, causing their decay
products to be collimated and to enter each other’s isolation cone.
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The next paragraphs describes the searches performed with the CMS detector in three different
mass ranges for the pseudoscalar boson.
2.1

Low mass range(ma < 5 GeV)

At low ma , the cleanest channel is h → aa → 4µ, which benefits from relatively large branching
fractions as long as the a → 2τ channel is not open. The two dimuon pairs are strongly Lorentzboosted. The analysis exploits the fact that the two dimuon mass pairs should have equal
masses 7 .
2.2

Intermediate mass range (5 < ma < 15 GeV)

For ma > 2mτ , decays of the type a → 2τ are open, and largely dominate a → 2µ in terms
of branching fractions. Because of the low pseudoscalar boson mass with respect to the Higgs
boson, the pseudoscalar bosons are Lorentz-boosted and their decay products are collimated
and therefore not isolated. Two searches for h → aa → 4τ decays have been performed in this
mass range 8,9 . Both use boosted reconstruction techniques to reconstruct the collimated ditau
pairs.
2.3

High mass range (ma > 15 GeV)

For pseudoscalar boson masses above 15 GeV, the pseudoscalar bosons are not Lorentz-boosted,
and their decay products are far from each other. The usual jet and lepton reconstruction techniques can be used and isolation criteria can be applied on the leptons to reject the nonprompt
backgrounds. Three analyses have been performed in this mass range using data collected by
the CMS detector.
The h → aa → 2b2µ analysis benefits from a large branching fractions for the a → 2b leg
in most models because of the large mass of b quarks, and from a clean and striking signature
from the a → 2µ leg. The results of the analysis are extracted from an unbinned fit of the
reconstructed dimuon mass 9 . All the backgrounds are estimated from data.
The h → aa → 2µ2τ analysis is particularly sensitive when the couplings of the pseudoscalar
boson to leptons are enhanced over those to quarks. The dimuon pair provides a clean signature
with a narrow mass peak for the signal, while the ditau pair further reduces the backgrounds
and keeps reasonably large branching fractions. The results of this analysis are also extracted
from an unbinned fit of the reconstructed dimuon mass 9 . The backgrounds with misidentified
jets are estimated from data, while the ZZ → 4` background is estimated from simulation.
The h → aa → 2b2τ analysis 11 will be discussed in more details in the next section. This
channel is particularly interesting because it benefits from large branching fractions for both
the a → 2τ and a → 2b decays, and unlike the h → aa → 4b, it is possible to trigger it in
the dominant gluon fusion production mode on the basis of the leptonic decay of one of the τ
leptons.
3

The particular case of the h → aa → 2b2τ channel

The h → aa → 2b2τ channel is challenging experimentally: both b jets and τ leptons are difficult
to reconstruct and identify, especially at low pT . However, the acceptance and efficiency losses
related to the identification algorithms and to the pT thresholds can be compensated by large
branching fractions with respect to other cleaner decay modes.
3.1

Selection

Three ditau final states are studied in this analysis: eµ, eτh , and µτh , where τh denotes τ leptons
decaying hadronically. Hadronically decaying τ leptons are reconstructed with the hadrons-plus-
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strips (HPS) algorithm, in the 1-prong, 1-prong + π 0 , and 3-prong decay modes 10 . They are
further required to pass criteria based on a multivariate discriminant that uses isolation and
lifetime information to discriminate genuine τh from quark and gluon jets. Electrons and muons
from τ lepton decays are reconstructed with standard techniques. In addition to the two τ
lepton candidates, events are required to contain at least one b tagged jet with pT > 20 GeV.
The fraction of such events in signal that have 2 b tagged jet is only about 10% because of the
limited b tagging efficiency and of the typically soft pT spectrum of b quarks in such decays.
In the eµ final state, events are selected with a trigger that requires the presence of both
an electron and a muon. Offline, the leading lepton is required to have pT > 24 GeV, and the
subleading one pT > 10/13 GeV. In the eτh channel, the trigger is based on the presence of
an isolated electron, and the offline electron pT threshold is 26 GeV. In the µτh channel, the
events are selected with a combination of a single-muon and a muon-plus-τh trigger, and the
offline electron pT threshold is 23 GeV in the first case and 20 GeV in the second one. The pT
threshold of the τh candidate is 25 GeV, and originates from optimization studies. The τ lepton
candidates are required to have opposite-sign charge.
To increase the analysis sensitivity, events are separated into four categories on the basis of
the visible invariant mass of the τ candidates and of the leading b tagged jet, mvis
bτ τ . For the
signal, this variable peaks well below 125 GeV because of the energy lost with neutrinos in τ
decays and because one of the b jets is not required to be reconstructed nor included in the mass
calculation. The distribution of mvis
bτ τ depends on the final state — lower on average if more
neutrinos in the final state — and on ma — lower on average for higher ma values because the b
jets are produced approximately back-to-back. The backgrounds, however, typically have large
vis
values of mvis
bτ τ . The first categories in mbτ τ have a large signal purity, while the last category
is enriched in background events and useful to constrain the backgrounds. The relative fraction
of the signal in each category depends on ma .
Additional selection criteria are applied to optimize the analysis sensitivity based on three
additional variables:
• The transverse mass between the first τ candidate and the transverse missing momentum;
• The transverse mass between the second τ candidate and the transverse missing momentum;
• The variable Dζ , which is a linear combination of the component of the missing transverse
momentum along the bisector of the transverse momenta of the two τ leptons, and the
sum of the components of the lepton pT along the same direction.
The exact thresholds depend on the category and on the final state.
3.2

Background estimation

The Drell–Yan background is estimated from simulation. Corrections to the Z boson pT and
mvis
bτ τ spectra are derived from data in a region enriched in Z→ 2µ events, and applied in the
signal region. The background with jets misidentified as τh candidates (W+jets, QCD multijet,
tt̄ semi-hadronic events, ...) is estimated from data using events with anti-isolated τh candidates
reweighted as a function of the probability for a jet to be misidentified as a τh candidate. In
the eµ final state, W+jets events are estimated from simulation while QCD multijet events are
estimated from data as the difference between data and all other processes in a region where the
electron and the muon have the same electric charge. Other backgrounds, including SM Higgs
boson events, are estimated from simulation.
3.3

Systematic uncertainties

The results are extracted with a maximum likelihood fit of the visible invariant mass of the τ
candidates, mvis , in the various categories and final states.
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The dominant uncertainty corresponds to statistical uncertainties in individual bins of the
mvis distributions of the signal and background processes. The uncertainties in the jet energy
scale, and in the missing transverse momentum computation affect the overall yields of processes estimated from simulation in the different categories. Corrections for the efficiency of the
identification of electrons, muons, and τh candidates are derived from data using tag-and-probe
methods, and are applied to simulated events. The corresponding uncertainties amount to 2%
for electrons, 2% for muons, and 5% for τh candidates. Uncertainties in the energy scale of the
τ candidates are considered as shape uncertainties. Additionally, events with an electron or
muon misidentified as a τh candidate have a yield uncertainty of 5%. The uncertainty related
to the b tagging of jets typically amount to 5% for a jet originating from a b quark, 5% from
a c quark, and 10% from a light-flavor parton. Uncertainties related to the trigger application
in simulation amount to 1%. The uncertainties in the yield of the background processes are
the following: 20% for events with jets misidentified as τh candidates, 6% for diboson processes,
13% for single top quark events, 7% for Drell–Yan events, 4% for tt̄ production, 20% for W+jets
events in the eµ final state, 20% for QCD multijet event in the eµ final state. For the Drell–Yan
background, shape uncertainties related to the Z pT and mvis
bτ τ distribution corrections are taken
into account.
3.4

Results

No significant excess of events is observed above the SM background expectation. The ditau
mass distributions in the categories with lowest mvis
bτ τ , which have the highest signal purity, are
shown in Fig. 1.
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Figure 1 – Distributions of mvis in the category with lowest mvis
. The ”jet→
bτ τ in the eµ, eτh , and µτh channels
τh ” contribution includes all events with a jet misidentified as a τh candidate, whereas the other contributions only
include events where the reconstructed τh corresponds to a τh , a muon, or an electron, at generated level. The
”Others” contribution includes events from single top quark, diboson, SM Higgs boson, and W + jets productions.
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Upper limits at 95% confidence level are set on (σh /σSM )B(h → 2b2τ ) using the modified
frequentist construction CLs , where σSM is the production cross section of the Higgs boson in
the standard model. They are shown in Fig. 2 for the combination of all final states.
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Figure 2 – Expected and observed 95% confidence level on (σh /σSM )B(h → 2b2τ ) in %, for the combination
of all the categories of all channels 11 . The inner (green) band and the outer (yellow) band indicate the regions
containing 68 and 95%, respectively, of the distribution of limits expected under the background-only hypothesis.

4

Interpreting the results

In 2HDM+S, the branching fractions of the pseudoscalar bosons to SM particles can be computed
as a function of tan β, defined as the ratio of the vacuum expectation value of the two doublets.
We interpret the results of the different CMS h → aa analyses in terms of (σh /σSM )B(h → aa)
in type II of 2HDM+S, which includes the NMSSM as a particular case. As shown in Fig. 3,
the 2b2τ analysis is the most sensitive in the NMSSM for ma > 15 GeV, with limits as low as
23%.

5

Summary

Several searches for h → aa decays have been performed with data collected by the CMS
experiment at center-of-mass energies of 8 and 13 TeV. These searches cover different mass ranges
of the pseudoscalar boson using different final states and reconstruction techniques. None of
those has found any hint of the presence of the signal. The sensitivity to h → aa decays depends
on the model, but is in any case competitive with indirect limits obtained from measurements
of the properties of the Higgs boson.
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Figure 3 – Expected and observed 95% CL limits on (σh /σSM )B(h → aa) 2HDM+S type II tan β = 2. Limits
are shown as a function of the mass of the light boson, ma . Grey shaded regions correspond to regions where
theoretical predictions for the branching fractions of the pseudoscalar boson to SM particles are not reliable.
The limits for the bbτ τ channel were obtained using an integrated luminosity of 35.9 fb−1 collected at 13 TeV
center-of-mass energy, while the other results were obtained using an integrated luminosity of 19.7 fb−1 collected
at 8 TeV center-of-mass energy 11 .
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We re-analyze the ZHη-vertex with the form Zµ (η∂ µ H − H∂ µ η), where H is the 125 GeV
Higgs boson and η is an exotic pseudo-axion, based on the effective field theory (EFT) analysis
and choose the simplest little Higgs (SLH) model as an example. For a pure gauge singlet
pseudoscalar η, after carefully removing all off-diagonal two-point transitions, we show that
its coefficient cZHη cannot appear before O(ξ 3 ) level, where ξ is the ratio between the electroweak scale v and a high scale f . The same behavior arises in the simplest little Higgs (SLH)
model, which is quite different from the result that has already existed for a long time.

1

Introduction

The discovery of a 125 GeV Higgs boson (denoted as H) 1 indicates the success of the standard
model (SM). However, we usually believe that the SM itself is not the end of the theory, because
of some unsolved problems, such as the hierarchy problem, brayogenesis, or dark-matter origin,
etc. A tremendous amount of models have been built to solve these problems. In most extensions
of the SM, the scalar sector is also enlarged, for example, there may exist a pseudoscalar (denoted
as η). In general, η and H can interact with Z boson in the anti-symmetric form Zµ (η∂ µ H −
H∂ µ η). This vertex can lead to new collider signatures, like the associated production of two
scalars or the cascade decay of the heavier scalar 2 .
The little Higgs (LH) framework, including several models, were built to solve the little
hierarchy problem 3 . Among those models, the simplest little Higgs (SLH) model 4 has the
minimal extended scalar sector, in which the only additional scalar is a pseudo-axion η. We
re-analyzed the ZHη vertex in this model and found that it should appear at O(ξ 3 ) level 5
(where ξ ≡ v/f , v = 246 GeV is the electro-weak scale and f is the breaking scale of a global
symmetry) instead of O(ξ) level 6 which has already existed for long.
2

EFT Analysis on ZHη-vertex

In general, we consider the effective field theory (EFT) at electro-weak scale v 5 . At scale v, we
assume the only exotic particle is a pseudo-axion η, which is a pure gauge singlet. To dimension-5
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and -6, consider the gauge and CP invariant operators with also η shift symmetry, we have





O1 = i(∂ µ η) φ† Dµ φ + H.c.,
and
O2 = φ† Dµ φ (Dµ φ)† φ ;
(1)
√
T
which are possible to contribute to ZHη-vertex. Here φ ≡ (v + H − iχ)/ 2, G− is the Higgs
doublet in the SM and Dµ is the SM covariant derivation.
Consider the contribution from O1 and define ξ ≡ v/f as above where f is a high scale, the
Lagrangian can be expanded as

c1
1
c1
1
O1 ⊃ (Dφ)2 + (∂η)2 + O1 ⊃
(∂H)2 + (∂χ)2 + (∂η)2 + c1 ξ(∂µ η)(∂ µ χ)
f
2
f
2
g
g
−mZ Zµ ∂ µ (χ + c1 ξη) +
Zµ (χ∂ µ H − H∂ µ χ) −
c1 ξHZµ ∂ µ η.
(2)
2cW
cW

L = LSM +

In general, we can parameterize the ZHη-vertex as L ⊃ cZHη Zµ (η∂ µ H −H∂ µ η). We can extract
the anti-symmetric part from the last term in Eq. 2, and it naively shows a ZHη-vertex at O(ξ)
level. However, there are still unexpected two-point transitions left. The cross term between η
and χ means that further diagonalization in CP-odd scalar part is required, while the vectorscalar transition implies that χ is not the exact Goldstone field eaten by Z boson. To the leading
order of ξ, we can perform the field redefinition


χ̃ = (χ + c1 ξη) 1 + O(ξ 2 ) ,
and
η̃ = η 1 + O(ξ 2 ) ,
(3)
to remove these two-point transitions. Here χ̃ is corresponding Goldstone field of Z boson. After
this procedure, we show that the last two terms in Eq. 2 becomes

→

g
g
Zµ (χ∂ µ H − H∂ µ χ) −
c1 ξHZµ ∂ µ η
2cW
cW
g
Zµ ((χ̃∂ µ H − H∂ µ χ̃) − c1 ξ(H∂ µ η̃ + η̃∂ µ H)) ,
2cW

(4)

which means cZHη cannot survive at O(ξ) level. It may appear at O(ξ 3 ) or higher level.
The operator O2 can appear in the Lagrangian as c2 O2 /f 2 . This operator does not explicitly
contain η. However, it contribute an additional Zµ (χ∂ µ H − H∂ µ χ) term with the coefficient
gc2 ξ 2 /(4cW ). Thus when the operator O1 also appears, the field redefinition χ → χ̃ in Eq. 3
can contribute to cZHη as gc1 c2 ξ 3 /(4cW ) ∼ O(ξ 3 ). Operators with higher dimension also cannot
contribute to cZHη before O(ξ 3 ).
In summary, for a pure gauge singlet pseudoscalar η, cZHη can be induced at O(ξ 3 ) or higher
level. For example, in the (SU(3) × U(1)/SU(2) × U(1))2 LH model 4 (known as the SLH model),
cZHη appears at O(ξ 3 ) level 5 as expected. While in the (SU(4)/SU(3))4 LH model 4 , cZHη
appears at O(ξ) level 6 because η mixes with the gauge doublet component at O(ξ) level.
3
3.1

An Example: ZHη-vertex in the SLH Model
Model Construction and Properties

The SLH is based on a global symmetry breaking patten (SU(3) × U(1))2 → (SU(2) × U(1))2 at
a high scale f and thus ten Nambu-Goldstone bosons are generated. The gauge group is also
enlarged to SU(3) × U(1)X which means there exist eight massive gauge bosons. Thus eight of
the Nambu-Goldstone bosons are eaten by massive gauge bosons and two are left as physical
scalars. Two scalar triplets are nonlinear realized as 7




Θ
0
0 −i
01×2
01×2
Φ1 = eiΘ eitβ Θ
,
and
Φ2 = eiΘ e tβ
.
(5)
f cβ
f sβ
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Here we define sβ ≡ sin β, cβ ≡ cos β, and tβ ≡ tan β, where β is a mixing angle between two
triplets. The matrix fields are defined as






1 ηI3×3
1 ζI3×3
02×2 φ
02×2 ϕ
0
√ +
√
Θ≡
,
and
Θ
≡
+
;
(6)
φ†
0
ϕ†
0
f
f
2
2
√
where φ is the usual Higgs doublet defined as above, ϕ ≡ ((σ − iω)/ 2, x− )T and ζ are expected
to be the corresponding Goldstone fields of heavy gauge bosons. All fermion doublets should be
enlarged to triplets as well.
The gauge kinetic term should be (DΦ1 )2 + (DΦ2 )2 where Dµ ≡ ∂µ − igVµ with 7


(1−3s2X ) 0
1
√
√1 W +
√1 Y 0
2cW Z + 2 3cX Z
2
2


(1−3s2 )
c2W
 ,
Vµ ≡ 
(7)
√1 W −
√1 X −
−sW A − 2c
Z + 2√3cX Z 0


W
2
2
X
1
1
1
0
+
0
√ Ȳ
√ X
√
−
Z
2
2
3c
µ

X

0 (Ȳ 0 )

√

√

1 ± iY 2 )/

where Y
≡ (Y
2 and θX ≡ arcsin(tW / 3). The heavy gauge bosons can √
acquire
there massses
before the electro-weak symmetry breaking (EWSB) as mX = mY = gf / 2 and
p
mZ 0 = 2/3gf /cX . Loop corrections can generate EWSB which gives the masses of W ± , Z and
H 4 . EWSB also induces further mixing between neutral massive gauge bosons and we denote
the mass matrix as M2V in the basis (Z, Z 0 , Y 2 ). η remains massless because of an accidental
global U(1)-symmetry. If we add a soft U(1)-breaking term (or called µ-term) as µ2 Φ†1 Φ2 + H.c.,
η can acquire its mass m2η ≈ 2µ2 /s2β . The µ-term can also contribute to EWSB.
Assuming β ≥ π/4, direct dilepton resonance search at LHC 8 gives f & 7.5 TeV 9 thus
ξ ≡ v/f . 0.03  1. We can also obtain f . 85 TeV and tβ . 8.9 from the Goldstone
scattering unitarity condition 10 . The EWSB condition requires mη . 1.5 TeV as well 10 .
3.2

Diagonalization of Scalar Sector and Cancelation of the Two-point Transitions

After expanding the (DΦ1 )2 + (DΦ2 )2 term, the Lagrangian contains

1
1
L ⊃ Kij (∂µ Gi ) (∂ µ Gj ) + Fpi Vpµ ∂µ Gi +
M2V pq Vpµ Vq,µ .
2
2

(8)

Here Gi runs over (η, ζ, χ, ω) as a pseudoscalar and Vp runs over (Z, Z 0 , Y 2 ) as a neutral massive
gauge boson. After EWSB, we have K 6= I4×4 which leads to cross terms in scalar kinetic part.
The second term in Eq. 8 should be canceled through adding a gauge-fixing term.
We should choose another basis Si which is canonically-normalized. Define the inner product
hSi |Sj i ≡ δij in the space spanned by Si (or Gi ), we can obtain

hGi |Gj i = K−1 ij .
(9)
With this relation, choose a basis Ḡp = Fpi Gi , we have
hη|ηi = (K−1 )11 ,

hη|Ḡp i = 0,

and

hḠp |Ḡq i = M2V


pq

.

(10)

Here M2V is just the neutral gauge
 boson mass matrix and can be diagonalized through an
orthogonal matrix R as RM2V RT = m2p δpq . We thus can obtain a canonically normalized basis
!


η
1
η̃, G̃p = p
,
Rpq Fqi Gi .
(11)
(K−1 )11 mp
After choosing the gauge-fixing term
LG.F. = −

2
X 1 
∂µ Ṽpµ − ξp mp G̃p
2ξp
p
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(12)

where Ṽp denotes the mass eigenstate of a massive gauge boson, it is straightforward
to show
p
that G̃p is exactly the corresponding Goldstone field of Ṽp and the mass of G̃p is ξp mp . After
the procedures above,
two-point transitions are canceled.
 all off-diagonal

Divide F4×3 ≡ f˜1×3 , F̃3×3 with the vector component f˜q ≡ Fqη , G̃p in Eq. 11 can be


re-expressed as G̃p = Rpq f˜q η + F̃qi Gi /mp , or equivalently we have



 q
Gi = F̃−1 RT
mq G̃q − F̃−1 f˜
(K−1 )11 η̃.
iq

i

(13)

Eq. 13 means the original Goldstone degrees of freedom contain physical η field thus V HGi vertices can also contribute to the ZHη-vertex, just like the EFT analysis above.
3.3

Result of the ZHη-vertex

We can parameterize the V HGi -vertices as L ⊃ Cpi Vpµ (Gi ∂ µ H −H∂ µ Gi ) where Cpi is
√an element
of the 4 × 3 matrix C. Naively we have the coefficient of cZHη = CZη = −gξ/( 2cW t2β ) ∼
O(ξ) which has existed for long 6 . However, to obtain the physical vertex, we first need the
diagonalization procedure above.
The physical ZHη-vertex should be parameterized as L ⊃ c̃ZHη Z̃ µ (η̃∂µ H − H∂µ η̃). Define


q
1
Υ ≡ (K−1 )11
(14)
−F̃−1 f˜
which is a 1 × 4 vector to express the η̃ component in the fields (η, ζ, χ, ω). To the leading order
of ξ, it is straightforward to obtain
gξ 3
c̃ZHη = (RCΥ)Z = − √ 3
∼ O(ξ 3 ).
4 2cW t2β

(15)

For the details of the matrixes, please see the appendix. The final result Eq. 15 shows that
the ZHη-vertex can appear at O(ξ 3 ) level, just like the behavior of EFT
analysis above. The

cancelation at O(ξ) level arises because χ̃ = (χ + O(ξ)η) 1 + O(ξ 2 ) also holds for the SLH
model. The mixing between Z 0 , Y 2 and Z also contribute to c̃ZHη at O(ξ 3 ) level corresponding
to the O2 contribution in the EFT analysis.
4

Conclusions and Discussions

In this paper, we re-analyze the ZHη-vertex, Zµ (η∂ µ H − H∂ µ η), based on EFT formalism. If
the pseudo-axion η is a pure SM gauge singlet, this vertex cannot arise until O(ξ 3 ) level. As an
example, we choose the SLH model and calculate c̃ZHη
√ , which is the coefficient of ZHη vertex.
To the leading order of ξ, we obtain c̃ZHη = −gξ 3 /(4 2c3W t2β ) ∼ O(ξ 3 ), which satisfies the EFT
analysis, but differs from the result which has already existed for a long time.
Because of the non-canonically normalized scalar kinetic part, there remain unexpected
two-point transitions. We provide the standard diagonalization procedure to remove these transitions, after which the contributions to c̃ZHη exactly cancels with each other at O(ξ) level. That
is the origin of the difference between the result in this paper and that in previous papers. That
also implies the importance to check the normalization in other models, especially in nonlinear
realized composite models.
The result c̃ZHη ∼ O(ξ 3 ) implies the difficulties to test this vertex at future colliders directly through Hη associated production or H(η) cascade decay channels, because of the highly
suppression ξ 3 < 3 × 10−5  1. Besides this, the standard diagonalization procedure would
also modify the Yukawa interactions including η. For example, the ηf f¯-vertices vanish for
f = u, c, b, ` at tree level 9 , which is also different from previous results 6,7 . Thus the phenomenology of η should be completely re-considered in the SLH and similar models.
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Appendix
Here we list some details up to O(ξ 3 ) during the calculation above.
The scalar kinetic matrix
√

√
7c2β +c6β 3
5+3c
2ξ
3
√
1
0
− 2ξ + 3√2s4β
2 ξ
t2β − 6 2s3 ξ

2β
√ 3 2β

5+3c
2ξ

0
1
− √ξ2 + 12√2s4β2 ξ 3
− 23t2β

2β
K =  √2ξ 7c2β +c6β
2
5+3c
5+3c
2ξ
3

√
− √ξ2 + 12√2s4β2 ξ 3
1 − 12s24β ξ 2
3t2β
 t2β − 6 2s32β ξ
2β
√ 3 2β
 √
2
5+3c
2ξ
2ξ
3
− 2ξ + 3√2s4β
− 23t2β
1
2 ξ
3t2β






,




(16)

2β

(K−1 )11

and thus we have
= 1 + 2ξ 2 /s22β .
The vector-scalar transition matrix F ≡ (f˜, F̃) with
5 + 3c4β 3
1
ρ 2
√
ξ2,
ξ , −ξ +
ξ
t
6s22β
2cW t2β
2β

f˜ = gf

2




F̃ = gf 


− 2√ξ2c
1
ρ

−

ξ
2cW

W

κ(1+c2W )ξ 2
√
2c2W
−2ξ 3
3t2β

(5+3c4β )ξ 3
24cW s22β
κ(5+3c4β )ξ 3
12s2
√ 2 2β
2ξ
3t2β

−

κξ −

!T
;

(17)

ξ3
3cW t2β




3

.
− 3c2κξ
2W t2β 

(18)

√1
2

p
√
Here ρ ≡ 3/2cX and κ ≡ (1 − 3s2X )/(2 3cX ).
The vector
2






Υ = c−1
γ+δ 


1
2
s2γ t−1
β − sδ tβ
−1 √ξ
(c2δ tβ − c2γ tβ ) 2
−1
1
2 (s2δ tβ + s2γ tβ )

1 + sξ2
2β

ξ2
 
−

t
  √
2β
=
3−c
2ξ
3
  − t2β
− √2t 4β
2 ξ
2β s2β
 √
3−c
2ξ + 3√2s4β2 ξ 3








;




(19)

2β

√

√
where γ ≡ ξtβ / 2 and δ ≡ ξ/( 2tβ ).
The V HGi -vertices matrix is

(7c +c )ξ 3
(5+3c )ξ 3
√ξ
− √2c ξ t + 6√2β2c 6βs3
− 12√2c4β s2
2 2cW
W 2β
W 2β
W 2β


ρ(7c2β +c6β )ξ 3
ρ(5+3c4β )ξ 3
ρξ
ρξ
−
+
−
C = g
t2β
2

6s32β
12s22β

(5+3c4β )ξ 2
ξ2
1
−
2
t2β
4s2
2β

(5+3c4β )ξ 2
12cW s22β
κ(5+3c4β )ξ 2
−κ +
6s22β
(7c2β +c6β )ξ 3
√ 3
− √2tξ + 12
2s2β
2β

− 2c1W +

2

− 2cWξ t2β
κξ 2
c2W t2β

0




.


(20)

Last, we have the massive gauge boson mixing matrix as
√ 3

2 ξ2
1
− κρ
− 3cW2ξt2β
2cW
√
 κρ2 ξ2
3
2W )κξ
R=
1
− 2 2(1+2c
3c2W t2β
 √2cW
√
2 2(1+2c2W )κξ 3
2ξ 3
1
3cW t2β
3c2W t2β
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,


(21)

from which we have that the Z − Z 0 mixing appears at O(ξ 2 ) level and Z − Y 2 mixing appears
at O(ξ 3 ) level.
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SEARCHES FOR NEW HEAVY QUARKS IN ATLAS
N. NIKIFOROU, ON BEHALF OF THE ATLAS COLLABORATION
Department of Physics, University of Texas at Austin
A search for new heavy quarks focusing on recent vector-like quark searches with the ATLAS
detector at the CERN Large Hadron Collider is presented. Two recent searches targeting
the pair production of type vector-like quarks are described. The first search is sensitive to
vector-like up-type quark (T ) decays to a t quark and either a Standard Model Higgs boson
or a Z boson. The second search is primarily sensitive to T decays to W boson and a b quark.
Additionally, the results can be interpreted for alternative VLQ decays.

1

Introduction

Although appealing, a straightforward addition of a fourth generation of Standard Model (SM)
quarks is excluded by experimental observation; such an addition would contribute to the SM
Higgs boson production via fermion loops and would not be compatible with the observed 1,2
Higgs boson production cross-section. For this reason and others, latest searches for new heavy
quarks in ATLAS 3 have targeted Vector-Like Quarks (VLQs). VLQs are proposed in various
models 12,13,14,15 of new physics beyond the SM. They are coloured spin-1/2 fermions of which
the left- and right-handed components transform the same way under gauge transformations 4,5 .
VLQs evade limitations imposed on chiral quark extensions of the SM, however they can mix
with their SM quark counterparts and regulate the Higgs boson mass-squared divergence. They
therefore provide an attractive mechanism to solve the hierarchy problem.
VLQs can have charges analogous to their SM quark counterparts, such as the T and B
VLQs with charge q = 2/3e and −1/3e, respectively, or more exotic charges, such as in the case
of the X and Y VLQs, with charge q = 5/3e and −4/3e, respectively, where e is the charge of
the electron. The various VLQs can be arranged in SU (2) singlets or multiplets. The VLQs can
decay to the W , Z, and Higgs (H) bosons with branching ratios which depend on the model
and, in general, decays to third generation SM quarks are favoured. As a consequence, it is
usually assumed in searches that the VLQs couple exclusively to the t and b quarks.
t, t, b
g
T

Z, H, W

T̄

Z, H, W

g
t̄, t̄, b̄

Figure 1 – Example Feynman diagrams for single VLQ production (left) and pair-production (right)

The new quarks could be produced either singly or in pairs. The single production mechanism
dominates for high VLQ masses 6 . For single production, the production cross-sections depend
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strongly on the model, since the mechanism requires the mediation of a gauge boson, as shown on
the left of Figure 1. Conversely, the pair-production mechanism, proceeding via gluon-splitting
as shown on the right of Figure 1, is generally considered model-independent and dominates up
to VLQ masses of the order of 800 GeV. As a consequence, the recent ATLAS searches presented
in these proceedings have focused on VLQ pair-production. Two searches are discussed in the
following sections: a search for the pair production of up-type VLQs in events with multiple
b-jets 7 and a search for the pair production of VLQs decaying to a high-pT W -boson and a
b-quark in events with leptons and jets 8 . Both analyses are using the 36.1 fb−1 of proton-proton
√
collisions delivered by the LHC at s = 13 TeV in 2015 and 2016 and recorded by the ATLAS
detector.
2

Search for pair production of up-type vector-like quarks and for four-top-quark
events in final states with multiple b-jets with the ATLAS detector (T T̄ → Ht+X)

The search targets T T̄ pair production where at least one of the VL T decays to a H boson or
a Z boson with the boson decaying to either to a pair of b quarks (T → H(→ bb̄)t) or a pair
of neutrinos (T → Z(→ ν ν̄)t), respectively. Additionally, the search investigates anomalous
four-top-quark production in the context of an effective field theory model and in a universal
extra dimensions model, however this analysis is not discussed in these proceedings.
The analysis takes advantage of the presence of multiple jets, b-tagged jets, t-tagged jets,
miss . Jets are reconstructed using the anti-k algorithm 10 with a radius
H-tagged jets, and ET
t
parameter R = 0.4. Jets containing b hadrons are tagged using a working point with 77%
efficiency measured in simulated tt̄ events. Large-radius jets are obtained by reclustering 11 the
R = 0.4 jets using the anti-kt algorithm with a radius parameter R = 1.0. By “t-tagged” and “Htagged” jets we refer to large-radius jets identified with decaying t quark or H boson candidates
by making requirements on their transverse momentum, mass, and number of constituents.
The analysis is split into two channels, with initial preselection criteria as shown in Table 1,
taking advantage of the event characteristics of the two targeted signatures. The “1-lepton (1L)
miss ,
channel” requires exactly one isolated electron or muon and has a modest requirement on ET
while the “0-lepton (0L) channel” requires the absence of any isolated electrons or muons and
miss > 200 GeV.
ET
Table 1: Summary of preselection requirements for the 1-lepton and 0-lepton channels in the Ht + X analysis 7 .
miss
Here mW
, and ∆φ4j
T is the transverse mass of the lepton and the ET
min is the minimum azimuthal separation
miss
~T
between the E
vector and each of the four highest-pT jets.

Requirement
Trigger
Leptons
Jets
b-tagging
miss
ET
miss
Other ET
-related

Preselection requirement
1-lepton channel
Single-lepton trigger
= 1 isolated e or µ
≥ 5 jets
≥ 2 b-tagged jets
miss
ET
> 20 GeV
miss
ET
+ mW
T

0-lepton channel
miss
ET
trigger
= 0 isolated e or µ
≥ 6 jets
≥ 2 b-tagged jets
miss
ET
> 200 GeV
∆φ4j
min > 0.4

The two channels are further divided into search regions according to the number of b-, t-, and
H-tagged jets in the event as well as the overall jet multiplicity. In addition, for the 0L channel,
the regions are categorized in “high-mass” (HM) and “low-mass” (LM) regions depending on
whether the selected events satisfy (HM) or fail (LM) the requirement mbT,min > 160 GeV, where
miss and any of the 2 (or 3) b-jets. In
mbT,min is the minimum transverse mass formed with the ET
total, 12 (22) search regions are defined for the 1L (0L) channel.
The final discriminant is the effective mass (meff ), defined as the scalar sum of the pT of
miss present in the events. As can be seen in Figure 2, the background is
the lepton, jets, and ET
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Figure 2 – Left: Distribution of the final discriminant for data, expected background, and a signal model with
mT = 1 TeV in an example search region before the background-only fit for the Ht + X analysis 7 . Right:
Compatibility of the background expectation with the data in the search regions after the background-only fit in
the Ht + X analysis 7 .

dominated by tt̄+jets events after preselection. Small contributions arise from single-top-quark,
W /Z+jets, multijet and W W , W Z, ZZ production, as well as from the associated production
of a vector boson V (V = W, Z) or a H boson and a tt̄ pair (tt̄V and tt̄H). All backgrounds are
estimated using samples of simulated events and initially normalized to their theoretical cross
sections, with the exception of the multijet background, which is estimated using data-driven
methods. A combined maximum likelihood fit of the meff distribution is performed to the data
in all search regions to determine the normalization of the backgrounds. As can be seen in
Figure 2, the background expectation has a very good agreement with the data in all search
regions, after the background-only fit. The background modelling is further checked in 10 (16)
additional validation regions made orthogonal by requiring exactly 5 (6) jets in for the 1L (0L)
channel. The main systematic uncertainties, which vary by search region, are the modelling of
the tt̄ background, flavor tagging uncertainties, and background normalization uncertainties.
Given the compatibility of the data and the background expectation, 95% CL limits are set on
the pair production of VL T separately for the two channels, as well as combined. The excluded
VL T masses depend on the branching ratios assumed by the model under investigation. For
example, as shown in Figure 3, VL T masses up to 1.3 TeV are excluded for the SU(2) doublet
model which assumes BR(T → Ht) ≈ BR(T → Zt) ≈ 0.5. For a model assuming a VL T
exclusively decaying to Ht (BR(T → Ht) = 1) masses up to 1.4 TeV are excluded.
However, a more general interpretation of the results can be performed by reweighting the
signal samples to other BR compositions to obtain two-dimensional limits on the BR plane, as
shown on the right of Figure 3. Under the assumption BR(T → Ht) + BR(T → W b) + BR(T →
Zt) = 1, each point on the plane indicates a model with a given BR composition. The colour
scale indicates the highest excluded mass at the given BR composition. As can be seen, the
highest excluded masses are near point (0, 1) where BR(T → Ht) = 1 which is expected given
the optimization of the search for the T → Ht and Zt decays.
3

Search for pair production of heavy vector-like quarks decaying to high-pT
W bosons and b quarks in the lepton-plus-jets final state in pp collisions at
√
s = 13 TeV with the ATLAS detector (QQ̄ → W b + X)

The second search primarily targets T T̄ production where at least one of the VL T decays
via T → W b. Events are initially required to have exactly one lepton (either an electron or a
muon), to have at least three jets of which at least one is required to be b-tagged, and to have
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Figure 3 – Combined expected and observed limits as a function of VL T mass for an example BR scenario (left)
and combined observed mass limits in the two-dimensional BR plane (right) for the Ht + X analysis 7 .
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miss > 60 GeV. The events are further required to have at least one high-p W candidate
ET
T
which decays hadronically, labelled Whad . The selection is therefore optimized for the decay
T T̄ → Whad Wlep bb, where Wlep denotes a W decaying leptonically. The four-momentum of the
~ miss and
neutrino is analytically determined using the missing transverse momentum vector E
T
constraints of the lepton-neutrino system from the mass of the W boson.
The final discriminant used in the analysis is the reconstructed mass of the semi-leptonically
decaying VL T (mlep
T ). The analysis attempts to reconstruct two T candidates in each event by
making all combinations of the hadronic and leptonic W candidates with the jets in the event
had is the
and selecting the combination that minimizes the quantity |mhad
− mlep
T
T |, where mT
reconstructed mass of the fully hadronically decaying VL T . Shown in the left of Figure 4 are
the unit-normalized mlep
T distributions for the dominant tt̄ background and for signal, generated
under various assumptions of VL T mass for a model assuming BR(T → W b) = 1. As can be
seen, mlep
T provides an excellent separation power against background. The same procedure can
be applied to a search for VL B → W t without need for further optimization. As shown on the
right of Figure 4 the mlep
T still has a very good separation power against the background when
used for signal with a model assuming BR(B → W t) = 1.
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Figure 4 – The reconstructed leptonic VL T mass in the signal region of the W b + X analysis 8 is shown for
the tt̄ background and a few signal mass points, for signal models assuming BR(T → W b) = 1 (left) and for
signal models assuming BR(B → W t) = 1 (right). In both figures, the distributions are normalized to unity for
comparison of the relative shapes at each mass point.

The tt̄ background is constrained by a dedicated control region (CR) and the search is performed in an orthogonal signal region (SR), by performing a likelihood fit of the background and
signal contributions to the mlep
T distribution observed in data. The SR and CR are defined using
miss and the p of the lepton and jets (S ) and the separation between
the scalar sum of the ET
T
T
the lepton and the neutrino (∆R(lep, ν)). The definitions of the regions on the two-dimensional
∆R(lep, ν) – ST plane are shown in Figure 5 which shows the distribution expected for simulated
tt̄ background (left) and a signal model assuming BR(T → W b) = 1 and mT = 1.2 TeV (right).
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As can be seen, the CR and SR definitions allow for high signal efficiency in the SR and a large
number of background events in the CR while being as close as possible to the SR. Sub-dominant
backgrounds in this analysis include multijet events, estimated with the matrix method technique 9 , and other SM backgrounds (W +jets, single t, Z+jets, tt̄V ) which are estimated with
Monte Carlo.
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Figure 5 – The signal region (SR) and control region (CR) for the W b+X analysis 8 are shown in a two-dimensional
plane of ST and ∆R(lep, ν), overlaying the distribution of the dominant tt̄ background (left) and overlaying the
expected signal distribution for B(T → W b) = 100% and a mass of 1.2 TeV (right).
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The dominant systematic uncertainties in this analysis are the single t and tt̄ modelling
uncertainties and the jet energy resolution. The mlep
T distribution in the SR is shown in Figure 6
for background and for data before (left) and after (right) a background only fit. The expected
signal distribution for a model with BR(T → W b) = 1 and mT = 1 T eV is also shown in the
pre-fit plot. After the fit, a very good agreement of the background expectation with the data
is observed and therefore limits are set at 95% CL.
Data
mT = 1TeV
tt
W +jets
Single top
Others
Uncertainty

350
300
250

ATLAS
s = 13 TeV
36.1 fb-1

Data
tt
W +jets
Single top
Others
Uncertainty

200

ℬ(T → Wb) = 1
Signal Region
Pre-Fit

150

Control Region
Post-Fit

100
50

Data / Pred.

Data / Pred.

10

1.80
1.4
1
0.6
0.2
0

200 400 600 800 1000 1200 1400 1600 1800 2000

1.80
1.4
1
0.6
0.2
0

200 400 600 800 1000 1200 1400 1600 1800 2000
lep

lep

mT [GeV]

mT [GeV]

8
Figure 6 – Leptonic VLQ candidate mass distributions (mlep
T ) in the signal region of the W b + X analysis
before (left) and after a fit under the background-only hypothesis (right). The hatched area represents the total
uncertainty in the background.

As in the first analysis, limits are set for particular benchmark models with specific BR
assumptions as well as in the two-dimensional BR plane, using a similar signal reweighting procedure. Figure 7 (left) shows the highest excluded VL T mass for a given BR composition. The
excluded masses are higher near point (1, 0) indicating higher sensitivity to high BR(T → W b).
Masses up to 1350 GeV are excluded assuming BR(T → W b) = 1. For the SU(2) singlet scenario with BR to W b, Zt, and Ht approximately equal to 0.5, 0.25, and 0.25, respectively, VL
T masses up to 1170 GeV are excluded. The BR(T → W b) = 1 limits can be further applied to
the VL Y quark with charge q = −4/3e which decays exclusively to W b, since no assumption on
the VLQ charge is made. Pair production of VL Y quarks is therefore excluded up to 1350 GeV.
Furthermore, as discussed above, the same analysis can be used to determine limits on the
pair production of VL B quarks and limits on the two-dimensional BR(B → W t)–BR(B → Hb)
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plane are shown in Figure 7 (right). Assuming BR(B → W t) = 1, VL B masses are excluded
up to 1250 GeV, while masses up to 1080 GeV are excluded for a singlet scenario. The former
limits are also applicable to the VL X with charge q = 5/3e which decays exclusively to W t and
is therefore excluded for masses up to 1250 GeV.

500

ℬ(B → Wt)

Figure 7 – Observed 95% CL lower limits on the mass of the T quark in the branching-ratio plane of BR(T → W b)
versus BR(T → Ht) (left) and observed 95% CL lower limits on the mass of the B quark in the branching-ratio
plane of BR(B → W t) versus BR(B → Hb) (right) for the W b+X analysis 8 . The markers indicate the branching
ratios for the SU(2) singlet and doublet scenarios with masses above ≈ 0.8 TeV, where they are approximately
independent of the VL T and B masses. The white region is due to the limit falling below 500 GeV, the lowest
simulated signal mass.

4

Summary and conclusions

The latest ATLAS searches for new heavy quarks have focused on VLQs with a broad program
targeting both pair and single production. Two recent searches for the pair production of
VLQs performed by ATLAS and targeting decay modes via the W , Z, and H bosons have been
presented. Assuming 100% BR to these decay modes, VL T masses up to between 1.17 TeV
and 1.43 TeV are excluded at 95% CL. Additionally, VL B masses are excluded up to 1.25 TeV
assuming 100% BR to W t. Finally, exclusion limits are set for scenarios with intermediate BR
compositions and interpretations in the two-dimensional BR plane for the highest excluded VLQ
masses are provided.
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Searches for Higgsinos and related challenges in ATLAS
A. S. Mete a
(On behalf of the ATLAS collaboration)
Department of Physics and Astronomy, University of California, Irvine
4129H Frederick Reines Hall, Irvine, CA 92697-4575, United States of America
Natural models of Supersymmetry typically favour existence of light Higgsinos. Models in
which the only accessible supersymmetric particles are charginos and neutralinos that are
predominantly Higgsinos tend to have low mass splitting between these particles. Such models,
commonly referred to as compressed models, lead to final states including low-momentum
leptons and disappearing tracks that are experimentally challenging to characterise. In this
proceeding, the latest results from Higgsino searches that are conducted taking advantage of
the large pp collision dataset recorded by the ATLAS detector at the LHC in 2015 and 2016
at a centre-of-mass energy of 13 TeV are presented.

1

Introduction

Supersymmetry (SUSY) is space-time symmetry that postulates a partner particle to each Standard Model (SM) particle whose spin (S) differs by one-half unit. The introduction of gaugeinvariant and renormalisable interactions into SUSY models can violate the conservation of
baryon number (B) and lepton number (L), resulting in a proton lifetime shorter than current
experimental limits. This is usually solved by assuming that the multiplicative quantum number
R-parity, defined as R = (−1)3(B−L)+2S , is conserved.
In the framework of a generic R-parity-conserving Minimal Supersymmetric Standard Model
(MSSM), SUSY particles are produced in pairs, and the lightest supersymmetric particle (LSP)
is stable and a candidate for dark matter. In the MSSM, the SM is extended to contain two
Higgs doublets, with SUSY partners of the Higgs bosons called Higgsinos. Higgsinos mix with
the Winos and the Bino, the SUSY partners of the electroweak gauge bosons, to form the mass
0
eigenstates called charginos, χ̃±
1,2 , and neutralinos, χ̃1,2,3,4 (subscripts indicate increasing mass).
In two of the three models discussed in this proceeding, the LSP is the lightest neutralino, χ̃01 ,
while in the remaining one it’s the gravitino, G̃, the SUSY partner of the hypothetical graviton.
SUSY scenarios that are motivated by naturalness arguments 1,2 typically suggest that the
absolute value of the Higgsino mass parameter is near the weak scale, while the magnitude of the
Wino and Bino mass parameters can be significantly larger (≥ 1 TeV). A practical consequence
of such a scenario is having the three lightest electroweakino states, namely χ̃01,2 and χ̃±
1 , nearly
mass-degenerate, which results in the so-called compressed mass spectra signatures that involve
low-momentum final state objects making these scenarios experimentally challenging to tackle.
In this proceeding three recent ATLAS 3 Higgsinos searches are discussed: The analysis 4 ,
a
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referred to as “soft-leptons + jets”, targeting Figure 1a, the analysis 5,6 , referred to as “disappearing tracks”, targeting Figure 1b, and the analysis 7 , referred to as “≥3b-jets”, targeting
√
Figure 1c. All searches use pp collision data at s = 13 TeV from the LHC, collected by the
ATLAS detector in 2015 and 2016.
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Figure 1: Diagrams representing the SUSY scenarios that are targeted in the presented analyses.

2

Soft-leptons + jets

0
The analysis that is discussed here mainly targets χ̃±
1 χ̃2 + ISR production as shown in Figure 1a.
In this scenario, the next-to-lightest SUSY particles (NLSP) and the LSP are predominantly
±
0
0
0
Higgsinos and have a mass-splitting ∆m(χ̃±
1 /χ̃2 , χ̃1 ) of the order 10 GeV. The χ̃1 (χ̃2 ) decay
directly into the LSP and an off-shell SM W (Z) boson with 100% branching ratio (BR).
The search is performed in the so-called electroweakino signal region (SR). Events are sammiss (magnitude of the missing transverse momentum pmiss )
pled using triggers requiring large ET
T
and required to have exactly two same-flavour opposite-sign signal leptons with leading lepton
pT > 5 (5) GeV and sub-leading lepton pT > 4.5 (4) GeV for electrons (muons). Events are
miss >
further required to have at least one signal jet with the leading jet pT > 100 GeV and ET
200 GeV. The leading jet and the pmiss
are
required
to
be
back-to-back
and
there
is
no
jet in
T
the proximity of the pmiss
.
Events
are
required
to
contain
no
b-jets.
The
leptons
are
required
T
to be well-separated but collinear, the transverse mass of the leading lepton and pmiss
, namely
T
miss /H lep > max(5, 15 − 2 m`` ) where H lep is the scalar sum of the lepton
mT < 70 GeV and ET
T
T
1 GeV
miss and m is the invariant mass of the two-lepton system. Then the m is
momenta and ET
``
``
split into 7 exclusive bins between 1 GeV and 60 GeV in each channel, where the J/ψ peak is
excluded. The full m`` spectrum in the SR, e+ e− and µ+ µ− combined, is shown in Figure 2a.
Note that the bins in this plot do not necessarily overlap with the SR bins. As can be seen, the
sensitivity is concentrated in the low-m`` region, fairly typical for compressed spectra searches.
The main SM backgrounds are the so-called fake/non-prompt background, top, diboson and
Z → τ τ + jets productions.
The fake/non-prompt lepton background is measured in data using the so-called fake factor
method. The estimation is carefully tested in dedicated regions, called validation regions (VR),
that are disjoint yet representative of the SR. Other major backgrounds are estimated from MC
corrected with data-driven normalisation factors that are measured in dedicate control regions
(CR) and also validated in associated VRs. Needless to say, measuring the fake/non-prompt
lepton background, understanding lepton identification characteristics in low-pT regime, keeping
the low-mass resonances under control, and suppressing backgrounds from mis-measurements

c

c
For the sake of brevity, the reader is referred to the relevant publication on the details of object definitions
and selection criteria. Here the emphasis is given mostly to how the search is performed, including the event
selection, and the results. The same approach also applies to the other analyses in the following sections.
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Figure 2: The m`` distribution in the signal region (a) and the associated 95% confidence level
(CL) exclusion plot (b) 4 . In the former, the background histograms are stacked whereas the
expected yields from different signal scenarios are overlaid. The bottom panels show the ratio
of the data to the total background prediction, where the hashed region shows the statistical
plus systematic uncertainty on the background.
are among the most prominent challenges in this search. The largest source of systematic
uncertainty comes from the limited data statistics in the fake/non-prompt lepton background
measurement process. Figure 2b shows the exclusion plot on the NLSP versus the mass-splitting
between the NLSP and the LSP plane. This search provides unique sensitivity beyond the LEP
limits in fairly compressed scenarios.
3

Disappearing tracks

0
This analysis mainly targets χ̃±
1 χ̃1 + ISR production as shown in Figure 1b. In the scenario con0
sidered here, the NLSPs and the LSP are Higgsino dominated and the mass-splitting ∆m(χ̃±
1 , χ̃1 )
is predicted to be of the order 100 MeV, resulting in a long-lived χ̃±
with
cτ
∼
0.05
ns.
The
1
χ̃±
1 predominantly (BR = 95%) decays into the LSP and a low-momentum pion with pT ∼ 300
MeV. Since the LSP escapes detection and the pion has too low momentum to be observed, such
events identified experimentally from the distinctive “disappearing” χ̃±
1 tracks.
Specifically, in the scenario considered in this analysis, the lifetime of the χ̃±
1 varies from 0.03
to 0.07 ns, corresponding to cτ in the range from 8 mm to 20 mm with a Lorentz factor of order
unity. This allows the χ̃±
1 to leave a few hits in the pixel layers (innermost layers of the ATLAS
inner detector) and no semiconductor tracker (SCT) or transition radiation tracker (TRT) hits.
Therefore, the experimental signature of this search is mainly characterised by a short track,
miss and a high-p ISR jet.
referred to as tracklet, with only pixel hits and no SCT hits, large ET
T
The tracklets are reconstructed after the standard track reconstruction with inner detector hits
not associated to standard tracks and a looser requirement of the number of associated hits.
Furthermore, they are required to pass a set of rigorous quality requirements 5 .
miss . Only
As in the previous analysis, events are sampled using triggers requiring large ET
those events that have at least one pixel-tracklet are used. Events that have an isolated lepton
(electron or muon) with pT > 10 GeV are rejected. Events are also required to have at least
miss > 140 GeV. In order to further suppress the multi-jet
one jet with pT > 140 GeV and ET
background, the difference in azimuthal angle (∆φ) between the direction of pmiss
and each of
T
the up to four highest-pT jets with pT > 50 GeV is required to be larger than 1.0.
The dominant irreducible background after the kinematic selection arises from a lepton
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from the W +jets or top-pair (tt̄) production process that is scattered with a large angle and is
reconstructed as a pixel-tracklet. Hadrons undergoing hadronic interactions and leptons with
significant bremsstrahlung radiation can also be reconstructed as pixel-tracklets resulting in
other sources of background. Another category of the reducible background comes from fake
tracklets which are reconstructed from random combinations of hits. For each background
source, a data-driven template of pixel-tracklet pT is measured by performing a likelihood fit.
Some sources are measured collectively due to the similarities in their pT spectra. For the
exclusion limits, signal pixel-tracklet pT templates derived from MC, corrected for reconstruction
miss
effects, are used. Figure 3a shows the the pixel-tracklet pT spectrum in the so-called high-ET
SR and Figure 3b shows the exclusion plot on the NLSP versus the mass-splitting between the
NLSP and the LSP plane. As can be seen, χ̃±
1 masses up to 152 GeV are excluded in the pure
Higgsino LSP model at 95% CL.
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Figure 3: An example pixel-tracklet pT spectrum in a kinematic region similar to that used
in this search (a) and the associated 95% CL exclusion plot (b) 6 . In the former, similar to
Figure 2a, the background histograms are stacked whereas the expected yield from an example
signal scenario is overlaid. The bottom panel layout is identical to that discussed in the caption
of Figure 2a.

4

≥3b-jets

In SUSY models with low SUSY breaking scales, such as GGM and GMSB, the G̃ is typically
0
assumed to be the LSP. In the scenarios considered in this analysis, the χ̃±
1 , the χ̃2 , and the
χ̃01 are Higgsinos, commonly referred to as H̃, with the NLSP being the χ̃01 . While a variety of
decay scenarios are possible between the various Higgsino states and the LSP, the models under
study in this analysis assume that the heavier Higgsinos decay first to the χ̃01 and then promptly
to the LSP. The typical diagram is shown in Figure 1c.
The branching ratio of the χ̃01 decays is varied between 100% hG̃ and 100% Z G̃ where the
h is the SM Higgs boson. The former is typically favoured in scenarios where ∆m(H̃, G̃) > mh
and the latter in scenarios where ∆m(H̃, G̃) < mh . Mass splittings smaller than the Z boson
pole mass are not favoured in this context due to the stringent mass limits on the NLSPs from
LEP.
miss . One of the advantages of this
This search focuses on final states involving 4b-jets + ET
final state is the large branching ratio of the SM Higgs boson into 2b final state, effectively
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maximising the expected signal yield in certain cases. The search is conducted using two complementary analyses targeting high- and low-mass Higgsinos, referred to as high- and low-mass
analysis, respectively.
miss triggers and required to have
In the high-mass analysis, events are sampled using ET
≥ 3b-jets. One of the key aspects of this analysis is the identification of the Higgs bosons
originating from the Higgsino decays. In order to accomplish this, jets are grouped into two
bb
Higgs candidates, h1 and h2 , by minimising the quantity ∆Rmax
= max[∆R(h1 ), ∆R(h2 )] where
∆R(h) is the distance in y-φ (rapidity-azimuthal angle) space between the jets forming the Higgs
candidate. In events with exactly four b-jets, those four are used. If there are more than four
b-jets, the four with the highest-pT are used. If there are only three b-jets and at least one
jet that is not identified as a b-jet, the three b-jets and the jet with the highest-pT among the
miss > 200 GeV, m
unidentified ones are used. Events are required to have ET
h1 ∈ [110, 150] GeV
and mh2 ∈ [90, 140] GeV, the minimum separation between the four jets in the plane transverse
to the beam line ∆φ4j
min > 0.4, and no leptons (electron or muon). Then events are categorised
into eight SRs based on the following information: The number of b-jets (Nb−jet ), the number
of all jets (Njet ), the effective mass (meff ) defined as the scalar sum of the pT of the four jets
miss and
used in the Higgs boson reconstruction, the minimum transverse mass between the ET
b−jets
bb
the three highest-pT b-jets (mT,min ), and the ∆Rmax .
In the low-mass analysis events are sampled using a combination of b-jet triggers and are
required to have ≥ 4b-jets. If there are more than four b-jets in the event, only the four
with the highest b-tagging score are used. As in the high-mass analysis, jets are grouped into
Higgs candidates. However, the pairing is performed by choosing the combination that gives
two Higgs boson candidates of roughly equal mass. Events are required to contain no leptons
and are vetoed if a top-quark candidate decaying hadronically is found. The top-quark candidate are formed using a tagging procedure. Further requirements based on the masses of
the Higgs candidates are also imposed to maximise signal sensitivity. In order to gain from
miss and m , the final discriminant
possible correlations between the two key observables, ET
eff
used in the statistical analysis is the two-dimensional distribution of events in both variables,
miss = (0, 20, 45, 70, 100, 150, 200) GeV
using the following definition of the lower bin edges: ET
and meff = (160, 200, 260, 340, 440, 560, 700, 860) GeV. This procedure eventually results in 56
complementary SRs.
In all the SRs of the high-mass analysis, the main background is the production of tt̄ pair
in association with heavy- and light-flavour jets. This background is estimated using simulated
samples corrected with data-driven normalisation factors derived in dedicated CRs. All remaining backgrounds are estimated purely using simulated samples. Among the most prominent are
the productions of single-top, W/Z+jets, tt̄ + W/Z/h, tt̄tt̄, and dibosons. The largest sources
of systematic uncertainties are the jet energy scale and resolution, flavour tagging, and tt̄ and
single-top modelling uncertainties. In the low-mass analysis the total background is estimated
collectively using a fully data-driven method. The background templates are extracted in dedicated CRs and extrapolated to the SRs using transfer factors that correct both the shapes
and normalisations. These factors are measured using multi-variate techniques, boosted decision trees to be precise. The background estimation is carefully validated in dedicated VRs
and closure tests are performed. The main uncertainties on the background prediction include
statistical uncertainty on the CR data, the uncertainties from the closure tests and the transfer
factors.
Since no significant excess over the expected background from SM processes is observed, the
data are used to derive one-sided upper limits at 95% CL. Figure 4a shows the limits on the
production cross-section as a function of the Higgsino mass. All of the regions of the high-mass
and low-mass analyses are combined to obtain these limits. All of the regions of the high-mass
and low-mass analyses are combined; the analysis with the best expected limit at each generated
Higgsino mass point is then selected for the combined result. The transition between the two
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analyses occurs at mH̃ = 300 GeV. Degenerate Higgsino masses between 130 GeV and 230 GeV
and between 290 GeV and 880 GeV are excluded at 95%.
5

Conclusions

In this proceeding, three of the most recent ATLAS Higgsinos searches are highlighted. Results
√
are based on the analysis of data collected in pp collisions at s = 13 TeV by the ATLAS
detector at the LHC in 2015 and 2016 corresponding to an integrated luminosity of 36.1 fb−1 .
No excess beyond the SM expectations is observed in any of the analyses. Hence, limits are set
on various observables. Exclusion limits at 95% CL for Higgsino pair production with off-shell
SM-boson-mediated decays to the LSP, χ̃01 , as a function of the mass of the NLSP, χ̃±
1 , and the
0
mass-splitting ∆m(χ̃±
1 , χ̃1 ) is show in Figure 4b, where the production cross-section is for pure
Higgsinos.
At the end of 2018, ATLAS is expected to have about a factor of 4 to 5 times more luminosity
than what is used for the analyses highlighted here. This additional data will surely allow
extending the Higgsino search program into the corners of phase-space that are so-far unexplored.
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Figure 4: (a) The 95% CL upper limits on the Higgsion pair-production cross-section as a
function of the Higgsino mass in the ≥ 3b-jets search 7 . The bottom panel shows the ratio of the
observed and expected limits with the theory cross-section. (b) Exclusion limits at 95% CL for
Higgsino pair production with off-shell SM-boson-mediated decays to the LSP, χ̃01 , as a function
±
0
of the mass of the NLSP, χ̃±
1 , and the mass-splitting ∆m(χ̃1 , χ̃1 ). The production cross-section
is for pure Higgsinos.
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SUSY searches in the context of R-parity violation with CMS data
Claudia Seitz on behalf of the CMS Collaboration
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Several searches for supersymmetric particles are presented using data collected by the CMS
experiment during Run 2 of the LHC. With rather stringent limits placed on R-parity conserving models, we explore three different scenarios where R-parity is not conserved. In these cases
the lightest supersymmetric particle is not required to be stable, and can decay exclusively
into known standard model particles. Different coupling scenarios and coupling strengths are
possible, however, the focus here lies on prompt hadronic R-parity violating decays.

1

Introduction

Despite the huge success of the standard model (SM) of particle physics, proven to withstand
several decades of ever more precise measurements, there are still unanswered questions that
encourage the presence of physics beyond the standard model (BSM). One of these scenarios
is supersymmetry (SUSY), where each SM particle has a supersymmetric partner that differs
in spin from its SM counterpart. Both ATLAS and CMS Collaborations have extensive search
programs to find these new, up to now elusive particles. One cornerstone of these searches is
the presence of a lightest supersymmetric particle (LSP) that typically escapes detection. A
quantum number is introduced that distinguishes SM from SUSY particles, so called R-parity
with R = (−1)3B+L+2s , where B is the baryon number, L the lepton number, and s the spin of
the particle. If R-parity is a conserved quantity then SUSY particles are produced in pairs and
each decay chain ends with the LSP, which is stable and escapes detection. However, if R-parity
is not conserved, several new possibilities for LSP decays open up. In these proceedings we will
focus on hadronic RPV decays, where the SUSY particles exclusively decay into quarks. The
√
data were collected by the CMS experiment 1 during Run 2 of the LHC at s = 13 TeV and
−1
−1
integrated luminosities of the analyzed data range from 2.6 fb to 38.2 fb .
2

Search for high mass gluinos

Under the assumption of minimal flavor violation (MFV) the flavor structure of the new physics
scenario follows the one already realized in the SM. In this specific model the coupling to third
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generation quarks, i.e., top and bottom quarks, would be enhanced. Specifically, in this search 2
we consider gluino (g̃) pair production where each of the gluinos decays through an intermediate
mass-decoupled top squark to a top, a bottom, and a strange quark, i.e., g̃ → tbs. This striking
final state contains many jets, b jets, but little to no missing transverse momentum. For this
search the semileptonic decay of the tt̄ system is used, which reduces the background from QCD
multijet production significantly. Events are selected if they contain exactly one isolated lepton
(e or µ) with pT > 20 GeV, at least 4 jets clustered with a distance parameter R = 0.4 with pT
> 30 GeV, whose scalar sum HT is above 1200 GeV. For events satisfying these criteria, all jets
and the lepton are clustered into ”large” radius jets using the anti-kT clustering algorithm with
a distance parameter of R = 1.2. The sum of the masses of these large R jets MJ is then used
to further separate the new physics signal from the main background of tt̄+jets production by
requiring a minimum MJ threshold of 500 GeV. Given the nature of the signal, we expect an
excess of events with many jets and b jets. The Njet and Nb distributions can be seen in the first
two plots in Figure 1. Jets originating from the fragmentation of b quarks are identified with
the combined secondary vertex algorithm in CMS, using secondary vertex as well as track-based
information. With this signal topology in mind, events are categorized into different exclusive
regions of jet multiplicity Njet and MJ . An examples of the MJ distribution is shown in Figure 1
as well. A binned maximum likelihood fit to the Nb distribution is carried out in each category
to identify a potential excess at high Nb . Event categories with lower number of jets, low MJ ,
or low Nb act as control regions to constrain the main SM backgrounds.
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Figure 1 – High mass gluino search 2 : The figure shows the normalized distributions of the g̃ → tbs signal for
gluino masses of g̃ = 1600 GeV and 1000 GeV in comparison with the main SM background of tt̄+jets production.

Figure 2 shows one of these fit results, accompanied by the data distribution in one of the
most sensitive search regions. We observe good agreement between the SM prediction and the
data, and proceed to set limits on this new physics scenario for different gluino masses. This is
shown in the right-hand plot in Figure 2, where the expected and observed 95% confidence level
(CL) limits on the pair production cross section for this RPV gluino model are given. Masses
between 1 TeV and 1.6 TeV are excluded in this analysis.
3

Search for pair-produced dijet resonances - low mass top squarks

In order for SUSY to solve known issues of the SM, such as the stabilization of the Higgs mass
at 125 GeV, the expectation is that SUSY particles should not be too heavy. In particular the
partner of the top quark, the top squark (t̃), is expected to be relatively light. Recent searches
for these particles, however, yield exclusions up to about 1 TeV. If we assume R-parity violating
decays, where each top squark decays into two SM quarks, light top squarks with masses of 80 to
240 GeV could still be hiding in the data behind copious amounts of QCD multijet background.
Especially for low masses, these new particles could be highly boosted, which is the target of
the search discussed in this section 3 . Under the assumption of a boosted final state, events are
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Figure 2 – High mass gluino search 2 : The left figure shows the post-fit Nb distributions in one of the most sensitive
search regions. The figure on the right shows the expected (black dashed line with ± 1 and 2 σ uncertainty bands
in green and yellow) and observed limit on the gluino pair production cross section as a function of the gluino
mass. For this scenario we exclude masses between 1 TeV and 1.6 TeV.

selected if they contain two jets with a cone size of R = 0.8 and a pT of at least 150 GeV in
a data set corresponding to 2.7 fb−1 . The sum of the pT of all of these jets has to be greater
than 900 GeV in order to pass the trigger threshold and be collected by the CMS experiment.
At the event level further topological selection criteria are applied to the ∆η(j1 , j2 ) between the
two leading jets and the mass asymmetry Masym = |Mj1 − Mj2 |/(Mj1 + Mj2 ). The normalized
distribution for two signal scenarios of mt̃ = 80 GeV (red) and mt̃ = 170 GeV (pink) and the
main QCD multijet background (in blue) are shown in the top two plots of Figure 3.
CMS Simulation Preliminary

(13 TeV)
Normalized

Normalized

CMS Simulation Preliminary
M~t = 80 GeV
M~t = 170 GeV
Z + Jets
W + Jets
Dibosons
t t + Jets
QCD

0.2
0.18
0.16

(13 TeV)
M~t = 80 GeV
M~t = 170 GeV
Z + Jets
W + Jets
Dibosons
t t + Jets
QCD

0.5
0.4

0.14
0.12

0.3

0.1
0.08

0.2

0.06
0.04

0.1

0.02
0
0

0.5

1

1.5

2

2.5

3

3.5

4

0
0

4.5 5
∆ η (j1, j2)

Normalized

CMS Simulation Preliminary
0.14
0.12

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Masym

(13 TeV)

M~t = 80 GeV
M~t = 170 GeV
Z + Jets
W + Jets
Dibosons
t t + Jets
QCD

0.1
0.08
0.06
0.04
0.02
0
0

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Leading Jet τ21

Figure 3 – Low mass top squark search 3 : The figures show the normalized distributions of the main SM backgrounds from QCD multijet events (blue solid histograms) and two signal scenarios with masses of 80 GeV (red,
dotted) and 170 GeV (pink, dash-dotted). The plots show from left to right: the ∆η between the two leading
jets, the mass asymmetry Masym , and the τ21 variable for the leading jet in the event.
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Events are selected where ∆η(j1 , j2 ) < 1.5 and Masym < 0.1. Additionally, we expect each
jet to exhibit a two prong substructure. The n-subjettines variable τ21 is used to select jets that
are likely to contain a two prong decay, as can be seen in the bottom plot of Figure 3, where
the signal peaks at lower values of τ21 , when compared to QCD multijet events. The leading
and subleading jets have to satisfy τ21 < 0.45. After these selections the analysis is carried
out as a so-called ”bump hunt” by searching for a localized excess of events in the average jet
mass spectrum of the dijet events. A potential new physics signal would be visible as a peak
structure around the respective top squark mass. The final average mass spectrum is shown in
the left-hand plot of Figure 4. The main background of QCD multijet production shown in blue
is estimated using an ABCD approach, where orthogonal (BCD) regions are defined by inverting
the selections on ∆η(j1 , j2 ) and Masym , which are uncorrelated variables for this background. A
binned maximum likelihood fit is performed using this QCD estimate and additional but minor
background contributions (such as tt̄+jets and W+jets events) are taken from simulation. As
can be seen in the ratio panel of the left-hand plot in Figure 4, we observed good agreement
between the SM background and the data. Limits can be set at the 95% CL on the production
cross section of RPV top squarks decaying into two quarks, as shown in the right-hand plot of
the same figure. Here RPV top squarks with masses between 80 and 240 GeV are excluded. The
sensitivity decreases significantly above a mass of 250 GeV due to the fact that these particles
are less boosted and therefore less likely to be clustered into one of the R = 0.8 jets.
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Figure 4 – Low mass top squark search 3 : The left figure shows the final average mass distribution with the main
backgrounds depicted by the solid histograms and the data in black. Two signal models with masses of 80 GeV
(red, dotted) and 170 GeV (pink, dash-dotted) are shown as well, which would be visible as a peak structure on
top of the SM background. The right-hand plot shows the 95% CL expected and observed exclusion limits on
the top squark pair production cross section, where each top squark decays to two light flavor quarks. Masses
between 80 and 240 GeV can be excluded for this final state.

4

Search for light pair-produced resonances decaying into at least four quarks low mass squarks and gluinos

Another possible way that light SUSY particles could be hiding behind large amounts of background is, if their decays involve intermediate sparticles, leading to many light flavor quarks
in the final state. Two of these types of scenarios are considered for the search discussed in
this section. Figure 5 shows the diagrams of either a squark decaying through an intermediate
higgsino into four light-flavor quarks, or on the right-hand side, a gluino decaying into five lightflavor quarks. If the parent particles are light, they could be boosted and the final state quarks
could be very close together such that high multiplicity searches would not be sensitive. This
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particular final state scenario is explored for the first time with CMS data 4 . Events are selected
if they contain at at least two jets with R = 1.2 and pT > 400 GeV. The data set corresponds to
38.2 fb−1 collected during the 2015 and 2016 runs of the LHC. Similar to the search discussed
in the previous section, the two leading jets are required to have ∆η(j1 , j2 ) < 1.0 and Masym <
0.1. The substructure variables τ42 and τ43 are used to reduce backgrounds from QCD multijet
(4-prong decay versus 2-prong decay) events and hadronically decaying top quarks (4-prong decay versus 3-prong decay), respectively. For the final search region, the leading and subleading
jets are required to satisfy τ42 ≤ 0.50 and τ43 ≤ 0.80. After these selections are applied, we
are inspecting the average mass distribution of the two jets for localized deviations that would
appear if a hadronically decaying particle would be reconstructed. The main SM backgrounds
in this search are QCD multijet production and all-hadronic tt̄ events. The QCD multijet mass
template is generated entirely from data by first selecting events where at least one jet satisfies
the substructure criteria. The distribution of the masses of selected jets are treated as a probability distribution P (m) from which two jets are sampled, taking into account the constraints
on ∆η(j1 , j2 ) and Masym , to form an average mass distribution:

Pavg (m̄) =

Z 2m̄



P (x) · P (2m̄ − x) · θ 0.1 −

0

x − m̄
m̄



dx,

(1)

where θ is the Heaviside function that imposes the mass asymmetry requirement. For this procedure, corrections for the pT and mass dependence of the jets are taken into account in order to
reproduce the sum pT spectrum (HT ) of the jets in data. The contribution from tt̄ events is estimated from simulation and both background components are validated in dedicated validation
regions. Each of the templates is assigned three parameters for the overall normalization, the
mean, and the stretch. The two validation regions in the corresponding template fits are shown
in Figure 6, on the left for a QCD enriched region and on the right for a tt̄ enriched region.
With the background templates validated we move to the fit of the average mass distribution
in the signal region, which is shown in the top plot of Figure 7. Two potential signals for a
squark mass of 100 and 500 GeV are shown as well. The SM background prediction agrees well
with the observed data, and we proceed to set limits on the pair production cross section of
squarks (bottom, left plot) and gluinos (bottom, right plot), respectively. Masses between 100
and 700 GeV are excluded for the squark scenario, while masses between 100 GeV and at least
1 TeV are excluded for the gluino case.
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5

Summary

We have discussed several searches for hadronic RPV scenarios conducted by the CMS experiment with data collected at 13 TeV during Run 2 of the LHC. Overall good agreement is
observed between the SM predictions and the observed data for several different possible new
physics scenarios, and limits are placed on the respective physics model cross sections. The
discussed searches consider high mass scenarios, where the new physics signal would manifest
itself at scales between 1 and 2 TeV, but also emphasize the importance of covering possible
low mass scenarios that have been previously unexplored. New data driven techniques are employed in order to estimate the copious QCD multijet background that often arises in these
kind of searches for hadronic RPV scenarios. Pair produced gluinos decaying to a top, bottom,
and strange quark are excluded between 1 TeV and 1.6 TeV. The limits for pair produced top
squarks decaying into two light flavor quarks range from 80 GeV to 240 GeV. Low mass squarks
and gluinos with cascade decays to either four or five light flavor quarks are excluded between
100 GeV and 700 GeV, or at least 1 TeV, respectively.
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SQUARK AND GLUINO SEARCHES WITH R-PARITY VIOLATING
DECAYS AND LONG-LIVED PARTICLES IN ATLAS
D. BARBERIS
University of Genoa, Department of Physics,
Via Dodecaneso 33, I16146 Genova, Italy
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A selection of searches for supersymmetry performed with the ATLAS experiment at LHC
using data collected at centre-of-mass energies between 8 and 13 TeV, and optimized for
R-parity-conserving and R-parity-violating models, are reinterpreted in SUSY models with
variable coupling strengths. Limits are placed on simplified models of pair-produced gluinos
decaying to final states enhanced or depleted with top quarks, and models of pair-produced
top squarks. In a model of pair-produced gluinos decaying to final states enhanced with top
quarks, a lower limit of 1.8 TeV on the gluino mass is set at 95% confidence level regardless of
the RPV coupling value. Limits are set on models of gluino pair production decaying to lightflavor quarks, and models of top squark production. Limits are also placed on meta-stable
gluinos decaying within the detector volume.

1

Introduction

Supersymmetry (SUSY) is a generalization of space-time symmetries which extends the Standard Model (SM) by introducing supersymmetric partners for every SM particle with identical
quantum numbers except for a half-unit difference in spin. The scalar partners of the left- and
right-handed quarks, the squarks q̃L and q̃R , mix to form two mass eigenstates q̃1 and q̃2 ordered
by increasing mass. Superpartners of the charged and neutral electroweak and Higgs bosons, so
0
called winos, bino and higgsinos, also mix producing charginos (χ̃±
1,2 ) and neutralinos (χ̃1,2,3,4 )
with subscripts indicating increasing mass. Squarks and the fermionic partners of the gluons,
the gluinos (g̃), could be produced in strong-interaction processes at the Large Hadron Collider
(LHC) with large cross-sections.
In the most generic superpotential, the following Yukawa and bilinear couplings can lead to
baryon- and lepton-number violation:
WRPV =

λ00ijk
λijk
Li Lj Ēk + λ0ijk Li Qj D̄k +
Ūi D̄j D̄k + κi Li Hu ,
2
2

(1)

a
Copyright 2018 CERN for the benefit of the ATLAS Collaboration. Reproduction of this article or parts of
it is allowed as specified in the CC-BY-4.0 license.

181

where i, j, and k are quark and lepton generation indices. The Li and Qi represent the lepton and
quark SU(2)L doublet superfields and Hu the Higgs superfield that couples to up-type quarks.
The Ēi , D̄i and Ūi are the lepton, down-type quark and up-type quark SU(2)L singlet superfields,
respectively. The couplings are λ, λ0 , λ00 , as well as κ which is a dimensional mass parameter.
The λ and λ00 couplings are antisymmetric under the exchange of i → j and j → k, respectively.
While these terms are removed in many scenarios by imposing an additional Z2 symmetry (Rparity), the possibility that at least some of these R-parity violating (RPV) couplings are not
zero is not ruled out experimentally.
In this paper the lightest neutralino, χ̃01 , is assumed to be the lightest supersymmetric particle
(LSP). If R-parity is conserved, SUSY particles are produced in pairs and decay either directly
or via cascades to the LSP which is stable and escapes the detector unseen. Introducing non-zero
RPV couplings renders the LSP unstable and allows decays to SM particles via the interactions
in Eq. (1). The LSP lifetime depends on the RPV coupling strength as well as the masses of the
sfermions involved in the decay. Most searches for RPV SUSY assume values of the coupling that
are large enough to ensure prompt decays of the LSP. However, in the parameter space of small
RPV couplings and/or large sfermion masses the LSP can become long-lived and decay after
traversing a sizable distance within the detector volume. In the limit where the RPV coupling
is vanishingly small the majority of LSP decays occur outside the detector volume, producing
the same experimental signature as R-parity-conserving (RPC) SUSY. For high values of the
coupling, the LSP decays promptly; as the coupling increases even further, squarks and gluinos
can decay directly to SM particles via the large RPV coupling. Thus, scaling the value of the
RPV coupling transitions the SUSY final state through several distinct regimes. Furthermore,
non-zero RPV coupling values allow for single sparticle production.
Final states with displaced decays can also emerge from models such as Split SUSY, where
large mass hierarchies allow bound states involving SUSY particles (called R-hadrons) to obtain
macroscopic lifetimes. Depending on the lifetime of these particles, SUSY searches targeting
traditional simplified models can also provide sensitivity to these signatures.
2

SUSY models

The sensitivity of a suite of searches performed using the ATLAS experiment [1] at LHC is
evaluated on a set of simplified SUSY models [2]. All models assume the existence of a non-zero
baryon-number-violating RPV λ00 coupling. Lepton-number-violating couplings, λ and λ0 , are
assumed to be zero. Within the set of λ00ijk couplings, only one is considered to be non-zero
in each simplified model, while the rest are assumed to be zero.b The antisymmetry condition
λ00ijk = −λ00ikj is respected, and is always implied when a model is described as having only
one non-zero coupling. Supersymmetric scenarios featuring only baryon-number-violating RPV
couplings are predicted in minimal flavor violation (MFV) SUSY. The LSP is assumed to be the
lightest neutralino, χ̃01 , which is purely bino-like and has a fixed mass of 200 GeV. The value of
the mass is chosen to allow decays of the neutralino to a top quark. The choice of a bino-like
neutralino is made for simplicity as the absence of a chargino in the particle spectrum reduces
the number of possible squark or gluino decays. The nature of the neutralino has also an impact
on its lifetime, e.g. a higgsino-like neutralino has a shorter lifetime due to the large Yukawa
coupling to the stop.
Despite the usage of simplified models, the masses of all the squarks have to be specified even
if they are not considered in the accessible sparticle spectrum, since the LSP lifetime depends
on the choice of squark masses. The results are presented as a function of the RPV coupling
strength, λ00 , and as a function of the LSP lifetime and branching ratio. The correspondence
b
The absence of lepton-number-violating couplings is enough to satisfy proton stability bounds. The choice
of having only one non-zero baryonic coupling is made for simplicity and the availability of a theoretical upper
limit.
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between coupling strength and lifetime or branching ratio is determined by the choice of squark
masses. The mean decay length for a bino-like lightest neutralino can be numerically estimated
from:

4 

0.9βγ
m(q̃)
1 GeV 5
L(cm) = 00 2
(2)
100 GeV
m(χ̃01 )
λ
For a fixed value of the coupling higher squark masses lead to higher neutralino lifetimes. The
computation of lifetime and branching ratios is performed with SPheno 4.0.2 in combination
with SARAH 4.12.0.
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Figure 1 – Production and decay processes for the three RPV SUSY models considered: (top) Gqq model, (middle)
Gtt model, and (bottom) stop model. For each model the dominant process varies with increasing λ00 coupling
from left to right [2].

Three simplified models are considered c :
Gqq model: the model contains light gluinos and the LSP, with non-zero λ00112 coupling and all
other RPV couplings equal to zero. The gluinos are pair-produced and decay via off-shell
squarks of the first and second generation. For low values of the RPV coupling the gluino
decays as g̃ → qq χ̃01 (q = u, d, s, c) with the subsequent LSP decay, χ̃01 → qqq. For larger
values of the coupling the gluino can also decay as g̃ → qqq. The masses of the first
and second generation squarks are assumed to be 3 TeV, while the masses of the other
sparticles are set above 5 TeV, including third generation squarks.
Gtt model: the model contains light gluinos and the LSP, with non-zero λ00323 coupling and
all other RPV couplings equal to zero. The gluinos are pair-produced and decay via offshell top squarks. For low values of the RPV coupling the gluino decays as g̃ → ttχ̃01
with the subsequent LSP decay, χ̃01 → tbs. For larger values of the coupling the gluino
can also decay as g̃ → tbs. The masses of the third-generation squarks are assumed to
be 2.4 TeV; the masses of the other sparticles are set above 5 TeV, including first- and
second-generation squarks. The choice for the masses of third-generation squarks is made
to ensure that the prompt decay regime is reached before the branching fraction of g̃ → tbs
becomes non-negligible.
c
More complete information on the models considered for this analysis can be found in ref. [2] and the
references therein.
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Stop model: the model contains a light stop, t̃1 , which is the right-handed superpartner of the
top quark, and the LSP, with non-zero λ00323 coupling and all other RPV couplings equal
to zero. Stops are pair-produced and decay as t̃1 → tχ̃01 for low coupling values, or t̃1 → bs
for high coupling strengths. The LSP always decays as χ̃01 → tbs. The masses of the other
sparticles are set above 3 TeV, but since the RPV decay proceeds via the right-handed
stop, which is already part of the simplified model, there is no impact from this choice on
the lifetime or branching ratios. For high coupling values single stop resonant production
is also considered, pp → t̃1 → bs, leading to a di-jet final state which may provide stronger
constraints on the stop mass than pair production at the LHC.
Figure 1 illustrates the production and decay modes considered in the three models, as a
function of the λ00 coupling strength. For very small values of the coupling the decay of the LSP
can be displaced. For higher values of the coupling the decay of the LSP is prompt and the
diagrams in the middle column occur with 100% branching ratio. For even higher values of the
coupling the direct decay of the gluino or stop (right column) occurs with increasing branching
ratio, reaching 100% for λ00 values of order one. Direct decays of the gluino or stop are always
prompt.
An additional simplified model inspired by Split SUSY is considered in this note, and referred
to as the R-hadron model:
R-hadron model: the gluino is kinematically accessible at LHC energies while the squarks have
masses that are several orders of magnitude larger. The gluino decays via a highly virtual
intermediate state resulting in macroscopic lifetimes. Unlike the models described above,
the long-lived particle is the gluino, which decays to a stable LSP via RPC couplings as
shown in the first diagram of Figure 1. The LSP is assumed to be the lightest neutralino,
χ̃01 , with a mass of 100 GeV. If the gluino lifetime is larger than the hadronization timescale
of order 10−23 s, it will form a color-singlet state with SM quarks and gluons. This bound
state is referred to as an R-hadron. The mass of the R-hadron is dictated by the mass of
the gluino with additional contributions from the mass of the bound SM particles and the
binding energy associated with the hadron.
3

Analyses and results

A set of nine ATLAS searches that are sensitive to the models described above are re-interpreted
to set exclusion limits 2 . None of the analyses saw significant excesses above the SM expectation
in datasets ranging from 3.2 fb−1 to 37 fb−1 of 13 TeV proton–proton collision data. An outline
of each of the included analyses is presented below.
RPC 0-lepton, 2-6 jets: the analysis searches for pair production of squarks or gluinos in
final states with jets and MET, while vetoing electrons or muons. Two strategies are used:
one based on the meff variable, and a second one based on recursive jigsaw reconstruction.
The search sets an exclusion limit on the gluino mass around 2 TeV in a simplified model
with RPC, equivalent to the Gqq model considered in this note in the limit of a vanishingly
small lambda00 coupling.
RPC 0-lepton, 7-11 jets: the analysis searches for gluinos which decay via long chains of
particles, yielding a final state with high jet multiplicity and moderate MET. The models
targeted by this search do not map directly to the models considered in this note; in
simplified models with long decay chains of SUSY particles, the analysis sets limits of up
to 1.8 TeV on the gluino mass. Given the high jet multiplicity in events with moderate
λ00 coupling, and the possibility to obtain moderate MET due to misreconstruction of jets
from late decays, this search has potential sensitivity to the Gqq and Gtt models.
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RPC multi-b: the analysis targets gluino production with the subsequent decay to top quarks
and a neutralino, in a scenario equivalent to the Gtt model in the RPC limit. The search
requires high jet and b-jet multiplicity, moderate MET and large meff . Gluino masses up
to 2 Tev are excluded for a 200 GeV neutralino mass.
RPV 1-lepton: the analysis searches for gluinos and stops in models with RPV couplings,
yielding final states with at least one lepton, very high jet multiplicity and either no b-jets
or many b-jets. The search also sets limits on the gluino mass for two models that are
similar to the Gtt model considered here, in the the regime where the LSP decay is prompt
and the gluino decays only to g̃ → ttχ̃01 , or only to g̃ → tbs.
RPC stop 0-lepton, stop 1-lepton: both analyses search for stop pair production in a tt̄+MET
final state, with either both tops decaying hadronically, or one top decaying hadronically
and the other leptonically. Both searches set an exclusion limit on the stop mass around 1
TeV in a simplified model with RPC, equivalent to the stop model considered in this note
in the limit of a vanishingly small λ00 coupling.
RPC and RPV same-sign and 3-leptons (SS/3L): the analysis covers a large variety of
models including both RPC and RPV scenarios. Among the targeted scenarios are the
three distinct regimes of the Gtt model described before, as well as final states compatible
with the stop model with a prompt decay of the neutralino.
RPV stop dijet pairs: the analysis targets stop pair production with the subsequent decay
to a b-quark and s-quark, in a scenario equivalent to the stop model considered in this
note in the regime with very high RPV coupling. Stop masses up to 610 GeV are excluded
assuming decays only to t̃ → bs.
Dijet and TLA: For very high coupling values, single stop resonant production is also considered, pp → t̃1 → bs, leading to a di-jet final state. The offline dijet search and the
trigger-level-analysis (TLA) dijet search are reinterpreted to set limits in this regime.
Both analyses search for a localized excess in the dijet mass spectrum, with small rapidity
separation.
All analyses implement the full set of uncertainties described in the respective publication.
In addition, the analyses that are sensitive to signals with sizable lifetime include two additional
uncertainties to account for possible differences between data and simulation modeling of displaced signals. The jet energy scale uncertainties for displaced jets are below the percent level
for decay lengths below 1 m, grow linearly reaching 30% at 1.6 m, and remain approximately
constant until the end of the calorimeter. The jet reconstruction efficiency decreases quickly
while approaching the end of the calorimeter, dropping below 10% for decay lengths larger than
3 m. The b-tagging uncertainties for displaced jets generate an extra systematic uncertainty of
10% (20%) for event selections with 2 b-tags (4 b-tags) and signal lifetimes of 1 ns. The size of
this uncertainty decreases (increases) for shorter (longer) lifetimes.
Results are provided in the context of three RPV SUSY benchmark models and the R-hadron
model, using the nine ATLAS analyses described previously. In all cases except for the dijet
analyses, the profile likelihood-ratio test is used to establish 95% confidence intervals using the
CLs prescription. In the dijet analyses a Bayesian procedure is used to set 95% credibility-level
upper limits on generic Gaussian resonances. Individual limits from each analysis are reported,
and no combination is performed due to substantial overlaps in signal region definitions and
in order to highlight the performance of the approach of each analysis. Figure 2 shows the
observed and expected lower gluino mass limits obtained in the four considered models; the
excluded regions are the areas below the curves.
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Figure 2 – Top-left: exclusion limits for the Gqq model as a function of λ00112 and m(g̃). Top-right: exclusion limits
for the Gtt model as a function of λ00323 and m(g̃). Bottom-left: exclusion limits for the stop model as a function
of λ00323 and m(t̃). Bottom-right: exclusion limits for the R-hadron model, as a function of the R-hadron lifetime
and the gluino mass [2].

4

Conclusions

This paper describes the reinterpretation of analyses performed by the ATLAS experiment
at LHC using models with variable R-parity coupling strength and R-hadron lifetime. Four
simplified models, three targeting RPV scenarios and one targeting R-hadrons, are analyzed.
The large variations in final state, and therefore in sensitivity, as a function of the R-parity
coupling strength motivate a thorough examination of the full ATLAS SUSY program’s coverage.
Different degrees of sensitivity are observed as a function of λ00 : in the gluino model with large
branching fractions to top quarks, gluinos are excluded up to masses of 1.8 TeV, over the full
range of lifetime and RPV coupling strengths. In the gluino model with decays to first and
second generation quarks, the differences are even more striking: for low values of the coupling,
gluino masses are excluded up to 2.0 TeV, but at high values of λ00 no limits are set. The stop
model shows large variations in the limits as well: stop masses up to 2.4 TeV can be excluded
at high values of λ00 , but no limits can be established for values of λ00 ≈ 10−4 , equivalent to
neutralino lifetimes around 1 ns. Gluinos in models with short lived R-hadrons can also be
excluded up to masses of 2.0 TeV by the re-interpretation of existing RPC-targeting analyses.
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LONG LIVED PARTICLES AND DARK PHOTONS AT LHCb
M. BORSATO, on behalf of the LHCb Collaboration
Universidade de Santiago de Compostela,
E-15706 Santiago de Compostela, Spain
The LHCb detector at the LHC is designed for indirect searches for physics beyond the
Standard Model by the precise study of heavy hadron decays, but it has a great potential also
in direct searches of new light states below the electroweak scale. Its excellent sensitivity has
been recently demonstrated with a set of searches for light dimuon resonances (such as dark
photons) and for displaced vertices due to particles with a significantly long lifetime.

1

Direct searches at LHCb

The LHCb experiment is a forward spectrometer operated at LHC pp collisions. It is the only
LHC detector to be fully instrumented in the forward region 2 < η < 5 1 . By triggering on low
transverse momentum objects and identifying displaced vertices online, the LHCb detector is
capable of efficiently selecting soft hadron decays in the forward region of the LHC. Their precise
study is used to probe physics beyond the Standard Model (BSM) indirectly up to a very high
mass scale.
The direct search for new high mass states is instead the goal of LHC general purpose detectors, ATLAS 2 and CMS 3 , which have a larger angular coverage and run at higher luminosity.
However, BSM states below the electroweak scale appear in a multitude of SM extensions addressing its shortcomings, such as models with dark sectors that mix weakly with the SM. These
models are attracting increasing interest, especially in the absence of evidence for new physics
at the TeV scale. These lighter states might have been missed by typical searches, especially
if they have small cross-sections or long lifetimes. The LHCb experiment has recently proved
to be competitive in identifying some of these signatures and its program of direct searches is
rapidly expanding.
In these proceedings, the results of the latest direct searches at LHCb are briefly presented
and the potential for future development is highlighted.
2

Light boson searches

The LHCb detector has excellent muon identification capabilities thanks to a system composed of alternating layers of iron and multiwire proportional chambers and to two ring-imaging
Cherenkov detectors. Furthermore, it is able to trigger at the first level on single muons with a
pT threshold below 2 GeV while keeping the rate low (at about 400 kHz). The LHCb tracking
system also allows to measure dimuon masses in the range 0.1-20 GeV with a precision below
0.5%. For these reasons, the LHCb detector can reach world-leading sensitivities in the search
for light BSM bosons, hereafter called φ bosons, by studying their decay to dimuons.
New dimuon resonances can be produced directly in the inelastic pp collision but also in the
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Figure 1 – Invariant mass distribution of Σ+ → pµ+ µ− candidates in data (left) and dimuon invariant mass
distribution for events within two times the resolution in the pµ+ µ− invariant mass around the known Σ+ mass 7 .

displaced weak decay of a heavy flavour hadron. In the second case, the displaced decay vertex
and the hadronic part of the final state can be used to clean the select a clean signal sample.
2.1

Light bosons from displaced heavy flavour decays

Light φ boson searches from the decays of heavy flavour hadrons reach the best sensitivity when
the corresponding SM decay mode, which represents an irreducible background, is suppressed.
Indeed, LHCb has searched for new φ bosons produced in the rare flavour-changing neutral
current (FCNC) decays of beauty mesons. The decay channels B + → K + µ+ µ− 4 and B 0 →
K ∗0 (→ K + π − )µ+ µ− 5 were used to search for a φ boson radiated from the b → s FCNC
transition. Indeed, the LHCb reconstruction efficiency and the mass resolution are much better
for charged final states and LHCb has collected world-record samples of these decays with high
signal purity. In some models, the light boson can have a significant lifetime resulting in a
dimuon vertex displaced with respect to the B decay vertex. The selection requirements are
thus designed to allow for displaced vertices in the region of the silicon-strip vertex detector
(VELO) that surrounds the pp interaction region (VELO). No signal is observed and limits are
placed on B(B → K (∗) φ) × B(φ → µµ) as a function of the boson mass and lifetime.
Recently, LHCb investigated the possibility of a φ boson produced in a rare s → d transition.
This measurement is especially interesting because it follows up an anomaly seen by the HyperCP
experiment 6 in strange hyperon decays Σ+ → pµ+ µ− , where the three signal candidate events
were found to have a dimuon mass within m(µµ) = 214.3 ± 0.5 GeV, suggesting the decay
Σ+ → pµ+ µ− might have proceeded through an intermediate resonance Σ+ → pφ(→ µ+ µ− ).
Selecting this strange hadron decay with the LHCb detector is challenging because the final
state particles have very low transverse momenta and the Σ+ often decays out of the VELO
acceptance. However, the very large pp → ss̄X cross section at LHC energies and the flexible
trigger have allowed LHCb to find the first evidence for this decay with a significance of 4.0
standard deviations with the Run 1 data set 7 . This sample, shown in Figure 1(left), was used
to search for a structure in the dimuon spectrum compatible with the anomaly seen by the
HyperCP experiment. As shown in Figure 1(right) no structure was observed and an upper
limit was placed on the B(Σ+ → pφ) × B(φ → µ+ µ− ) of 1.2 × 10−8 at 95% confidence level
for a φ mass of 214.3 MeV. For comparison, the branching ratio observed by the HyperCP
−8
experiment is (3.1+2.4
−1.9 ± 1.5) × 10 , where the first uncertainty is statistical and the second is
systematic.
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Figure 2 – Fit to the prompt-like dimuon invariant mass spectrum in the region of the Υ(nS) bottomonium
resonances 8 (left) and the obtained limit on the cross-section times branching ratio of a spin-0 boson φ produced
mainly through gluon-gluon fusion 8 (right).

2.2

Prompt production of light bosons

Inclusive searches for light boson resonances have also been made through analysis of the promptlike dimuon spectrum. In this case, the key LHCb detector capabilities are: its good muon
identification to reduce the large dipion background, its precise vertexing to remove muons
coming from displaced heavy flavour decays and its precise spectrometry to identify dimuon
peaks on top of the continuum irreducible background consisting of true dimuons from off-shell
photons. Two different and complementary searches were recently performed at LHCb and are
presented in the following. The first analysis 8 uses the full Run 1 data set (3 fb−1 ) and is
focussed on spin-0 bosons (e.g. light Higgs bosons), while the second one 9 uses 1.6 fb−1 of Run
2 data and is focussed on spin-1 bosons (e.g. dark photons).
LHCb has competitive sensitivity in the searches of new spin-0 φ bosons produced via gluongluon fusion 10 which can arise in several extensions of the SM such as the next-to-minimal
supersymmetric SM 11 . The data set collected by LHCb during Run 1 and consisting of 3 fb−1
of pp collisions at 7 and 8 TeV is thus used to search for a narrow state decaying promptly to
dimuons. The search is performed in the dimuon mass region around the Υ(nS) bottomonium
states between 5.5 and 15 GeV. The analysis is performed in bins of the φ boson production
kinematics in order to optimise for any production mechanism, not only for gluon-gluon fusion.
The excellent LHCb dimuon mass resolution and a precise modelling of the resolution function to
control the tails of the large Υ(nS) resonances are exploited to investigate φ boson masses close to
the bottomonium states and even between the three main resonances Υ(1S), Υ(2S) and Υ(3S).
The resulting mass fit in the Υ region is shown in Figure 2(left), where peaks corresponding to
the φ boson mass hypotheses closest to the Υ(nS) are highlighted. The limits obtained on the
gg → φ cross section times φ → µ+ µ− branching ratio are shown in Figure 2(right) along with
the limits set previously by the CMS experiment 12 . These are the first limits in the region of φ
boson masses between 8.7 and 11.5 GeV and are competitive with previous limits in the rest of
the mass range investigated.
As shown by Ilten et al 13 , LHCb also has very good prospects in the inclusive search for dark
photons, A0 , produced in pp collisions with masses m(A0 ) from threshold (2mµ ) up to 70 GeV.
While this search is expected to greatly profit from the trigger upgrade 14 foreseen for LHC Run
3, the analysis of 1.6 fb−1 of pp collision data collected by LHCb in 2016 already demonstrated
the unique sensitivity of the LHCb experiment to dark photons decaying to dimuons 9 . Indeed,
the advances in the LHCb data-taking scheme introduced in 2015 allow to greatly reduce the
event size by discarding lower level information and recording all events containing dimuon
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Figure 3 – The spectrum of dimuon candidates used to search for dark photons is showed on the top panel, while
the fraction of dark photon parameter space excluded by this search is shown on the bottom panel 9 .

candidates without placing any requirements on the dimuon mass.
In their prompt-like signature, dark photon m(µ+ µ− ) a search is performed for peaks on
top of a large background composed of true prompt dimuons from off-shell photons, pions
misidentified as muons and muons coming from the displaced semileptonic decays of heavy
flavour hadrons. Dark photons are produced via kinetic mixing of off-shell SM photons and
therefore inherit their production spectrum. Limits on the kinetic mixing parameter 2 can thus
be obtained directly by normalising the peak search to the prompt-like dimuon spectrum. For
this, the other two backgrounds contributions are estimated using the dimuon vertex quality and
data samples of dipions and same-sign dimuons. The full dimuon spectrum and its composition
is shown in Figure 3(top). No significant peak is found in this spectrum and upper limits are
translated to exclusion regions in the dark photon parameter space of mixing versus mass, as
shown in Figure 3(bottom).
The same data set is also used to search for displaced dark photons in the low mass region
below 350 MeV. The background is much lower than in the prompt-like case and is mainly due
to photon conversions to dimuons in the VELO material. These are reduced to a negligible level
using a precise three-dimensional material map 15 obtained using secondary hadronic interactions
from beam-gas collision events. Likelihood fits are used to search for dark photons with different
masses and lifetimes in this sample. No excess is found and limits are placed on a previously
unexplored region of the dark photon parameter space. These are the first limits on displaced
dark photons not coming from a beam-dump experiment. The excluded parameter space is
shown in Figure 3(bottom).
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3

Long lived particle searches

The LHCb experiment is designed to efficiently detect and measure the decay of long-lived
particles: beauty and charmed hadrons. To do so, it exploits the displaced vertex signature at
the trigger level and it measures fast decay time oscillations thanks to the precise vertexing and
the large boost that mesons receive in the forward region of the pp collision. As a consequence,
the LHCb detector is also well suited for the search of BSM long-lived particles in a range
of masses and lifetimes similar to those of heavy hadrons. Besides the searches for displaced
dimuons presented in Sections 2, LHCb has searched for displaced vertices composed of a pair
of jets 16 or a muon and a jet 17 using the data set collected during LHC Run 1.
The search for a long-lived particle decaying semileptonically to a muon and a jet 17 is
conceived in the context of minimal supergravity where a neutralino can decay to a muon
and two quarks by violating R-parity. This signature is triggered on the high-pT muon at the
hardware level and on the displaced vertex signature at the subsequent software level. The
background is dominated by bb̄ pairs decays and is reduced using an multivariate classifier and
a fit to the invariant mass of the muon and jet. No excess is observed and limits are extracted
on the minimal supergravity model and on the cross sections of some simplified production
topologies. As pointed out by Antusch et al 18 this kind of search can also be very sensitive to
sterile neutrinos.
Furthermore, LHCb has searched for long-lived particles decaying to a pair of hadronic jets 16
in the context of Hidden valley models, where the displaced dijet comes from the decay of a
dark QCD state, called a dark pion, πV , which is produced from the decay of the 125 GeV Higgs
boson H → πV πV . This model was investigated by searching for a single displaced vertex in the
VELO acceptance which is identified at the software trigger level. The dijet mass distribution
of candidates is fitted to separate the large QCD background present at low masses. The fits
are performed in bins of transverse displacement, which is a proxy of the particle lifetime. No
significant excess is found and limits are placed on the H → πV πV branching ratio for πV masses
in the range 25 to 50 GeV and lifetimes in the range 2 to 500 ps as shown in Figure 4(left).
Limits are sensitive to H → πV πV below 50% in the range of masses and lifetimes shown in
Figure 4(right), where they are displayed along with limits obtained by the ATLAS and CMS
experiments. Limits from LHCb are competitive with the search performed at CMS in the region
of low mass and low lifetime despite the factor 10 lower integrated luminosity of the data set
used.
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4

Conclusion

LHCb has an increasing program of direct searches for light BSM particles produced in the
forward region at the LHC. These include searches for bosons from heavy flavour decays, spin-0
bosons from gluon-gluon fusion in the Υ mass region, dark photons from 2mµ to 70 GeV and
long lived particles with masses below 50 GeV and lifetimes down to 2 ps.
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DarkSide-50 is dual-phase liquid argon time projection chamber designed for WIMP search
and installed at Gran Sasso underground laboratory. We present new constraints on dark
matter particles scattering off nuclei and electrons from a 532.4 live-days exposure.

1

Introduction

Dual-phase noble liquid Time Projection Chambers (TPC’s) are the present leading technology
in the search of WIMP particles with masses larger than a few GeV. Noble elements in their
liquid phase, are excellent media for building large, homogeneous, compact, low-background, and
self-shielding detectors. As a noble gas, in fact, they do not react chemically, are resistant to
bonding with other elements, and are excellent scintillators and good ionizers in response to the
passage of radiation. In addition, liquid argon (LAr) technology benefits from an extraordinary
discrimination discrimination power (>108 ) provided by the scintillation pulse shape, which
allows to disentangle nuclear and electron recoils 1 . The LAr technology has become in the
recent years extremely attractive thanks to DarkSide, which solved the long-standing issue of
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the cosmogenic 39 Ar contamination, by extracting LAr from deep underground (UAr), where
39 Ar is suppressed by more than 3 orders of magnitude 2 .
UAr is the target of DarkSide-50, designed to look for nuclear recoils (NR) induced by interactions of WIMPs, with masses of a few tens of GeV/c2 , in a background-free regime. Relaxing
the background requirement, DarkSide-50 has also the potential to explore lower energies and
hence lower WIMP mass ranges, from few tens of MeV/c2 to the GeV/c2 scale.
We report here the results from the so-called high and low mass WIMP searches.
2

The detector

The DarkSide-50 TPC is designed to simultaneous detect the prompt scintillation light pulse
(S1) and ionization electrons produced by the WIMP interaction in LAr. Ionization electrons
are drifted toward the top of the TPC and extracted in the argon gaseous phase, producing a
secondary light pulse (S2) by electroluminescence. Two arrays of 19 3” PMTs, placed at the top
and the bottom of the TPC, as shown in figure 1 (left), observe the light pulses. The drift field
is 200 V/cm and the maximum drift time, corresponding to the height of the TPC (35.6 cm),
is ∼375 µs. The low drift field provides a double advantage: a high precision determination of
the z-position of the particle interaction, by looking the time delay between S1 and S2, and the
enhancement of the electron-ion recombination effect, which contributes to the increasing of the
S1 light yield. The extraction field is set to 2.8 kV/cm.

Figure 1 – Left. The DarkSide-50 Liquid Argon Time Projection Chamber. Right. Scale sketch of the three
DarkSide detectors.

The TPC is placed at the center of the Liquid Scintillator Veto (LSV) 3 , designed to shield
the TPC against radiogenic and cosmogenic neutrons, gammas and cosmic muons (see figure
1). The anti-coincidence between LSV and TPC is particularly effective in rejecting neutrons,
originating in the detector materials, interacting in the LAr target, and escaping the TPC. The
30 t of borated scintillator surrounding the TPC allows to detect and reject ∼98% of neutrons
with a single scattering in LAr, thanks to the neutron-capture reaction 10 B(n,α)7 Li. Single
scattering neutrons represent the most dangerous source of background, being able to perfectly
mimic the WIMP signal. The LSV is a 4.0 m-diameter stainless steel sphere and equipped
with an array of 110 Hamamatsu R5912 8” PMTs, with low-radioactivity glass bulbs and highquantum-efficiency photocathodes.
The LSV is in turn located inside the Water Cherenkov Detector (WCD), serving as shielding
and as anti-coincidence for cosmic muons. The WCD is an 11 m-diameter, 10 m-high cylindrical
tank filled with high purity water. An array of 80 ETL 9351 8” PMTs, mounted on the side and
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bottom of the water tank, detects Cherenkov photons produced by muons or other relativistic
particles traversing the water.
3

Detector calibration and energy threshold
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The TPC response 4 is calibrated with gamma and neutron sources, located outside the cryostat,
and with gaseous 83m Kr injected into the target volume. Additional calibration signatures are
provided by cosmogenic 37 Ar and 39 Ar isotopes (see figure 2), naturally present in LAr.
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Figure 2 – Left. Single scatter event spectra, as a function of S1, for atmospheric and underground argon data
sets. Right. All scatters event distribution in UAr mode, compared with the background model.
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The S1 scintillation efficiency of NRs is measured with test beam experiments (SCENE 7 and
ARIS 8 ), and cross-calibrated with DarkSide-50 measurements using AmBe and AmC neutron
sources (see figure 3).
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Figure 3 – Left. UAr data sets corresponding to the first 100 days (black) and the following 500 days (blue).
The difference is due to the presence of cosmogenic 37 Ar. Right. Calibration data from AmC neutron source,
compared with simulations.

The S1 electron recoil (ER) photoelectron yield at the TPC center is measured at 7.0±0.3
pe/keV 1 with 200 V/cm drift field and at the 83m Kr peak energy of 41.5 keV. The overall S1
light collection efficiency, averaged in the bulk volume, is estimated at ∼16% with Monte Carlo
simulations 5 . The amplification factor for the ionization signal is equal to 23±1 photoelectrons
per electron extracted in the gas phase 6 with a resolution of about 20%.
The high-mass analysis fully exploits both the S1 and S2 pulses: S1 provides information on
the event energy and nature, thanks to the pulse shape; S2 allows for the position reconstruction
and for the rejection of multiple scatter events. The analysis threshold of NRs is set at 13 keVnr ,
mostly due to the acceptance of f90, the PSD estimator which corresponds to the fraction of
S1 photons in the first 90 ns. As shown in figure 2, the background in this energy range is
dominated by two internal beta sources, 39 Ar and 85 Kr, with activities of ∼0.7 and ∼2 mBq/kg,
respectively, and by gammas from natural radioactivity in the detector materials.
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In the low-mass analysis, the energy threshold is lowered down to less than 0.1 keVee , by
using S2 as particle energy estimator. In particular, the threshold is set to 4 electrons, (the
ionization energy in LAr is to 23.6 eV), which corresponds to ∼0.6 keVnr , taking into account NR
quenching. The drawback of this strategy is the lack of S1, and hence of PSD and fiducialization
along the electric field (z-axis). The low-mass analysis relies then on an accurate modeling of
the ER background, shown in figure 2, based on Monte Carlo simulation and on results from
detector material screening measurements. Energy calibration of S2 is performed by looking at
the 0.27 keV L-shell and the 2.82 keV K-shell x-rays following electron capture in 37 Ar, and on
NRs induced by AmBe and AmC neutron sources (figure 3).
4

High-mass analysis

Results from the analyses here reported corresponds to 532.4 live-days of underground argon
data, taken from August 2, 2015 to October 4, 2017.
The high-mass analysis is performed in blind-mode. Sections of the blinded data outside of
the WIMP search region, in the (S1,f 90) parameter space, are opened as the analysis developed.
This scheme was defined to improve background predictions, before the final box opening, shown
in figure 4. The expected background components, surviving the multiple scatters cut, can
be classified in three categories: surface events, neutrons (cosmogenic and radiogenic), and
ERs. The first are mostly rejected by fiducializing the active volume; neutrons are efficiently
suppressed with the LSV; electron recoils are mostly removed by PSD. The number of events
expected after all cuts is 0.09±0.04 in the entire statistics. The LSV, whose efficiency is estimated
in 0.9964±0.0004, identified 4 neutron candidates. After this cut, the dominant component is due
to ERs (0.08±0.04) 9 . The acceptance after all cuts is 60.9% and the fiducial mass corresponds
to 36.9±0.6 kg. After the data unblinding, no events were observed in the defined dark matter
search region (see figure 4). It is worth to stress that further background suppression can be
achieved by applying S2/S1 cut and xy fiducialization, not adopted in the current analysis.
The background- signal-free result is consistent with up to 2.3 expected dark matter-nucleon
scatters (90% C.L.), which sets an upper limit on the spin-independent scattering cross-section
at 1.14×10−44 cm2 (3.79×10−44 cm2 , 1.10×10−44 cm2 ) for 100 GeV/c2 (1 TeV/c2 , 126 GeV/c2 )
Dark matter particles, as shown in figure 5. The limit is calculated by assuming standard
isothermal WIMP halo model, with vescape = 544 km/ sec, v0 = 220 km/ sec, vEarth = 232 km/
sec, and ρDM = 0.3 GeV/(c2 cm3 ).
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5

Low-mass analysis

As already mentioned, the energy estimator in the low-mass analysis is S2. This allows to avoid
detection inefficiencies at very low energies. The hardware event trigger in DarkSide-50, in fact,
occurs when 2 or more PMT signals exceed a threshold of 0.6 pe within a 100 ns window. The
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efficiency of the software pulse finding algorithm is essentially 100% for S2 signals larger than
30 pe, which corresponds, in average, to 1.3 ionization electrons (Ne− ), well below the analysis
threshold of 4 Ne− . The detector acceptance is 0.43±0.01 above 30 PE with the dominant
acceptance loss due to the restricted fiducial region. Fiducialization can not rely on a drift time
cut, since S1 pulses are not usually large enough to be detectable, and neither on xy position
reconstruction, which fails at low recoil energy due to low photoelectron statistics. We then set
a fiducial region in the xy plane by only accepting events where the S2 signal peaks in one of the
seven central top-array PMTs. This matches the acceptance of 0.42±0.01 found with the same
cuts applied to 39 Ar events from the DarkSide-50 campaign with an atmospheric argon target.
Very low energy events, in the single-electron regime, are observed in time and space correlations with preceding large ionization events. The probabilities to observe a such correlated events
are found to be (3.5±0.3)×105 e− /e− when the getter is off, and is reduced to (0.5±0.1)×105
e− /e− when the getter is active, normalized to the total yield of ionization electrons. This
supports the hypothesis that these events are from electrons captured by, and subsequently released from, trace impurities in the argon. Data taken where the getter is off are ignored in
this analysis. A 2.5 ms cut after a preceding trigger reduces spurious events from these delayed
electrons, with a loss of exposure of about 1%.
As shown in figure 4, the background model accurately reproduces data above 7 Ne− . There
is an excess of data in the region between 4 and 7 Ne− , whose origin is unknown. This excess is
then conservatively attributed to dark matter particle interactions in the determination of the
exclusion limit.
The observed DarkSide-50 rate is ∼1.5 events/(keVee kg d) in the range from 0.1 keVee to
10 keVee . Data are analyzed using a binned profile likelihood method, assuming two models:
WIMP interactions with argon nuclei and with electrons.
In the WIMP-nucleus analysis, the data set is divided into two signal regions: the first one using a threshold of 4 Ne− , determined by the approximate end of the trapped electron background
spectrum, whose model is not included in the profile likelihood; the second is above a threshold
of 7 Ne− , where the background is described within uncertainties by the G4DS simulation. The
analysis of first region results then in weaker bounds on the dark matter-nucleon cross-section.
The uncertainty on the expected WIMP signal near the analysis threshold is dominated by the
average ionization yield, as extracted from calibrations, and its intrinsic fluctuations. These
are modeled by applying binomial statistics to ionization yield and recombination processes.
However, the lack of models for the NR quenching fluctuations lead us to consider two extreme
cases for this effect: no fluctuations, which is equivalent to imposing an analysis threshold of
0.59 keVnr , and binomial distribution. The 90% C.L. exclusion curves for the binomial fluctuation model (red dotted line) and the model with zero fluctuation in the energy quenching (red
dashed line) are shown in figure 5. The obtained limit is then claimed only for masses above
1.8 GeV/c2 , where the exclusion is nearly insensitive to the quenching fluctuation model. The
curves shown below 1.8 GeV/c2 represent the sensitivity of this analysis for the two fluctuation
models. This result extends the exclusion region for dark matter below previous limits in the
range 1.8-6 GeV/c2 , assuming the same cosmological parameters of the high-mass analysis.
Sub-GeV dark matter particles can interact through a mediator with couplings smaller than
the weak-scale. This interaction can directly ionize electrons to create a S2 signal. The interaction induces than an ER signal, whose response is therefore not subjected to the quenching
uncertainty of the ionization signal induced by WIMP-nucleus interactions. The analysis searching for WIMP-electron interactions uses the same data selection described above in this section,
as well as the profile likelihood approach, but with a threshold set to 3 Ne− , equivalent to 0.05
keVee . The resulting 90% C.L. limits are shown in figure 5 for two assumptions of dark matter
form-factors, corresponding to two extreme cases of light and heavy mediators. In the case of a
heavy mediator, this analysis improves the exclusion limit in the range from 30 MeV/c2 to 70
MeV/c2 WIMP masses 10 .
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Figure 5 – Exclusion limits from low- (top/left) and high top/rigth) mass WIMP-nucleus analyses, and from
WIMP-electron interactions assuming light (bottom/left) and heavy bottom/rigth) mediators.

6

Conclusions

The results here presented refer to the analysis of more of 500 days of data taking with DarkSide50, using an underground argon target. Exclusion limits at low WIMP masses have been extended for WIMP interactions with nuclei and with electrons. In the high-mass range, DarkSide50 has achieved a zero-background regime, with additional margins of further background suppression. These results are extremely promising in view of the next DarkSide detector, which
will house a multi-tonne target mass 11 .
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SEARCH FOR DARK MATTER IN THE MONO-X FINAL STATES
(X = JET, Z, W, H) WITH ATLAS a
FRANCESCO LO STERZO, on behalf of the ATLAS Collaboration
Department of Physics, Southern Methodist University,
Dallas, USA
Dark Matter searches in the ATLAS Experiment, using LHC data, are perfomed analysing a
wide number of experimental signatures. Among these, mono-X searches are a powerful tool
since many models can be probed depending on the nature (jet, photon, vector boson, Higgs
boson) of the Standard Model object which is used to identify and select the events. In this
report a short introduction of the theoretical framweork is given, followed by three examples
of different signatures that probe different theoretical models that describe an interaction
between the Standard Model and Dark Matter.

1

Introduction

The nature of Dark Matter (DM) is one of the main open puzzles in fundamental physics:
evidence of its existence comes from a range of different experiments and observations, but its
constituents remain undiscovered. Searches for Dark Matter are conducted with experiments of
many different kinds, relying on a number of different theoretical models 2 . All of the models
share two basic assumptions. The first assumption is the particles are of a class known as
weakly interacting massive particles (WIMPs). The second assumption is that there exists a
non-gravitational interaction between DM particles and Standard Model (SM) particles. These
assumptions allow to introduce a diagram of an interaction between DM and SM particles which
can give rise to different processes, as shown in Fig. 1. Different strategies for DM searches
exploit the processes arising from the diagram shown in Fig. 1, and among these, DM searches
at colliders rely on direct production of DM particles. In this report a summary of the DM
matter searches perfomed by the ATLAS Collaboration 1 in the mono-X signature is presented.
2

Search strategy

The existence of Dark Matter could give rise to many different processes and mono-X searches are
based on a specific experimental signature: DM particles produced in the collision go through
miss which is recoiling
the detector without being detected giving rise to a large amount of ET
against a high-pT SM object. The SM object, which can be of many kinds, is used to select and
identify the events, while depending on its nature a number of different models and processes
can be probed. The main underlying assumption in the mono-X signatures is that the mass of
the DM mediator is larger than twice the mass of the DM particles, thus allowing the decay of
the DM mediator to SM particles to be highly subdominant.
a
Copyright 2018 CERN for the benefit of the ATLAS Collaboration. Reproduction of this article or parts of
it is allowed as specified in the CC-BY-4.0 license
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Figure 1 – Diagram of a generic non-gravitational interaction between Dark Matter particles and Standard Model
particles. It can give rise to different processes: direct production of Dark Matter, scattering of Dark Matter
particles on Standard Model particles and annihilation of Dark Matter particles.

2.1

Mono-jet searches

A first example of the searches for DM in the mono-X final state is the mono-jet search 3 : this
analysis looks for events in which an energetic hadronic jet comes from initial state radiation
(ISR), and in which a pair of DM particles is produced, as shown in Fig. 2. Here a high-pT
miss > 250 GeV)
jet and a significant amount of missing transverse energy (pT > 250 GeV and ET
miss
are required to be recoiling against each other (∆Φ(jet, ET ) > 0.4). Up to three additional
lower-pT jets (pT > 30GeV ) are allowed in the event.

Figure 2 – Diagram of a signal model in the mono-jet analysis 3 .

The main backgrounds of the analysis are Z+jets with the Z boson decaying to neutrinos
and W +jets with the W boson decaying leptonically, but the lepton is not reconstructed; while
miss scale and resolution. On the theoretical side, the
the main systematics come from jet and ET
main systematic concerns the signal modelling.
miss spectrum, which is binned
The signal is expected to arise as an excess of events in the ET
in order to enhance the sensitivity to different models. Results are shown in Fig. 3. Since no
significant excesses of data over the expected background is found, limits on the signal hypotheses
are set. These limits are shown as a function of the masses of the DM particle and of the DM
mediator. Under specific assumptions, the results from collider experiments can be compared
to the results obtained from direct searches and here a comparison with result obtained by the
PICO-60 collaboration 4 is shown.
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miss
Figure 3 – Results of the mono-jet search: the final ET
spectrum (top left), the limits for a vector mediator
(top right), the limits for an axial-vector mediator (bottom left), and a comparison of the ATLAS result with
results from the PICO-60 experiment (bottom right) 3 .

2.2

Mono-Higgs searches

A different interesting case in the mono-X topology is when the SM object in the event is an
Higgs boson 5 . The coupling of the Higgs boson to SM particles is proportional to their masses,
and therefore an Higgs boson production from ISR is highly suppressed. Because of this, mono-H
analyses, while sharing the same topology as the mono-jet searches, are sensitive to completely
different models. An example of a diagram of a signal process is shown in Fig. 4. Here the Higgs
is part of a broader and more complex model (a Z 0 -2HDM model 7 in this case) in which the
Higgs boson itself, the DM mediator and the DM particles are produced in the decay chain of
an heavy resonance.
Depending on its pT the Higgs boson is reconstructed either as a pair of b-tagged jets or as
a single large-R jet in which two narrow track-jets are reconstructed. This bb system is required
miss > 150 GeV) and other soft
to recoil against a large amount of missing transverse energy (ET
jets are allowed in the event.
The background contamination strongly depends on the pT range. Top quark production
(Z+jets) is dominant at lower (higher) energies, and the main systematic uncertainties come
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Figure 4 – Diagram of the signal process in mono-H search 5 .

from the modelling of these backgrounds. The events are categorised depending on the amount
miss and the number of b-jets identified in the event.
of ET
The signal is expected to appear as the Higgs boson peak in the mbb distribution, since no
Higgs boson production is expected from SM in this topology. Results are shown in Fig. 5.
Since no excesses of data over the background expectations are observed, limits on the signal
model are set. Limits are presented as a function of mZ 0 (the mass of the heavy resonance in

Figure 5 – Results of the mono-H(bb) search: mbb spectrum in the most sensitive analysis category (left) and the
final limit (right) 3 .

the Z 0 -2HDM model) and mA (the mass of the DM mediator).
2.3

Mono-Z

The last analysis covered in this report is the mono-Z analysis 6 . Interestingly, events of this
kind can be used to probe a number of different signal processes: the Z boson can be produced
as an ISR, but here we focus on the ZH associated production shown in Fig. 6.

q̄

H

Z

q

Z

Figure 6 – Diagram of the ZH associated production 6 .
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The unique feature of this analysis is that the leptonic decay of the Z boson is used to probe
any possible invisible decay of the Higgs boson, i.e. its decays to DM particles: H → χχ. The
only invisible decay of the Higgs boson foreseen in the SM is its decay to four neutrinos via
the decay to a pair of Z bosons, H → ZZ ∗ → νννν, whose branching ratio is of O(10−3 ), and
any direct coupling of the Higgs boson to DM would result in an enhancement of the measured
invisible BR.
Events are required to contain a pair of opposite-sign same-flavour leptons used to reconstruct
miss
the Z boson which are recoiling against a large amount of missing transverse energy (ET
> 90GeV ). Jets are not vetoed.
miss energy scale and resolution, and the result
The main systematics come from the jet/ET
miss
is extracted fitting the ET spectrum, shown in Fig. 7. ATLAS is still not sensitive to the SM
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Figure 7 – ET
spectra in the mono-Z analysis 6 .

model signal, but limits on an higher BR(H → inv.) can be set. The results for this search are
presented as upper limits on the invisible branching ratio of the Higgs boson and are shown in
table 1.
Table 1: Upper limits on the Higgs decay width to an invisible final state. ±1σ and ±2σ errors are shown for the
expected limits 6 .

ee
µµ
ee + µµ

Obs. BR(H → inv.) Limit
59%
97%
67%

Exp. BR(H → inv.) Limit
(51+21+49
−15−24 )%
(48+20+46
−14−22 )%
(39+17+38
−11−18 )%

The higher observed limit in the µµ channel is due to some overfluctuation of data compared
to the background-only expectation, which is found not to be significant.
3

Conclusions

The existence of Dark Matter can be probed in many different ways, each having advantages and
challenges. Mono-X signatures at collider experiments are a powerful search channel since under
a limited amount of assumptions they allow to probe a number of different models depending
on the nature of the SM object which is used to select and identify the events. Moreover the
results obtained in the searches performed by the ATLAS Collaboration with LHC data can
be reinterpreted allowing a direct comparison with results obtained by experiments performing
direct searches for Dark Matter.
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Search for dark matter in final states with top quarks in CMS data
Kevin Sung
Northwestern University
On behalf of the CMS collaboration
Searches for dark matter (DM) produced in association with a single top quark or a top quark
√
pair in proton-proton collisions at s = 13 TeV are presented. The data corresponds to an
−1
integrated luminosity of 35.9 fb recorded by the CMS detector at the CERN LHC in 2016.
For the search with a single top quark, events with large missing transverse momentum and a
hadronically decaying, Lorentz-boosted top quark are selected. Novel substructure techniques
are utilized to identify the decay products of the top quark. No significant deviation from
standard model (SM) expectation is observed. Limits are placed on the production of new
heavy bosons coupling to DM particles. For a scenario with purely vector-like or purely
axial-vector-like flavor changing neutral currents, mediator masses between 0.20 and 1.75 TeV
are excluded at 95% confidence level, given a sufficiently small DM mass. Scalar resonances
decaying into a top quark and a DM fermion are excluded for masses below 3.4 TeV, assuming
a DM mass of 100 GeV. For searches with a top quark pair, final states with large missing
transverse momentum and two oppositely charge leptons (electrons or muons) are selected.
Several search strategies are described, including the use of multivariate analysis methods to
improve background discrimination. No significant deviation from the SM is observed and
limits are placed on the production of spin-0 mediators coupling to DM particles of mass 1
GeV. A scalar (pseudoscalar) mediator is excluded for masses below 100 (50) GeV.

1

Introduction

Astrophysical observations strongly motivate the existence of dark matter (DM) 1,2,3,4 . The
nature of DM remains elusive but is widely believed that it may have a particle physics origin.
In a large class of models, DM consists of stable, weakly interacting massive particles 4 , which
may be produced at the CERN LHC via new mediators that couple these DM particles to
standard model (SM) quarks. The DM particles escape detection, resulting in missing transverse
momentum (~
pTmiss ) in the reconstructed event. In some scenarios, DM production in association
with top quarks provides the most sensitive channel to perform a search, due to preferential
coupling to the top quark and low backgrounds from the SM. This note presents searches for
DM in association with a single top (hereafter called “monotop”) or with a top quark pair (tt̄).
The data corresponds to an integrated luminosity of 35.9 fb−1 recorded by the CMS detector 5
at the CERN LHC in 2016.
Processes that result in the final state of a single top with large pmiss
are highly suppressed in
T
the SM 6 , therefore monotop models for DM production are very compelling. One model involves
a flavor-changing neutral current (FCNC), where a top quark is produced in association with
a vector boson that has flavor-changing couplings to quarks and can decay to a pair of DM
particles. Another model contains a colored, charged scalar that decays to a top quark and a
DM fermion. Figure 1 provides example diagrams illustrating the monotop models.
Minimal extensions of the SM that incorporate DM production via a new spin-0 mediator
involve a Yukawa coupling structure to SM particles 7 , hence this mediator couples preferentially
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to the heavy top quark. In such scenarios, DM production in association with tt̄ can be favored
over other modes such as monojet. Figure 1 shows the leading order diagram for DM production
with tt̄.
χ

u

ψ

d̄

t

g

V

χ

φ/a

χ̄

u

φ

χ̄
t̄

g

g

s̄

t

t

Figure 1 – Example Feynman diagrams of monotop production via a FCNC current V (left) and a charged, scalar
resonance φ (center). Leading order Feynman diagram describing the production of DM particles in association
with a top quark pair through a scalar (φ) or pseudoscalar (a) mediator (right).

2
2.1

Search with Lorentz-boosted top quark
Analysis strategy

36 fb-1 (13 TeV)

Events/0.1 Units

Events/0.1 Units

The monotop search 8 select events with large pmiss
(> 250 GeV) plus a single large cone jet
T
(∆R = 1.5) with pT > 250 GeV that is consistent with a hadronically decaying, Lorentz-boosted
top quark. Events are also required to have no leptons, photons, or b-tagged jets 9 that are
separated from the large cone jet. Consistency with top quark decay is defined by requirements
on substructure quantities of the large cone jet. The soft drop mass 10 is required to be near
the top quark mass (between 110 GeV and 210 GeV). At least one sub-jet of the large cone jet
must be b-tagged. Finally, a multivariate (MVA) discriminator based on the boosted decision
tree (BDT) 11 is constructed from the HEPTopTaggerV2 12 , N -subjettiness 13 , and energy
correlation functions 14,15 . Events are divided according to the BDT value into a high signal
purity category (BDT > 0.45) and a lower purity category (0.1 < BDT < 0.45). Figure 2 shows
the distributions of the BDT discriminator in a top-enriched region and in a region dominated
by jets initiated by gluons or light quarks.
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Figure 2 – Comparison of the BDT response in data and in simulation, in samples enriched in top-quark jets
(left) and gluon or light-quark jets (right). The lower panel of each plot shows the ratio of the observed data to
the SM prediction in each bin. The shaded bands represent the statistical uncertainties in the simulation. 8

Background estimation is performed by defining background enriched control regions, each
of which constrain the target background in the signal regions via a simultaneous maximumlikelihood fit to the pmiss
distributions. The primary backgrounds are Z+jets, W+jets, and tt̄.
T
Control regions targetting the Z+jets background involve selecting dilepton events where the
dilepton mass is consistent with the Z boson (60 GeV < m`` < 120 GeV) and events with a single
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photon. To emulate the Z→ νν process, the dilepton and photon four-momentum is subtracted
from the pmiss
calculation. Control regions targetting W+jets (or tt̄) select single lepton events
T
with no b-tagged jets (or at least one b-tagged jet).

2.2

Result and interpretation

Figure 3 shows the pmiss
distributions in the signal regions after the simultaneous fit. Data are
T
found to be in agreement with the SM prediction. The results of the search are interpreted in
terms of the FCNC model for a purely vector or a purely axial-vector mediator, and in terms
of the colored, scalar model. Limits at 95% confidence level are calculated and presented in
Fig. 4. In the FCNC interpretation, for DM masses (mχ ) below 100 GeV, the result is roughly
independent of mχ and the mediator mass (mV ) range between 0.2 TeV and 1.75 TeV is excluded.
In the colored, scalar mediator interpretation, the DM mass (mψ ) is fixed to 100 GeV and the
mediator mass (mφ ) range between 1.5 TeV and 3.4 TeV is excluded.
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Figure 3 – Distribution of pmiss
from SM backgrounds and data in the signal region after simultaneously fitting
T
the signal and control regions. Each bin shows the event yields divided by the width of the bin. The left (right)
plot correspods to the low (high) purity category of the signal region. The blue solid line represents the sum of
the SM background contributions normalized to their fitted yields. The red dashed line represents the sum of
the SM background contributions normalized to the prediction. The lower panel of each plot shows the ratio of
data to fitted prediction. The gray band on the ratio indicates the one standard deviation uncertainty on the
prediction after propagating all the systematic uncertainties and their correlations in the fit. 8
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couplings (center) to SM quarks and DM particles. The interpretation for a colored, scalar mediator is shown
assuming a DM mass of 100 GeV (right). 8
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3
3.1

Search with top quark pair
Analysis Strategies

We describe searches for DM production in association with tt̄ where the tt̄ system decays to
the dilepton final state. The signal region is defined by the selection of two oppositely-charged
leptons, two or more jets at least one of which is b-tagged, and a moderate amount of pmiss
T .
Dimuon and dielectron events are rejected if the dilepton mass is consistent with the Z boson
mass. Various strategies are employed to extract the DM signal,
``
• cut-and-count analysis on events binned according to three quantities 16 : pmiss
T , MT2 , and
`b`b
MT2 ;

• shape analysis on the pmiss
distribution 17 ;
T
• shape analysis on the output distribution of an artificial neural net (ANN) trained on the
DM signal against the SM background 17 ;
• shape analysis on the output distribution of a BDT trained on the DM signal against the
SM background 17 .
The dominant background is tt̄. In the cut-and-count analysis, the background normalization
`` .
is obtained from a comparison of the data with the simulation in events with low pmiss
or MT2
T
In the shape analyses, the signal regions are more inclusive and the background estimate is taken
from simulation.
Binned cut-and-count strategy
`` (> 100 GeV), and M `b`b (no
After selection, the events are binned in pmiss
(> 80 GeV), MT2
T
T2
requirements). There are 13 bins in total.

pmiss
T -shape strategy
After selection, the events are categorized acccording to same flavor or different flavor dileptons,
`` < 110 GeV or M `` > 110 GeV. The high M `` categories have high signal purity but
and to MT2
T2
T2
low acceptance. A simultaneous fit of the pmiss
distributions in all four categories is performed.
T
ANN-shape strategy




``
An ANN is constructed from the following variables: pmiss
~Tmiss , p~``
T , MT2 , ∆φ p
T , and a new

quantity, pDark
. The pDark
variable corresponds to additional missing transverse momentum
T
T
over what would be consistent with a tt̄ event. This is computed via a kinematic reconstruction
of the event under the hypothesis that the pmiss
comes solely from the top quark decays. When
T
a solution cannot be found, an additional contribution (pDark
) to the pmiss
is introduced and
T
T
its value is scanned until the residual contribution is consistent with a tt̄ system. An ANN is
trained for each signal hypothesis and the shape of the distribution is fitted for signal extraction.
BDT-shape strategy




``
`b`b
A BDT is constructed from the following variables: pmiss
~Tmiss , p~``
T , MT2 , MT2 , ∆φ p
T , ∆η`` ,
cos Φ`` (the opening angle of the two leptons in their respective parent rest frames), and the
probability that the event is consistent with tt̄ based on the kinematic reconstruction. The BDT
discriminant uses more angular information compared with the other strategies. A separate BDT
is trained for the scalar hypothesis and for the pseudoscalar hypothesis. The BDT discriminant
distribution is fitted for signal extraction.
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3.2

Results and interpretation
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No significant excess above SM expectation is observed in any of the analysis strategies. The
distributions for the ANN and BDT strategies are shown in Fig. 5. Limits on production cross
section normalized by the theoretical cross section are shown in Figs. 6 and 7 for the binned
cut-and-count strategy and BDT-shape strategy, respectively, while assuming a DM mass of 1
GeV. From the binned cut-and-count strategy, a scalar (pseudoscalar) mediator of mass below
100 GeV (50 GeV) is excluded. For the BDT-shape strategy, a scalar mediator of mass below
86 GeV is excluded. For the scalar model being considered, the search with tt̄ provides the
best sensitivity to low mass mediators of any channel (e.g. monojet, mono-Z, etc.) in a collider
experiment and provides the first exclusions for these benchmarks. Among the shape-based
strategies, the BDT analysis has the best performance when comparing expected sensitivities
(see Fig. 7).
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Figure 5 – The distributions of the ANN discriminant (left) and the BDT discriminant (right) after the signal
extraction fit. The signal hypothesis is a pseudoscalar mediator of mass 100 GeV. The dashed blue line represents
the total SM background prediction before the fit. The solid red line indicates the signal expectation at 200 times
the theorectical cross section. The lower panel of each plot shows the ratio of data to fitted prediction. The gray
band indicates the uncertainties on the background estimate after propagating all the systematic uncertainties
and their correlations in the fit. 17
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Figure 6 – The limits on the DM production cross section normalized by the theoretical cross section assuming a
DM mass of 1 GeV, for the binned cut-and-count strategy. Results are shown for the scalar (left) and pseudoscalar
(right) interpretations. 16

4

Conclusions

Searches for DM production in association with top quarks are driving the constraints on several
compelling DM models. These analyses employ various novel techniques to more effectively
identify top quark decays or to improve discrimination of the DM signal from SM backgrounds.
With much more data to come in the LHC Run II, we are hopeful that hints of DM production
will emerge.
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DARK MATTER AND LONG-LIVED PARTICLES AT THE LHC
JAN HEISIG
Institute for Theoretical Particle Physics and Cosmology, RWTH Aachen University,
Sommerfeldstraße 16, D-52056 Aachen, Germany
While the paradigm of a weakly interacting massive particle (WIMP) has guided our search
strategies for dark matter in the past decades, their null-results have stimulated growing
interest in alternative explanations pointing towards non-standard signatures. In this article
we discuss the phenomenology of dark matter models that predict long-lived particle at the
LHC. We focus on models with a Z2 -odd dark sector where – in decreasing order of the
dark matter coupling – a coannihilation, conversion-driven freeze-out or superWIMP/freezein scenario could be realized.

1

Introduction

Pinpointing the nature of dark matter is among the key scientific goals of the LHC. So far
searches for dark matter have strongly focussed on missing energy signatures following the
widely studied paradigm of WIMP dark matter. However, the LHC has not found any hint
for a corresponding signal yet, proceeding to strengthen the constraints on WIMP dark matter
models. At the same time, if the WIMP scenario is not realized in nature, a potential signal of
dark matter related physics might hide in other places. It is therefore of utmost importance to
investigate alternative ideas of dark matter genesis that could point towards new signatures.
Motivated by a variety of theories beyond the standard model long-lived particle (LLP)
searches have recently attracted growing interest. LLPs provide a wide range of possible signatures: highly ionizing, disappearing or kinked tracks (charged LLPs), displaced vertices (charged
or neutral LLPs) as well as trackless jets or displaced leptons (neutral LLPs). While many LLP
signatures provide very promising search prospects exploiting extremely low (and often solely
instrumental) backgrounds they are typically hard to trigger on. Specialized trigger settings –
often relying on additional activity in the event – are needed. This makes it a timely enterprise
to investigate a comprehensive search program for LLPs in order to fully exploit the immense
capability of the LHC to illuminate physics beyond the standard model.
This article constitutes a contribution to this effort by investigating dark matter scenarios
that predict LLP signatures at the LHC. We focus on models with a Z2 -odd dark sector. The
prime example is the well-known coannihilation scenario1,2 in which the coannihilating particle
might or might not appear long-lived at collider time scales depending on the mass splitting between the coannihilating partner and dark matter. While the canonical coannihilation scenario
assumes relative chemical equilibrium in the dark sector during dark matter freeze-out other
viable possibilities exist with couplings significantly weaker than the weak force. In conversiondriven freeze-out3,4 (or co-scattering5 ) the decoupling from relative chemical equilibrium (facilitated by conversion processes) governs the dark matter abundance. For even smaller dark matter
couplings chemical equilibrium of dark matter might never even have been established leading
to a superWIMP6 (or freeze-in7 ) scenario. Interestingly, for particles in the GeV to TeV range a
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departure from relative chemical equilibrium during freeze-out implies macroscopic decay length
at the LHC – an intriguing coincidence that renders the LHC to be a powerful tool to explore
these scenarios. We discuss the appearance of LLPs in coannihilation and conversion-driven
freeze-out scenarios in Sec. 2 while focussing on a concrete realization of the latter in Sec. 3. In
Sec. 4 we comment on thermally decoupled dark matter before finally concluding in Sec. 5.
2

From coannihilation to conversion-driven freeze-out

A Z2 symmetry (or a larger symmetry with a Z2 subgroup) is commonly imposed in theories
beyond the standard model in order to stabilize dark matter. UV-complete models often come
with an entire Z2 -odd sector. This opens up the possibility for interesting phenomena regarding
the evolution of its particle densities in the early Universe. A prime example in this concern is
the well-know coannihilation scenario.1,2,8 For small relative mass splittings between a heavier
Z2 -odd state, χ2 , and dark matter, χ1 , ∆m/mχ1 ≡ (mχ2 − mχ1 )/mχ1 . 10%,a the relative
number density of the heavier state could still be significant during dark matter freeze-out:
eq
−∆m/Tf
neq
' e−25 ∆m/mχ1 .
χ2 /nχ1 ∝ e

(1)

In the last expression we inserted Tf ' mχ1 /25 as the typical freeze-out temperature. Consequently, χ2 participates in the freeze-out processes providing additional annihilation channels
that can deplete the number density in the dark sector and, hence, due to conversion processes
within the dark sector, the number density of dark matter.
2.1

Coannihilation and long-lived particles

Since the Z2 symmetry forces the heavier states to decay into lighter states of the dark sector, a small relative mass splitting potentially leads to a kinematic suppression of the decay
width. Therefore coannihilation scenarios can provide LLPs. A prominent example is the stau
coannihilation strip of the constrained MSSMb , parts of which are most strongly constrained
by searches for heavy stable charged particles.10,11,12 Another example concerns minimal dark
matter13 which extends the standard model by an electroweak multiplet. Here, a naturally small
mass splitting between the neutral and charges states of the multiplet (of order 100 MeV) arises
from electroweak corrections. For the fermion triplet, which corresponds to a wino dark matter
scenario in supersymmetry, the strongest LHC constraints arise from searches for disappearing
tracks excluding masses up to 430 GeV.14 However, so far much stronger limits arise from indirect detection experiments.15 Other coannihilation scenarios that naturally provide LLPs are
e.g. pseudo-Dirac dark matter models16,17 and models with colored dark sectors.18,19,20
2.2

Parasitical dark matter

In the standard treatment of coannihilation conversion processes within the dark sector are assumed to be efficient during freeze-out and relative chemical equilibrium is maintained, nχi /neq
χi =
c
nχj /neq
χj . In this case annihilations in the dark sector can be described by an effective, thermally
averaged cross section2
eq
X
neq
χ nχ
hσvieff =
hσviij eqi eqj ,
(2)
n n
i,j

neq

eq
i ni .

P

where
=
For very small couplings of the dark matter to the standard model hσviij
can be negligible for all channels containing dark matter in the initial state. The dilution of
a
The exact value depends on the hierarchy between the involved couplings. In extreme cases coannihilation
can be important for much larger mass splittings.9
b
Minimal supersymmetric standard model.
c
This assumption is commonly made in numerical relic density calculators.21,22,23
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Figure 1 – Ratio between decay rate and Hubble rate as a function of the inverse temperature.

the number density of the dark sector is then driven entirely by annihilations of heavier states
and not by dark matter annihilations. In this case the relic density becomes independent of
the coupling strength of dark matter. However, this conclusion is only true for couplings that
are still large enough to maintain relative chemical equilibrium.d For even smaller couplings
relative chemical equilibrium breaks down. In this case conversion processes are responsible for
the chemical decoupling of dark matter and hence set the relic density. This conversion-driven
freeze-out mechanism is phenomenologically distinct and opens up a new region in parameter
space where coannihilation would lead to under-abundant dark matter, if relative chemical
equilibrium would hold.
2.3

The “LLP miracle”

The departure from relative chemical equilibrium has an immediate consequence for the possible
decay length of the heavier states. As the decay contributes to the conversions, requiring their
rate to become inefficient necessarily requires
Γdec . H .
(3)
p
In the radiation dominated Universe H = g∗ /90 πT 2 /MPl , where MPl ' 2.44×1018 GeV is the
reduced Planck mass. We can translates the inverse Hubble rate into a length. Using g∗ = 100,
the inequality (3) then reads
cτ & H −1 ' 1.5 cm



(100 GeV)2
T2


.

(4)

This is an important results which states that for particles in the GeV to TeV range a departure
from relative chemical equilibrium during freeze-out (T ' mχ /30) implies macroscopic decay
length at the LHC – an intriguing coincidence that renders the LHC to be a powerful tool to
explore these scenarios. Figure 1 illustrates the prompt, meta-stable and detector-stable regime
in the plane spanned by the inverse temperature and Γdec /H.
3

Realizations of conversion-driven freeze-out

In this section we discuss a realization of conversion-driven freeze-out within a simplified dark
matter model. We consider an extension of the standard model by a neutral Majorana fermion χ
and a colored scalar particle q̃ that acts as a (t-channel) mediator of the dark matter interactions
with the standard model quarks q:
Lint = |Dµ q̃|2 + λχ q̃ q̄
d

1 − γ5
χ + h.c. .
2

(5)

Note that conversion rates are enhance compared to annihilations by a Boltzmann factor of order emχ /T .
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Here Dµ is the usual covariant derivative and λχ is a coupling strength of the dark matter
interaction. For a certain choice of λχ this model resembles a subset of the MSSM, while
smaller couplings could be realized in extensions of the MSSM.24 However, we do not refer to
any particular UV-complete theory here considering λχ as a free parameter.
Imposing a Z2 symmetry under which all standard model particles are even while χ → −χ
and q̃ → −q̃ are odd, the Majorana fermion χ provides a viable dark matter candidate for
mχ < mq̃ . We consider the cases of a bottom- and top-philic model, q = b, t, providing a distinct
phenomenology. While the mass of the bottom is mostly small compared to the energies of the
relevant processes the mass of the top is sizable leading to additional suppressions e.g. of the
mediator decay.
3.1

Cosmologically viable solutions

Without the assumption of chemical equilibrium between dark matter and the mediator the
computation of the relic density requires the solution of the full coupled set of Boltzmann
equations explicitly including conversion processes in the dark sector. We take into account the
leading decay process (2- and 4-body decay for the bottom- and top-philic model, respectively)
and all 2 → 2 scattering processes (as well as the leading 2 → 3 processes for the top-philic
model).3,4 The cosmologically viable parameter space (Ωh2 = 0.12)25 is shown in Fig. 2 for the
bottom- (left) and top-philic (right) model in the plane spanned by the dark matter mass and
the mass difference ∆χq̃ = mq̃ − mχ .
Above the black thick curve relative chemical equilibrium holds resembling a standard
WIMP/coannihilation scenario while below this curve solutions for conversion-driven freezeout exist where λχ is in the range 10−6 –10−7 and 10−3 –10−6 for the bottom- and top-philic
model, respectively. At the curve itself the measured relic density can be obtained for a wide
range of λχ that provide a negligible dark matter annihilation cross section but still sizable
conversion rates maintaining chemical equilibrium in the dark sector. For illustration, Fig. 3
shows the respective solution for λχ as a function of the dark matter mass for the top-philic
model and for a fixed mass splitting of ∆mχt̃ = 20 GeV. At the transition from the WIMP to
the conversion-driven freeze-out region the coupling drops by several orders of magnitude.
As discussed in Sec. 2.3 conversion-driven freeze-out predicts macroscopic decay length of the
heavier Z2 -odd state. For the bottom-partner the 2-body decay of the mediator is open rendering
both conversion via decays and scatterings to be similarly important and hence Γdec ∼ H during
freeze-out. As a consequence the decay length is of the order of several cm, see gray dotted
curves in the left panel of Fig. 2. For the top-philic model, in the parameter region of interest,
the leading decay channel is a 4-body decay. Accordingly, conversions during freeze-out are
mediated solely by scatterings while the decay becomes efficient only well after freeze-out. Note
that mediator lifetimes above O(1 s) are subject to constraints from big bang nucleosynthesis
(BBN)26 indicated by the red shaded region in the right panel of Fig. 2.
3.2

Constraints from LLP searches

At the LHC mediators pairs could be copiously produced. Being a colored state the mediator is
expected to hadronize and form R-hadron bound states. Depending on its decay length, it will
typically decay inside or traverse the detector. Accordingly, for the case of the bottom-partner
the signatures of kinked or disappearing tracks (depending on the detectability of the radiated
b-quark) provide promising search channels. Although similar searches have been performed for
supersymmetric models27,28,29 these cannot be reinterpreted within the present model without
additional information provided by the collaborations. For instance, searches for disappearing
tracks are performed under the assumption of purely electrically charged particle while R-hadron
undergo a more complicated traverse through the detector being able to flip charge or become
neutral through interactions with the detector material. Therefore their applicability is unclear.
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Figure 2 – Cosmologically viable parameter space (Ωh2 = 0.12) in the conversion-driven freeze-out region (below
black thick curve) for the bottom- (left) and top-partner (right) mediator.3,4 Contours of constant λχ are shown in
green (×10−7 in the left plot). Contours of constant mediator decay length (left) and lifetimes (right) are shown
as gray dotted curves. The displayed lifetimes range from 10−3 s to 103 s in steps of an order of magnitude (the
curve for 1 s is highlighted in red for better readability). The 95% C.L. exclusion regions from R-hadron searches
at the 8 and 13 TeV LHC are shown in dark and light blue, respectively. The red shaded region bordered by the
red dot-dot-dashed curve in the left plot denotes the constraint from monojet searches at the 13 TeV LHC whereas
the light red shaded region in the right plot denotes constraints from BBN. Below the horizontal gray dashed line
(∼ 5 GeV) the 2- (left) and 4-body decay (right) is kinematically forbidden rendering the 4- and 6-body decay,
respectively, to be dominant.

Searches for detector-stable R-hadrons can, however, be reinterpreted for finite decay lengths3
using the signature efficiencies provided for heavy stable charge particle searches released by
CMS.30 The resulting constraints obtained from the 8 TeV 31 and 13 TeV 32 LHC data are shown
in Fig. 2 as the dark and light blue shaded regions, respectively. Note that the model can also be
constrained by mono-jet searches exploiting a large missing energy from initial state radiation in
the mediator production process. Here we show the limit from ATLAS using 3.2 fb−1 of 13 TeV
data,33 see the red shaded region in the left panel of Fig. 2.
While a dedicated search is expected to be able to significantly increase the sensitivity to the
bottom-philic model, the top-philic model – featuring a detector-stable mediator – is already very
well constraints from R-hadron searches. Dedicated searches for meta-stable top-partners could,
however, fill some gaps in the sensitivity outside the conversion-driven freeze-out region where
the mediator tends to have intermediate lifetimes, cf. Fig. 3. Note that the entire cosmologically
allowed conversion-driven freeze-out region of the top-philic model is expected to be probed by
R-hadron searches at 13 TeV with an integrated luminosity of approximately 300 fb−1 .4
4

SuperWIMPs and freeze-in

So far we have considered scenarios where dark matter undergoes a phase of thermalization and
freeze-out. Another possibility is that dark matter never reaches chemical equilibrium with the
standard model bath being produced through out-of-equilibrium processes. While we cannot
hope to observe an entirely thermally decoupled dark sector,34 a partly thermalized dark sector
can provide promising prospects to be explored at the LHC. There are two main scenarios
for non-thermalized dark matter genesis in the literature: the freeze-in7 and the superWIMP6
scenario. While freeze-in mediated by a Z2 -even mediator in general does not provide promising
prospects for the LHC,e both scenarios may be observable, if dark matter production is mediated
e

A valuable exception can, however, arise from a non-standard cosmological history.35
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for supersymmetric top-partners at the LHC and LEP. Further details can be found in Ref. 4.

by a Z2 -odd state.f
In the simplified model introduced in Eq. (5) the leading contributions to dark matter
production would be the conversion processes q̃i ↔ χj and q̃ ↔ χj, where i, j denote standard
model particles. Depending on the masses, coupling strength and the model under consideration
(q = b, t) the dominant contribution to dark matter production occurs around or after the freezeout of q̃. The first case constitutes a realization of freeze-in while the second case resembles a
superWIMP scenario. However, in general both contributions are present. Furthermore, as the
model is sensitive to the initial conditions – which are not washed out by thermalization – a
further contribution might stem from physics relevant at earlier times that are not captured by
the (low-energy) simplified model considered here, e.g. a contribution from reheating.
In Fig. 4 we plot the cosmologically viable viable parameter space (Ωh2 = 0.12) for the
superWIMP scenario for the top-philic model (q = t). We assume a sufficiently small coupling
so that the mediator decay occurs well after its freeze-out and plot the curve for which
mχ
(Ωh2 )χ =
(Ωh2 )et + (Ωh2 )init
(6)
χ = 0.12 ,
met
where (Ωh2 )et is the freeze-out abundance of the mediator in the absence of any coupling to
dark matter while (Ωh2 )init
is the initial dark matter abundance prior to the mediator decay.
χ
We show the result for three different choices of (Ωh2 )init
χ : a vanishing abundance as well as a
fraction of 0.7 and 0.9, respectively, of the total (i.e. final) abundance. This initial abundance
represents a possible contribution from the very early Universe (e.g. reheating phase) or from
freeze-in. In the model under consideration the latter would arise from conversion via scattering
and could be computed for a given λχ .
The red shaded region in Fig. 4 denotes a mass splitting below the top mass, introducing
an additional suppression of the mediator decay leading to large lifetimes that are potentially
f
Here we concentrate on dark matter with masses in the GeV to TeV range, typically providing detector-stable
mediators in the regime of thermally decoupled dark matter while lighter dark matter can also provide decays
within the LHC detector, e.g. displayed vertices.36
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in conflict with BBN for the very small couplings considered here. However, outside this region
where the 2-body decay of the mediator is open we find that consistency with BBN can easily
be achieved in the limit of a dominant superWIMP scenario, e.g. τ < 1 s requires λχ & 10−12
for which conversion rates are entirely inefficient, Γconv  H, until well after the freeze-out of
the mediator. The blue shaded region shows the respective limit for detector-stable mediators
from R-hadron searches at the 13 TeV LHC.32 It constraints part of the parameter space with
relatively large (Ωh2 )init
where the mediator freeze-out abundance, (Ωh2 )et , is required to be
χ
small. For comparison we show the boundary of the conversion-driven freeze-out as a dotted
black curve.
5

Conclusions

In this article we discussed dark matter scenarios that predict long-lived particles at the LHC.
We focussed on models with a Z2 -odd dark sector providing three distinct regions characterized
by a decreasing coupling strength: The well-know coannihilation scenario, conversion-driven
freeze-out and the superWIMP/freeze-in scenario. The latter two cases exploit an intrinsic
connection between the dynamics of dark matter genesis and the involved decay rates of a
heavier Z2 -odd state. For particles in the GeV to TeV range a departure from relative chemical
equilibrium during its freeze-out implies macroscopic decay length at the LHC – an intriguing
coincidence that renders the LHC to be a powerful tool to explore these scenarios.
We presented realizations of conversion-driven freeze-out within the framework of simplified dark matter with a top- and bottom-partner mediator. While the former model predicts
detector-stable R-hadrons that are well constrained by existing searches at the LHC, the latter
provides decay length of the order of several cm. These are relatively poorly constraint as existing searches for meta-stable colored states cannot be straightforwardly reinterpreted within the
model. Dedicated searches are required for a full exploration of the model. Despite the small
couplings required by conversion-driven freeze-out ranging between 10−3 and 10−7 it provides an
efficient thermalization of dark matter prior to freeze-out. This is contrast to the superWIMP
scenario where dark matter never reaches thermal equilibrium with the standard model bath.
The cosmologically viable parameter space, hence, depends on a possible contribution of dark
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matter production from the very early Universe as well as from freeze-in around the time of the
mediator freeze-out and contains a wide range of yet unexplored masses. Parts of the parameter
space can be probed with R-hadron searches at the 13 TeV LHC.
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NEWS-G (New Experiments With Spheres-Gas) is an innovative experiment aiming to shine a
light on the dark matter conundrum using a novel gaseous detector, the Spherical Proportional
Counter. It uses light noble gases, such as Hydrogen, Helium, and Neon, as targets, to search
for Weakly Interacting Massive Particles (WIMPs) down to the sub-GeV/c2 mass region.
The first detector of NEWS-G (SEDINE), is a 60 cm diameter sphere already operated in
the Underground Laboratory of Modane (France), while the full-scale detector, 140 cm in
diameter, will be installed in SNOLab (Canada) at the end of this year. In this work, we
present the first NEWS-G results with Neon as target nuclei, which excludes at 90% confidence
level (C.L.) cross-sections above 4.4 · 1037 cm2 for a 0.5 GeV/c2 WIMP based on 9.7 kg·days
of exposure, and the status of the project and prospects for the future is discussed.

1

Introduction

For over 80 years, since the first observations by F. Zwicky, Dark Matter (DM) constitutes a
basic pillar of the cosmological model of our Universe and though there are compelling evidence
in all astrophysical scales, the nature of the particles that compose DM remains elusive. From
astrophysical observations we know that DM should be ”cold”, non-baryonic, weakly interacting
with a density of Ωh2 = 0.1186 ± 0.002 1 . A plethora of particles has been proposed over the
years that matched these criteria, none predicted by the Standard Model. This generic class of
DM candidates is known as Weakly Interacting Massive Particles (WIMPs). Initially, WIMPs
in the 10 GeV/c2 - 1 TeV/c2 mass range were favored by supersymmetric models. But the nonfindings of passive experiments and at the LHC motivate searches in masses below 10 GeV/c2 ,
where many new theoretical approaches such as the asymmetric dark model and dark sector
predict DM candidates. Direct DM detection in this mass range is beyond the capabilities of
the conventional experiments based on dual phase TPCs and solid state detectors which use
heavy elements such as Xe, Ge, Ar or Si as targets due to two main reasons. First, is the
kinematic issue i.e. it is very hard to produce energetic recoils with light WIMP scattering on
heavy targets because of the minimum WIMP relative velocities required that are scarce in our
Galaxy. The second issue is that heavy recoils have a large ionization deficit that is described by
the ionization quenching factor 2 (for example a Xe recoil with kinetic energy equal to 500 eV will
induce in a medium of the same type will deposit 50 eV through ionization) which would require
a detector with a single electron threshold to be detected. Both the kinematic and ionization
issues are much less prominent for lighter, making them more appropriate for the detection of
light WIMPs. In this work, we present the concept of the NEWS-G experiment which by using
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(a)

(b)

Figure 2 – (a) The design and operation principle of the SPC and (b) a basic illustration of the read-out sensor
and its components.

an innovative gaseous detector, the Spherical Proportional Counter (SPC) filled with Ne, He
and H gas mixtures as targets, aiming to search for light WIMPs with unprecedented sensitivity.
2

The Spherical Proportional Counter

The SPC is a spherical gaseous detector 3 , presented at Fig. 4 consisting of a grounded spherical
shell which acts as the cathode and a small ball-the anode-placed in the middle of the sphere,
supported there by a grounded metallic rod, to which we apply the High Voltage (HV) and from
which we read-out the signal (the sensor). The electric field, which is given by
E(r) =

rA rC Vo
rC − rA r2

where rA is the anode radius, rC the cathode radius, Vo the voltage applied on the anode and
r the distance from the center of the detector. The dependence on the inverse of the detector
radius squared results in the natural division of the volume into the drift volume where under
the influence of the low electric field the electrons drift towards the anode until a few mm from
the anode surface, i.e. the amplification region, where the charge multiplication takes place.
The simplicity of the design permits the construction of a detector of this type solely by
radiopure materials. A large detector can be constructed using tens of kgs of copper with the
exception of some parts of the sensor weighing less than one gram.
The spherical geometry provides several advantages against other detector geometries, such
as the parallel plate detectors or the cylindrical counters when it comes to building large detectors
(∼ 1 m3 ). The sphere has the lowest surface to volume ratio and it is the vessel that can easier
sustain high pressures. In addition, it is the detector geometry that has the lowest capacitance
compared to parallel plate or cylindrical detectors. The reason for this is that its capacitance,
which is approximated by C ' 4π0 rA when rC >> rA , depends only on the radius of the anode
and not on the size of the vessel, making it easily scalable. Also the high gain achieved with
anode balls in the order of mm in diameter make the detector construction much more robust.
All these advantages allow the development of large detectors with single electron detection
threshold and increased signal to background ratio.
Another important advantage is that it provides the possibility to discriminate between
events with long tracks and point like events and also provides information about the interaction
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(a)

(b)

(c)

Figure 4 – (a) Picture of SEDINE, the 60 cm diameter prototype installed at LSM, (b) the sensor installed in
SEDINE with a 6.3 mm in diameter Si ball and a 380 m diameter insulated HV wire routed through a grounded
copper rod and (c) the cubic shielding of SEDINE comprised of layer of copper, lead and polyethylene.

radius. This is due to the difference in the collection time of the primary electrons in these events
which is depicted in the rise time of the pulses 3 5 .
The symmetry of the spherical shape along with the possibility to reject events in a radius
provide a valuable handle to reject background which usually comes from the surface in rare
event search experiments.
3

The NEWS-G/LSM detector - First WIMP search run

An SPC is already installed at the Laboratoire Souterrain de Modane (LSM) inside the Frejus
tunnel, one of the deepest laboratories in the world, under a rock thickness of 4800 mwe for
protection against cosmic radiation. The detector, named SEDINE, consists of a 60 cm diameter
sphere made of ultra pure (NOSV) copper (Fig. 3a) and a 6.3 mm diameter spherical sensor
made of silicon located at the center of the vessel (Fig. 3b). It is additionally protected from
external radiation by a multi-layered cubic shielding composed of -from the inside to the outside8 cm of copper, 15 cm of lead and 30 cm of polyethylene (Fig. 3c). NEWS-G used SEDINE
to perform its first WIMP search run. The detector was filled with a mixture of neon (99.3
% in pressure) and methane (0.7 %) at a total pressure of 3.1 bar, corresponding to 280 g of
target mass. The sensor was biased to 2520 V and a CANBERRA Model 2006 charge sensitive
preamplifier was used to read-out the signal. The detector was operated under these conditions,
in sealed mode for 42.7 days without interruption.
3.1

Calibration

The detector was calibrated using an 37 Ar gaseous X-ray source and a 241 Am-9 Be neutron
source. The 37 Ar gas was added to the mixture of Ne + CH4 at the end of the run, providing a
large sample of mono-energetic events at 2.82 keV and 270 eV from X-rays induced by electron
capture in the K- and L-shells, respectively. The 241 Am-9 Be neutron source was used to induce
nuclear recoil events, homogeneously distributed in the detector volume down to the critical low
energy range of 150 eVee - 250 eVee where our sensitivity to sub-GeV/c2 WIMPs was expected
to come from. This calibration is of great importance as it allows us to measure the response of
the detector in rise time for point like energy depositions in the detector volume.
4
4.1

Analysis of the LSM run and first NEWS-G results
Event simulation method - Background modeling

For the determination of our sensitivity to WIMPs we had to simulate the detector response to
ionizing radiation. In this simulation method we took into account all the basic processes that
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(a)

(b)

Figure 6 – (a) Agreement between of 37 Ar calibration data and simulation. The measured energy spectrum (red
markers) exhibits two peaks at 2.82 keV and 270 eV from the electron capture in the K- and L-shell, respectively.
The energy spectrum derived from the simulation (dark blue histogram) is scaled to the number of events recorded
during the calibration run for comparison. (b) Comparison between the rise time distribution of events in the
energy range 150 eVee - 250 eVee for events from neutron calibration data (red markers) and for simulated events
with energy deposits homogeneously distributed in the volume (dark blue histogram).

take place during the detector operation such as (a) the primary ionization for electronic recoils
of energy ER with mean energy to produce an electron-ion pair Wγ (ER ) and for nuclear recoils
with Wn (ER ) = Wγ (ER )/Q(ER ) where Q(ER ) is the SRIM [] derived quenching factor, (b)
the electric field given by finite-element software after modeling the full detector geometry, (c)
the drift and diffusion of primary charges which was parametrized using Magboltz coefficients,
and (d) the avalanche process which was simulated using Garfield++, accounting for Penning
transfers and fitting the results with a Polya distribution a .
The final pulse for an event was constructed by adding the contributions of all PEs that
reached the sensor. To these pulses we also added a baseline randomly chosen from empty pretraces of events recorded during the physics-run to account for realistic noise. The simulated
pulses were processed with the same algorithms as real pulses.
The simulation method was validated by comparing the simulation to the results of the
37 Ar calibration with the measurements which we present at (Fig. 5a) We can see the good
agreement but also the reproduction of the non-Gaussianity of the 2.82 keV line caused by the
field anisotropy in the avalanche region. In Fig. 5b we present also the comparison of the rise
time distribution of the neutron induced nuclear recoils during the 241 Am-9 Be calibration and
the simulated nuclear recoils. The good agreement between the two distributions validates the
Magboltz derived drift parameters used in the simulation to calculate the rise time of the pulses.
Using this method we modeled our background which is categorized into surface and volume
events. The surface events are uniformly distributed in the vessel and originate from radon
daughter decays. Volume events originate from high energy γrays from 208 Tl and 40 K present
in the rock, and from the decay chains of 238 U and 232 Th contained in the copper shell and the
shielding itself. The results of these simulations have shown that the pulse rise time provides
useful statistical discrimination against surface events down to our analysis threshold of 150
eVee.
4.2

Data analysis

A conservative analysis threshold was set at 150 eVee, above the trigger threshold of ∼ 36 eVee,
to ensure a ∼ 100 % trigger efficiency. Further on a quality cut was applied to reject events
within a 4 second window after triggering to remove non-physical events thus introducing a
dead time resulting to 20.1% exposure loss. After the quality cut we defined a preliminary
Region Of Interest (ROI) in rise time 10 μs - 32 μs and energy 150 eV - 4000 eV. Side band
!θ

!
a

P

n
hni

=

(1+θ)(1+θ)
Γ(1+θ)

n
hni

"

#

n
exp − (1 + θ) hni
, where hni is the mean gain and θ the shape parameter
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Figure 7 – Constraints in the Spin-Independent WIMP-nucleon cross section vs. WIMP mass plane. The result
from this analysis is shown in solid red.

regions were used to determine the expected backgrounds in the preliminary ROI. The event
rate measured in the 4000 eVee - 6000 eVee energy range was used to extrapolate the expected
Compton background down to lower energy assuming a flat recoil energy spectrum. The side
band region above 32 μs in rise time was used together with our simulation to extrapolate the
expected number and distribution of surface events leaking in the preliminary ROI. For a total
exposure of 34.1 live-days×0.283 kg = 9.7 kg·days 1620 events were recorded in the preliminary
ROI.
The ROI was tuned by using a Boosted Decision Tree (BDT); a machine learning algorithm which was trained with 105 simulated background events and signal events for 8 different
WIMP masses (from 0.5 to 16 GeV/c2 ). For each WIMP mass, the events where classified
as background-like or signal-like using the BDT score (ranging between -1 and 1 respectively)
resulting in a WIMP-mass-dependent fine-tuned ROI in the rise time vs. energy plane. Details
about the principle of the analysis and the simulations can be found at Q. Arnaud et al 4 .
4.3

Results

For each WIMP mass and considering as candidates all the events observed in the corresponding
fine-tuned ROI, a 90 % Confidence Level (C.L.) upper limit on the spin-independent WIMPnucleon scattering cross section was derived using Poisson statistics. The recoil energy spectrum
used to derive the sensitivity to WIMPs is based on standard assumptions of the WIMP-halo
model b . The resulting exclusion limit is presented at Fig. 7 as a solid red line, setting new
constraints on the spin-independent WIMP-nucleon scattering cross-section below 0.6 GeV/c2
and excludes at 90 % confidence level (C.L.) a cross-section of 4.4 × 1037 cm2 for a 0.5 GeV/c2
WIMP mass.
5

Future prospects - Conclusions

With the first results of NEWS-G we demonstrated the high potential of Spherical Proportional
Counters being used for the search of low-mass WIMPs. A new physics run is under way by
operating SEDINE filled with He based gas mixture and a new physics run with H rich gas
mixtures is envisioned. These runs will allow for more optimized momentum transfers for lowmass particles in the GeV/c2 mass range, and increase our sensitivity to sub-GeV/c2 WIMPs.
b
local dark matter density ρDM = 0.3GeV /c2 /cm3 , galactic escape velocity of vesc = 544km/s, asymptotic
circular velocity of v0 = 220km/s
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(a)

(b)

Figure 9 – (a) An ACHINOS prototype with 11 balls of 2 mm in diameter constructed using 3D printed materials
(b) the electric field magnitude versus the radius in the case of a single 2-mm in diameter anode ball and in
the case of the 11-ball ACHINOS sensor distributed on a 36-mm diameter sphere both placed in the center of a
300-mm diameter detector. The electric field in the far radii is 9 times higher for a detector equipped with an
ACHINOS sensor than a single ball sensor placed at the same bias.

The next phase of the experiment will build upon the knowledge acquired from the operation
of the SEDINE prototype at the LSM. It will consist of a 140 cm diameter sphere, made of
extremely low activity copper (in the range of a few Bq/kg of U and Th impurities) that is
going to be installed in SNOLab by the summer 2019. The design for the shielding of the new
sphere is more compact and advanced. It consists of shell of 22 cm of low activity lead lined
with 3 cm of archaeological lead, inside a 40 cm thick polyethylene shield. The new setup
will include dedicated handling to avoid radon entering the detector at any time. With such
improvements we expect a significant reduction of the backgrounds levels, relative to the above
results, and allow sensitivity down to cross sections of O (1041 cm2 ). The use of H and He
targets will allow us to reach WIMP mass sensitivity down to 0.1 GeV. Finally, NEWS-G is
developing novel detector instruments to facilitate the efficient operation of large detectors, such
as the NEWS-G/SNO detector that may be influenced by the especially low electric field in
the far radii of the detector volume. For this reason, new multi-ball sensors (ACHINOS 7 ) are
being developed (Fig. 8b) that are composed of multiple anode balls equidistantly placed on a
virtual spherical surface and all biased at the same potential. Their collective influence results
in an increased field magnitude at large radii while maintaining the ability to reach high gain
operation provided by anode diameter in the order of a mm. Developments such as this open
the way for even larger detectors and operation in higher pressure.
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Dark Photons, Kinetic Mixing and Light Dark Matter From 5-D
Thomas G. Rizzo
SLAC National Accelerator Laboratory,
2575 Sand Hill Rd., Menlo Park, CA 94025 USA
Extra dimensions provide a unique tool for building new physics models. Here we extend
the kinetic mixing/dark photon mediator scenario for the case of complex scalar dark matter
interacting with the Standard Model to 5-D. We assume that the inverse size of the new,
flat extra dimension is ∼ 10 − 1000 MeV, the mass range of interest in numerous current
experiments, and discuss the resulting phenomenology. Here we see that 5-D constructions
can be used to soften some of the possible tuning issues which are sometimes encountered in
the corresponding 4-D models.

1

Introduction and Overview

Although we believe dark matter (DM) exists we actually know very little about its true nature. With the lack of any clean WIMP signatures coming from DM detectors or the LHC, it
behooves us to think more broadly, both theoretically and experimentally, and this has thrown
the doors wide open to many new and interesting possibilities. One scenario which has gotten
much attention recently is that of DM interacting with the Standard Model (SM) through the
kinetic mixing (KM) portal, specifically, with the DM and the corresponding dark photon (DP)
gauge field both typically having similar masses in the ∼ 10 -1000 MeV range. In the simplest
realization, the only other parameter besides these two masses and the dark gauge coupling is
, which describes the strength of this KM. Typical values of  ∼ O(10−(3−4) ) can lead to the
the observed DM relic density via thermal freeze-out while still satisfying other experimental
constraints. In looking beyond the usual frameworks, extra dimensions (ED) can be very useful
as a model building tool. Here we will consider a very simple extension of the KM portal model
to the case of 5-D with the inverse size of the additional, flat ED in the mass range above
implying the existence of Kaluza-Klein excitations at this scale1 . This being the case, the SM
must not directly experience this ED and so is confined to a brane at one end of this ED interval
with only the DP and the SM singlet DM in the bulk. For DM in this mass range, CMB and 21
cm constraints tell us that the DM must have a p-wave annihilation cross section which is most
easily accomplished when the DM mass is below that of the (lightest) mediator and when the
DM is a complex scalar, although there are several other possibilities. Note that the DM must
be a complex scalar so that it can have a dark charge allowing it to couple directly to the U (1)D
DP gauge field. In our discussion we will ignore the possibility where the scalar DM field gets
a vev for simplicity although this is certainly possible. We find that the introduction of an ED
can help to explain some of the aspects of the 4-D scenario that are usually put in by hand or
that require some fine-tuning. As will be seen below, these ED scenarios require the existence of
brane-localized kinetic terms (BLKTs) on one or the other branes in order to obtain the correct
phenomenology and additional model-building flexibility.
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2

Analysis Survey

To be concrete, the basic setup we consider has an ED living on a brane-bounded interval
0 ≤ y ≤ πR and is described by the following action:
S = S1 + S2 + SBLKT

(1)

where the various pieces of the action are given by
Z

S1 =

d4 x

Z πR

dy

h

0

 1

i
1
5
− V̂AB V̂ AB − B̂µν B̂ µν +
V̂µν B̂ µν + LSM δ(y − πR) ,
4
4
2cw

(2)

describing the brane-localized SM plus pure 5-D bulk gauge fields and includes the KM of
U (1)D with hypercharge on the 4-D brane. The hatted fields must undergo field redefinitions
to bring S1 into canonical form and, as usual, we define DA = ∂A + ig5D QD V̂A as the U (1)D
dark gauge covariant derivative in obvious notation. When the B̂ is shifted to remove the KM,
B̂ → B + cw5 V , a negative BLKT is generated for the DP field which leads to tachyons/ghosts
in its Kaluza-Klein (KK) spectrum. Thus we must add a positive gauge BLKT to (at the very
least) offset this from the beginning and for later model building purposes we also will introduce
a similar BLKT for the DM scalar:
Z

SBLKT =

d4 x

Z πR

dy
0

h

i
1
− Vµν V µν · δA R δ(y − πR) + (Dµ S)† (Dµ S) · δS R δ(y)
4

(3)

with δA,S being dimensionless O(1) BLKT parameters; note the BLKTs are on opposite branes
for the reasons we’ll see below. The kinetic and potential pieces for S are given by
Z

S2 =

d4 x

Z πR
0

h

i

dy (DA S)† (DA S) + µ2S S † S − λS (S † S)2 + λHS H † HS † S δ(y − πr)

(4)

with H the SM Higgs field. Since S gets no vev, we will ignore the pure S potential terms
for simplicity in the discussion below, e.g., for convenience we will set the bulk mass of S to
zero in what follows although this isn’t a necessary choice. The last term generates potentially
dangerous H decays after SM SSB and we will return to it shortly. Note that we have not
added a dark Higgs in the bulk for SSB to generate the DP mass; as we’ll see it is not needed.
P
The 5-D fields V, S can now be KK expanded as (suppressing indices) V (x, y) = n vn (y)Vn (x),
and similarly for S with vn → sn , etc, and we can define the set of quantities n = 5 vn (πR)
as the KM parameters for the various KK DP tower fields. These KK modes will be simple
superpositions of sines and cosines with the unknowns determined by the boundary conditions
and overall normalizations as usual; below for simplicity we will work in the unitary/physical
V 5 = 0 gauge. After the ‘undoing’ of the KM by the field redefinitions, the V KK tower members
will mass-mix with the Z through their KM-induced couplings to the SM Higgs. Once this mass
matrix is diagonalized it results in slight shifts the Z mass and couplings away from their SM
values. However, when the KM parameters n are sufficiently small (as here) this poses no threat
to the agreement of the SM predictions with the EWK precision measurements.
Moving along, we choose the boundary conditions (BCs) vn (0) = sn (πR) = 0 and the
corresponding discontinuity equations for the partial derivatives due the BLKTs at the brane
locations when solving the equations of motion. Note that if the DM had been confined to the
brane opposite the SM we could not chose these BCs and, as we will see, BCs could not be used
to break the gauge symmetry. With these specific BCs, only the BLKTs introduced above can
be physically relevant as any introduced on the opposite branes will not influence the equations
of motion for the KK states since the fields vanish there. We then find the masses of the KK
states to be given by mVn R = xVn where cot πxVn = δ2A xVn and similarly for V → S. A short
analysis shows that this setup accomplishes a number of interesting things: (i) xV1 6= 0, i.e., there
are no massless gauge modes as the gauge symmetry has been broken without the introduction
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Figure 1 – (Top left) δA dependence of n for n = 1, 2, ..5 from top to bottom and (Top right) n dependence of
n for δA = 1, 2, ..5 from top to bottom. (Lower) The lowest root as a function of δA,S .

of a dark Higgs (unlike in 4-D) by the BCs with the V 5 playing the role of the Goldstones.
(ii) The masses of lightest DP and DM KK excitations are naturally of the same size without
any tuning (unlike in 4-D) and with the phenomenological requirement mDM =S1 > mDP =V1
resulting from simply choosing δS > δA . In fact, requiring any specific value of the mass ratio
λ = mDM /mDP , for a given value of δA the corresponding required value of δS is just given by
2 cot πλxV

δS = λxV 1 . (iii) The potentially dangerous HS term in the action above vanishes by our BC
1
choice for all KK modes of S; this term can’t be removed by any symmetry in 4-D and so the
coefficient of this term in the potential must be fine-tuned there. We also find that (iv) the KM
parameters n , as determined from the normalization of the vn in the presence of the BLKT,
are functions only of the δA and decrease rapidly in magnitude as either n or δA are increased,


V

2

δ A xn
A
i.e., −1
+ δ2π
. This implies that the heavy KK modes generally decouple from
n ∼ 1+
2
physical processes. This is shown in Fig. 1; this Figure also explicitly shows how the lowest root
for either KK tower decreases as a function of value of its associated BLKT. Whether or not
the value of λ < 1/2 strongly influences the model phenomenology. When λ < 1/2 it is easy to
convince oneself that if any of the KK states in either tower are produced they will eventually
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cascade decay down to stable DM as V1 → SS † so that only a missing energy (ME) signal is the
result. If λ > 1/2, we have instead V1 → e+ e− so that cascades can produce complex decays
which will include both missing energy as well as e+ e− pairs.
Given a fixed set of model parameters, the couplings of the KK scalar tower states to the
gauge KK states, Sn† Sm Vi , can be calculated from their associated wavefunctions by performing
the integrals
Z
gD cimn ∼ g5D

πR

sn (y)sm (y)vi (y) dy

(5)

0

where we can define the dimensionless 4-D coupling, gD , in terms of the lowest mode states
in each tower. Note that once δA,S and the product gD 1 are specified, all physically relevant
observables become calculable in term of the value of R or in terms of an overall mass scale,
e.g., mS,V1 . For example, the SI cross section for DM scattering off electrons is given by
σe =

2 2
4αµ2 gD
1
V
(m1 )4

"
X

(−1)n+1

n

n n m2V1
c
1 11 m2Vn

#2

(6)

where µ = me mDM /(me + mDM ) is the reduced mass ∼ me for the DM mass values of interest
to us. Numerically this yields the result
σe ' 3.0 · 10−40 cm2

 100 MeV 4  g  2
D 1

10−4

mV1

× Sum

(7)

whereby the quantity ‘Sum’ represents the squared KK summation of the previous expression
which is expected to be ∼ O(1) as the series converges very rapidly. Note that here ‘Sum’ isolates
the difference between the prediction of the 5-D scenario and the 4-D case. For representative
parameter values, e.g., SuperCDMS is likely to be able to probe this range of cross sections
in the future but now they lie a few orders of magnitude below the current constraints. The
calculation of the thermal DM annihilation cross section into, e.g., final state electrons can be
2 , where the detailed kinematic information,
expressed in a similar fashion by writing σvrel = b̃vrel
including the sub-leading terms in the velocities, and (away from any resonances for simplicity)
is contained in the parameter b̃ which in the limit of a zero electron mass is given by
"

b̃ =

2 e2 2
X
gD
γ4
(n m /21 ) cn11 cm
1
11
(−1)n+m
2
2
(γ 2 − rn )(γ 2 − rm )
192πmDM γ − 1 n,m

#

(8)

where here the double sum is over the gauge KK tower states, γ 2 = s/4m2DM is the usual
kinematic factor determined by the DM velocities employing the standard Mandelstam variable
and rn = m2Vn /4m2DM . We will assume the freeze-out temperature to be xF = mDM /T ' 20 so
2 >' 0.3 in numerical estimates. For the benchmark models that will
that at freeze-out < vrel
be discussed below we not only have 2mS1 > mV1 but also that 2mS1 is significantly below mV2
implying that the thermal DM annihilation cross section is dominated by phase space regions far
from any of the narrow s-channel KK resonances. To go further we need to choose some specific
benchmark models (BM) forcing us into some particular parameter choices. Here we give two
examples both of which have δA = 0.5. For BM1, we take mV1 /mDM = 0.8 implying δS ' 2.38,
while for BM2, we assume that mV1 /mDM = 0.6 implying δS ' 6.03. Apart from the overall
mass scale set by R−1 , these quantities determine the complete model phenomenology. In the
left panel of Fig. 2 we find the value of the quantity ‘Sum’ defined above for our two benchmark
points as a function of the number of contributing gauge KK tower states n. Here we see that (i)
the results for these two BM points are essentially identical, (ii) the KK summation converges
very rapidly, roughly by the time the n ∼ 5 KK state is reached. (iii) The value of this sum is
less than unity due to the destructive interference among the gauge KK exchanges, i.e., ‘Sum’
' 0.852(0.849) for BM1(BM2). This means that the entire KK tower above the lowest level
makes only a ∼ 7% contribution to the amplitude. Finally, (iv) we see that the 4-D and 5-D
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predictions are numerically quite close. It is important to emphasize the very rapid convergence
of these sums and the essentially negligible contributions of the higher KK states here. The right
panel of Fig. 2 shows the values of a quantity b for both BM points; in this Figure we rescaled
the quantity b̃ above by an overall factor so that this quantity b as shown here is dimensionless
and is roughly O(10):
"
#
2 e2 2
gD
1
b̃ = b
10−20 cm3 s−1 .
(9)
m2DM (GeV2 )
In this panel we further see that BM1(BM2) leads to a value of b ' 7.9(15.9) which differ by

Figure 2 – Left: Values of the quantity ‘Sum’ appearing in the DM-electron SI scattering cross section as a
function of the gauge KK tower number, n, included in the sum, as described in the text; the upper(lower) curve
corresponds to the case of BM1(BM2). Right: The value of the quantity b, as defined in the text, for BM1 (upper
curve) and for BM2 (lower curve).

roughly a factor of ∼ 2 due to the BM mass spectrum and various coupling variations. It is
easy to see that for gD 1 ∼ 10−4 and mDM ∼ 10 − 100 MeV we can straightforwardly obtain a
thermal cross section of ∼ 9 · 10−26 cm3 s−1 as needed to reproduce the observed relic density for
light complex DM masses. We again emphasize the very rapid convergence of these KK sums
and the essentially negligible contributions of the higher KK states beyond n ∼ 5 for both these
observables.
It is clear that using these two observables alone it will be quite difficult to differentiate the
5-D from the 4-D models; in fact, when λ < 0.5 we only have ME signatures to accomplish this.
For a true separation of these two possibilities clearly we must produce some of the KK modes
on-shell. In the λ < 1/2 case the cleanest approach is to employ the γ+ME final state in either
meson decays or in e+ e− annihilation where multiple photon recoil peaks may be observable
associated with the production of the different DP KK states. Other techniques employing, e.g.,
DP tower direct production in fixed target collisions may be also be helpful but in this case the
signals that are useful in separating the 4-D from 5-D scenarios are much more subtle and will
depend upon detailed knowledge of the anticipated rates and associated distributions with high
precision. When λ > 0.5, as in the case of our BM points, the 5-D and 4-D signatures are much
easier to differentiate since the heavier KK production leads to visible cascade decays which
can be rather complex. Of course, by construction, for both BM points, S1 and S1† are stable
states forming the DM while V1 decays only into SM final states as the decay V1 → S1† S1 is
2 >> (e )2 .
kinematically forbidden. Furthermore, V2 essentially only decays into S1† S1 since gD
1
In this 5-D model, the V1 acts similar to the 4-D DP decaying to only SM states while the V2 acts
like the 4-D model where the DP decays only to DM. In a similar fashion, the decay S2 → S1 V1
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Table 1: Branching fractions for the various decay modes in per cent for the next highest gauge and scalar KK
states in both BM scenarios as discussed in the text.

Process
S3 → V2 S1
S3 → V1 S1
S3 → V1 S2
V3 → S1† S1
V3 → S1† S2 +h.c.
V4 → S1† S1
V4 → S1† S2 +h.c.
V4 → S2† S2
V4 → S3† S1 +h.c.

BF(BM1)
1.20
5.10
93.7
74.9
25.1
45.9
51.5
1.67
0.95

BF(BM2)
0.62
1.78
97.6
97.3
2.71
39.5
18.9
38.8
2.81

occurs with a ∼100% branching fraction. The decays of the higher KK states are found to
be somewhat sensitive to the BM choice due to their differences in couplings and phase space
although the gauge KK masses are the same for both BMs. In Table 1 we see that there can be
quite significant differences in how the various KK states decay based on the small differences
in masses and the variations in the cinm couplings. Searches for these more massive KK states
will be somewhat influenced by these parametric variations. The fact that these two BMs can
show such differences suggests that even greater variations are likely possible as we scan over
the full parameter space. As noted, once decays of these light KKs into other dark sector states
are kinematically allowed the corresponding lifetimes are generally controlled by the coupling
2 × O(1) so that such decays are quite rapid. Of course the lightest KK gauge
factors ∼ gD
state, which decays to SM fields via (e1 )2 can also be long-lived as has been often discussed
in the literature for the 4-D case with typical cτ values of order 100 µm for 1 ∼ 10−4 and
masses of ∼ 100 MeV. As we progress up the various KK towers, decay widths will increase due
to the usual opening of phase space and overall mass factors although in most cases these will
be somewhat compensated for by the shrinking values of the relevant parameters cinm and the
compression of phase space for some decay modes due to near mass degeneracies.
3

Conclusions

ED extensions of known scenarios can lead to additional model building flexibility, address
some of the issues that arise in 4-D and can lead to new interesting phenomenology. This is
particularly useful in the case of DM where our limited knowledge requires all accessible avenues
be explored. Hopefully one of these avenues will lead us to the discovery of DM.
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The QCD axion is a consequence of the Peccei-Quinn solution to the Strong-CP problem and
also provides a compelling dark matter candidate in the µeV to meV mass range. The first
run of the Axion Dark Matter Experiment (ADMX) Gen 2 campaign has searched for QCD
axions with mass in the few µeV range with sensitivity to the DFSZ model. This proceeding
will discuss how cryogenic operating conditions with ultra-low-noise RF SQUID amplifiers
have enabled this achievement.

1

Introduction

Modern physics describes the world as we see it with astounding precision. However this level
has lead to the discovery of anomalies which were not initially evident: dark matter and the
strong CP problem are two such anomalies.
Dark matter was first hinted at through the observation of galaxy rotation curves. It was
observed that the velocities of stars orbiting a galactic centre are higher than would be expected
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based on a Keplarian orbit. One solution to this is to surround the galaxy in a halo of gravitationally interacting matter1 , which is otherwise sterile to explain it’s non-observation, otherwise
referred to as dark matter. Additional support for the existence of a form of non-interacting
matter comes through observing the gravitational lensing produced by galaxies and clusters.
When the amount of lensing is estimated based on the luminous matter in a cluster the result is
an underestimate of what is observed. In addition, colliding clusters separate out the luminous
and dark matter with the dark matter being visible through its lensing; this results in images
like the now well known bullet cluster false colour image.
Within the QCD Lagrangian the strong force has a term which allows it to violate charge
parity symmetry which is given by
Lθ = θ

g2
Gaµν G̃µν
a ,
32π 2

(1)

where G is the gluon field strength tensor and g is the coupling constant. The degree to which
the strong force can violate CP symmetry is encapsulated in the θ term which can take any value
between 0 and 1. A consequence of CP violation is that the neutron would possess a measurable
electric dipole moment due to the separation of charge between the quarks expected to be on
the order of 10−18 e cm. The measured the upper limit for the neutron electric dipole moment
has been set at 10−26 e cm, posing a fine tuning problem on the parameter θ 2 .
2

The Axion

The axion comes about from the Peccie and Quinn solution to the strong CP problem3 in which
the parameter θ is treated as a dynamic field which can be initially set to any value but through
spontaneous symmetry breaking allowed to relax to a minima such as that which we see today.
It was pointed out by Wienberg4 and Wilszek5 that there would be a new particle associated
with this new field. This particle would be a psuedo-scalar which possesses a coupling to two
photons6 which is described by
LAγγ = −gaγγ E · B φA ,
(2)
where E and B are from the standard model electomagnetic field and φA is the axion field. The
parameter gaγγ is the coupling of the axion to a two-photon interaction and the magnitude of
this number is proportional to the mass of the axion within a given model. This means that
while the axion could theoretically take any mass, for a given mass there is a small range of
couplings which are likely. Within the community the KSVZ and DFSZ have traditionally been
used to bound the QCD axions coupling but there are models outside of this range which are
still possible. A broader range of particles known as axion-like particles, ALPs, also exist but
they do not follow the mass to coupling proportionality.
3

Axion Haloscopes

The axion has a small mass and a weak coupling to the standard model, making it difficult to
search for with collider style experiments. A number of alternate techniques have been suggested
but to date the haloscope-style experiments have produced the most sensitive searches. The
design was first proposed by Sikivie in 19837 .
The principal of operation is that the dark matter axions act as the source of the axions
and since they are coherent over lengths of kilometres they can be treated as a classical field.
The detector is immersed in a magnetic field which provides the virtual photons for conversion.
The photons produced from the conversion are captured in a microwave cavity which allows the
power to build up to a detectable level. The presence of the cavity means that the experiment is
sensitive only to axions within the bandwidth of the cavity. Consequently a tuning mechanism
is required to allow the cavity resonance and therefore search mass to be shifted.
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Figure 1 – Schematic of a haloscope experiment. The axions are provided by the dark matter background. The
magnetic field provides the virtual photons for Primakoff conversion. The signal which is extracted would appear
as a power excess over the background noise.

The open axion mass range is many decades wide and therefore the ability to scan frequency
quickly is important. The time taken to reach a desired signal to noise is given by the Dickie
radiometer equation
s
Psignal
t
SNR =
·
.
(3)
kB T
∆f
The power from the axion field, Psignal , is proportional to the cavity properties and the formfactor for the detection cavity resonance
Psignal ∝ B 2 V Qcav Cmode ,

(4)

where B is the magnetic field, V is the cavity volume, Qcav is the quality factor of the cavity
and Cmode is the form-factor. The magnetic field is usually in the form of a solenoidal field
to provide a uniform field direction within the cavity: in ADMX a 7 T field was used. The
Q is a function of the cavity material. Since there are currently no superconductors capable
of operating in a 7 T field annealed OFC copper is used. The form-factor is given by the dot
product of the electric field of the cavity and the magnetic field; consequently the majority of
modes have a negligible form-factor as can be seen in Fig. 2, but the fundamental mode of the
cavity gives a form-factor ≈ 0.67. Due to the presence of a tuning mechanism in ADMX a
form-factor of order 0.4 is typical.
The cavity design is not the only controllable part of the experiment which affects the scan
rate; the noise temperature of the system is largely dictated by the design of the readout chain.
The noise temperature is the temperature of a black body required to produce the thermal noise
equivalent to that which is being observed; it is used as a proxy for the noise power of the
system. The way noise powers are combined is using the Friis temperature equation
T2
T3
Tobs = TPhys + T1 +
+
+ ...
G 1 G1 G2

(5)

The result of this is that the noise contribution of components later in the readout chain
is reduced by the product of the gain of each preceeding stage. In practice this means that
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Figure 2 – Simulated mode structure of a bare pillbox cavity with the colour indicating the magnitude of the field
in the ’z’ direction. If we consider the dot product of both modes with a uniform magnetic field it is that the
result will be a net positive in the case of the TM010 mode. However for the TM020 mode the lobes at the top
and bottom of the cavity will cancel out resulting in a form-factor of 0.

the lowest noise amplifiers should be closest to the signal source. In ADMX we use tunable
micro-strip SQUID amplifiers developed by the Clarke group at Berkeley, which approach the
quantum limit when operated below 100 mK and provide 20 dB of amplification over a 400 MHz
range.
The physical temperature of the system, TPhys acts as a irreducible noise source. This is
dominated by the temperature of the resonant cavity, and so a custom built dilution fridge is
used to cool the cavity and quantum electronics. The quantum amplifier adds T1 of noise and
any further stage is reduced by its gain, G1 making their contribution minimal.
When these factors are taken into account the integration time required per frequency bin
is on the order of 1000 s. The integration time is split across several integration periods between
which the cavity resonance is moved a tenth of a bandwidth, thereby avoiding discontinuities in
the data due to uncertainty in the tuning motion. In addition to the integration time there are
a number of RF measurements required for verification which are performed between each step,
leading to an experimental cadence of approximately 2 minutes per position.

4

Results

We searched the range of mass between 645 - 680 MHz for axion signals between January 18,
2017 and June 11, 2017. The consequence of optimizing for an efficient scan speed enabled
us to achieve a signal-to-noise ratio sufficient to be sensitive to DFSZ axions. No statistically
significant signals were observed. A detailed discussion of the results can be found in the April
2018 publication8 .
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Hunting for Axionlike Dark Matter by Searching for an Oscillating Neutron
Electric Dipole Moment
Nicholas J. Ayres for the nEDM experiment at PSI
Department of Physics and Astronomy, University of Sussex, Falmer,
Brighton BN1 9QH, United Kingdom
We report on a search for ultra-low-mass axion-like dark matter by analysing the ratio of the
spin-precession frequencies of stored ultracold neutrons and 199 Hg atoms for an axion-induced
oscillating electric dipole moment of the neutron and an axion-wind spin-precession effect. No
signal consistent with dark matter is observed for the axion mass range 10−24 eV ≤ ma ≤
10−17 eV. Our null result sets the first laboratory constraints on the coupling of axion dark
matter to gluons, which improve on astrophysical limits by up to 3 orders of magnitude, and
also improves on previous laboratory constraints on the axion coupling to nucleons by up to
a factor of 40. The results were initially presented in Phys. Rev. X 7, 0410341 , of which this
proceeding is largely a summary.

1

Introduction

Astrophysical and cosmological observations indicate that 26% of the total energy density and
84% of the total matter content of the Universe is dark matter (DM) 2 , the identity and properties
of which still remain a mystery. One of the leading candidates for cold DM is the axion.
It is reasonable to expect that axions interact non-gravitationally with standard-model particles. Direct searches for axions have thus far focused mainly on their coupling to the photon
(see the review 3 and references therein). Recently, however, it has been proposed to search for
the interactions of the coherently oscillating axion DM field with gluons and fermions, which can
induce oscillating electric dipole moments (EDMs) of nucleons 4 and atoms 5,6,7 , and anomalous
spin-precession effects 5,8 . The frequency of these oscillating effects is dictated by the axion
mass, and more importantly, these effects scale linearly in a small interaction constant 4,5,6,7,8 ,
whereas in previous axion searches, the sought effects scaled quadratically or quartically in the
interaction constant 3 .
In the present work, we focus on the axion-gluon and axion-nucleon couplings
Lint =

CG g 2
CN
aGb G̃bµν −
∂µ a N̄ γ µ γ 5 N ,
fa 32π 2 µν
2fa

(1)

where G and G̃ are the gluonic field tensor and its dual, b = 1, 2, ..., 8 is the color index, g 2 /4π
is the color coupling constant, N and N̄ = N † γ 0 are the nucleon field and its Dirac adjoint, fa
is the axion decay constant, and CG and CN are model-dependent dimensionless parameters.
The axion-gluon coupling in (1) induces the following oscillating EDM of the neutron via a
chirally-enhanced 1-loop process 9,10
dn (t) ≈ +2.4 × 10−16

CG a0
cos(ma t) e · cm .
fa
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(2)

The amplitude of the axion DM field, a0 , is fixed by the relation ρa ≈ m2a a20 /2. In the present
3
work, we assume that axions saturate the local cold DM energy density ρlocal
DM ≈ 0.4 GeV/cm
11 . The derivative coupling of an oscillating galactic axion DM field, a = a cos(m t − p · r),
0
a
a
with spin-polarized nucleons in (1) induces time-dependent energy shifts according to
Hint (t) =

CN a 0
sin(ma t) σ N · pa .
2fa

(3)

The term σ N · pa adds a dependence on the relative direction of the motion of the axion field
and the spin quantization axis, causing additionally a daily modulation in precession frequency
as the earth rotates, which we do not consider in this analysis.
Here, we report on a search for an axion-induced oscillating EDM of the neutron (nEDM)
based on an analysis of the ratio of the spin-precession frequencies of stored ultracold neutrons
and 199 Hg atoms, which is a system that had previously also been used as a sensitive probe of
new non-EDM physics 12,13,14 . We divided our analysis into two parts. We first analyzed the
Sussex–RAL–ILL nEDM experiment data 15 , covering oscillation periods longer than days (long
time–base). Then we extended the analysis to the data of the PSI nEDM experiment 16 , which
allowed us to probe oscillation periods down to minutes (short time–base). Our analysis places
the first laboratory constraints on the axion-gluon coupling. We also report on a search for an
axion-wind spin-precession effect, using the data of the PSI nEDM experiment. Our analysis
places the first laboratory constraints on the axion-nucleon coupling from the consideration of
an effect that is linear in the interaction constant.
2

Long time-base analysis

The Sussex–RAL–ILL room temperature nEDM experiment ran from 1998 to 2002 at the PF2
beamline at the Institut Laue-Langevin (ILL) in Grenoble, France. This experiment set the
current world-best limit on the permanent time-independent neutron EDM, published in 2006
17 . The data were subsequently reanalyzed to give a revised limit in 2015 18 . The technical
details of the apparatus are described in full in 15 , but we summarize the main experimental
details here for the reader.
The experiment was based on Ramsey interferometry 19 of ultracold neutrons. The neutrons
were stored in parallel or antiparallel electric and magnetic fields, where their Larmor precession
frequency is given by
hνn = 2 |µn B ± dn E| ,
(4)
with the sign depending on the field configuration. E and B are the magnitudes of the electric
and magnetic fields, respectively. By measuring the frequency difference between the two field
configurations, a value for the neutron EDM, dn , was inferred. The measurement was conducted
in a series of cycles, each approximately 5 minutes long. A cycle began with a filling of neutrons
polarized along the fields into the precession chamber from the ultracold neutron source 20 , and
yields a single estimate of the neutron precession frequency. We name a series of consecutive
cycles taken over typically 1-2 days in an identical magnetic field configuration, but the direction
of the electric field periodically reversed, a run.
In order to suppress cycle–to–cycle changes in the magnetic field, the analysis was performed
on the ratio of the neutron and mercury precession frequencies R, which, using (4), is 15


νn
µn
µn
2E
R≡
=
± dn −
dHg
+ ∆,
(5)
νHg
µHg
µHg
hνHg
where the signs correspond to parallel and antiparallel field configurations. ∆ encapsulates all
higher-order terms and systematic effects, which are corrected for when a run is analyzed 18 .
In the case of the long time–base analysis, we considered the time series of dn measurements
from individual runs.
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Figure 1 – The periodogram of the array of neutron EDM (dn ) estimates from the ILL measurement (black line). The mean of Monte Carlo
(MC)-generated periodograms, assuming no signal is present, is depicted in green. MC is used
to deliver false–alarm thresholds (global p-values),
marked in orange for 1, 2, , 5 σ levels (from bottom
to top). The highest peak has the global p-value
0.53, consistent with a non-detection. Reprinted
figure with permission from 1 . Copyright 2017 by
the American Physical Society.
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Figure 2 – The 95% C.L. limits on the amplitude
of oscillation in the quantity dn − (µn /µHg ) dHg ,
as a function of frequency thereof. The limits from
the long (ILL data) and short (PSI data) time–base
analyses are depicted by the red and blue curves, respectively, with the area above these curves being
excluded. The raw limits delivered by the analysis, with substantial noise, are depicted by the light
lines, while the smoothed versions are given in bold.
From 1 .

As an estimator of the power spectrum of the data, we used the Least Squares Spectral
Analysis (LSSA) periodogram 21,22 , where the amplitude at frequency f was estimated by the
amplitude of the best fit oscillation of that frequency. We evaluated the periodogram at a set
of 1334 trial frequencies, evenly spaced between 100 pHz (arbitrarily chosen, a period of about
300 years, much longer than the four–year span of the data set) and 10 µHz (a period of about
a day, the time it typically took to get one dn estimate).
To obtain the expected distribution of the periodogram, we performed Monte Carlo (MC)
simulations. At each frequency, we estimated the cumulative distribution function (CDF) of the
LSSA power. Extreme events in the tails of the distribution are expensive to access directly
with MC. For this reason, to the discrete CDF estimates we fitted, at each ith frequency, the
functional form of the LSSA-power CDF 21
Fi (P) = 1 − Ai exp(−Bi P) ,

(6)

where P is the power, while Ai and Bi are fit parameters. The local p-values are given by
plocal,i = 1 − Fi (Pi ) ,

(7)

where Pi is the LSSA power of the measured dn time series at the ith frequency. If the local pvalues at different trial frequencies were uncorrelated, the global p-value would be given by 23
pglobal = 1 − (1 − plocal )N ,

(8)

where N is the number of trial frequencies. However, we did not need to make this assumption.
Instead, we made use of the set of MC datasets. In each, we found the minimal local p-value
and estimated its CDF, assuming it has the form (8), but left N as a free parameter. We found
the best fit value Neffective = 1026. For each frequency, we marked the power necessary to reach
the global p-values corresponding to 1, 2, , 5 σ levels as orange lines in Fig. 1. The minimal local
p-value of the dataset translates to the global p-value of 0.53, consistent with a non-detection.
In order to obtain limits on the oscillation amplitude parameter, we again used MC simulations. We discretized the space of possible signals, spanned by their frequency and amplitude.
We chose a sparser set of 200 frequencies, as we did not expect highly coherent effects in the
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sensitivity of detection. For each discrete point, we generated a set of 200 MC datasets containing the respective, perfectly coherent signal and assumed that the oscillation is averaged over
the duration of the run.
For each fake dataset, we evaluated the LSSA amplitude only at the frequency of the signal
and compared its distribution (extrapolating with the functional form of Eq. (6)) with the best-fit
amplitude in the data and defined the p-value to be left–sided. We found the 95% confidencelevel exclusion limit as the 0.05 isocontour of the CLs statistic 24 . The limit is shown as the red
curve in Fig. 2. We are most sensitive to periods shorter than the timespan of the dataset (∼ 4
years), but rapidly lose sensitivity for periods shorter than the temporal spacing between data
points (∼ 2 days), since the expected signal would essentially average to zero over these short
time scales.
3

Short time-base analysis

In 2009, the Sussex–RAL–ILL apparatus was moved to the new ultracold neutron source at
the Paul Scherrer Institute (PSI), Villigen, Switzerland 25 , where a number of improvements
were made 16,26,27 . In 2015, the apparatus was fully commissioned and began to take highsensitivity EDM data. The whole data set, taken from August 2015 until the end of 2016, with
a higher accumulated sensitivity than the ILL one, was considered in this analysis. For the PSI
experiment’s data, we performed a lower–level oscillation search on the array of R measurements.
Since an R estimate was obtained every cycle (≈ 300 s), rather than every 1–2 days as for a dn
estimate, it has an increased sensitivity to higher frequencies. Additionally, the analysis could
benefit from the addition of 16 atomic cesium vapor magnetometers 28 , located directly above
and below the precession chamber (inside the electrodes).
The dominant time-dependent systematic effect, encapsulated in ∆ of Eq. (5), would have
given rise to non-statistical temporal fluctuations if not accounted for. Namely, R is sensitive to
drifts in the vertical gradients of the magnetic field. While the thermal mercury atoms filled the
chamber homogeneously, the center of mass of the ultracold neutron population was lower by
several millimeters 29,30,18 . To compensate gradient drifts on a cycle-to-cycle basis, the vertical
gradient was measured by fitting a second order parametrization of the magnetic field to the
measurements of the cesium magnetometers. However, the absolute calibration of these sensors
was insufficient to allow corrections of the deliberate, large changes between runs.
To account for this, when performing the LSSA fit, we allowed the free offset to be different
in each run
X
A sin(2πf t) + B cos(2πf t) +
Ci Πi (t) ,
(9)
i

ith

where Ci is the free offset in the
run and Πi (t) is a gate function equal to one in the ith
run and zero elsewhere. This caused the short time–base analysis to lose sensitivity for periods
longer than one run. It should also be mentioned that, at the time of this analysis, the PSI data
were still blinded, whereby an unknown, but constant, dn was injected into them. It does not
influence this analysis, as the free offsets are not considered further.
We split the R time array into three sets: a control set of data without an applied electric
field, and two sets sensitive to an oscillating EDM, namely with parallel and antiparallel applied
electric and magnetic fields. A coherent oscillating EDM signal would have an opposite phase
in the latter two sets, and be absent in the control set. We did not perform a common fit.
Instead, the two sensitive data sets were treated separately in the LSSA fits, and later combined
to a limit. Otherwise, the LSSA treatment was the same as in the long time–base analysis. We
picked a set of 156 198 trial frequencies, spaced apart at intervals determined by the spectral
resolution (the inverse of 506 days = 23 nHz), which here also defines the signal width. While
we observed several peaks significant at the 3σ level (up to 6σ), these did not have the correct
characteristics in the three datasets to be consistent with the signal expected for axion DM.
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Figure 3 – Limits on the interactions of an axion with the gluons (left) and nucleons (right), as defined in Eq. (1),
assuming that axions saturate the local cold DM content. The regions above the thick blue and red lines correspond
to the regions of parameters excluded by the present work at the 95% confidence level (C.L.). The colored regions
represent constraints from Big Bang nucleosynthesis (red, 95% C.L.) 32,33,34 , supernova energy-loss bounds (green,
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for new spin-dependent forces (yellow, 95% C.L.) 41 . We also show the projected reach of the proposed CASPEr
experiment (dotted black line) 31 , and the parameter space for the canonical QCD axion (purple band). From 1 .

We delivered a limit on the oscillation amplitude similarly to the long time–base analysis,
with the exception that we required the product of the two sensitive sets’ CLs statistics to be
0.05. The limit is shown as the blue curve in Fig. 2. Following Eq. (2), we can interpret the
limit on the oscillating neutron EDM as limits on the axion–gluon coupling in Eq. (1). We
present these limits in Fig. 3, assuming that axions saturate the local cold DM energy density
3 11
ρlocal
.
DM ≈ 0.4 GeV/cm
4

Axion-wind effect

We also perform a search for the axion-wind effect, Eq. (3), by partitioning the entire PSI dataset
into two sets with opposite magnetic-field orientations (irrespective of the electric field) and then
analyzing the ratio R = νn /νHg similarly to our oscillating EDM analysis above. The axion-wind
signal would have an opposite phase in the two subsets. We find two overlapping 3σ excesses
in the two subsets (at 3.42969 µHz and 3.32568 mHz), neither of which have a phase relation
consistent with an axion-wind signal. Following Eq. (3), we derive limits on the axion-nucleon
coupling in Eq. (1). We present these limits in Fig. 3, assuming that axions saturate the local cold
DM energy density. Our peak sensitivity is fa /CN ≈ 4×105 GeV for 10−19 eV . ma . 10−17 eV.
5

Conclusions

In summary, we have performed a search for a time-oscillating neutron EDM in order to probe
the interaction of axion-like dark matter with gluons. We have also performed a search for an
axion-wind spin-precession effect in order to probe the interaction of axion-like dark matter with
nucleons. So far, no significant oscillations have been detected, allowing us to place limits on
the strengths of such interactions. Our limits improve upon existing astrophysical limits on the
axion-gluon coupling by up to 3 orders of magnitude and also improve upon existing laboratory
limits on the axion-nucleon coupling by up to a factor of 40. Furthermore, we constrain a region
of axion masses that is complementary to proposed “on-resonance” experiments in ferroelectrics
31 . Future EDM measurements will allow us to probe even feebler oscillations and for longer
periods of oscillation that correspond to smaller axion masses.
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DARK MATTER RELIC DENSITY REVISITED: THE CASE FOR EARLY
KINETIC DECOUPLING

1

T. BINDER1 , T. BRINGMANN2 , M. GUSTAFSSON1 , A. HRYCZUK2
Institute for Theoretical Physics, Georg-August University Göttingen, Friedrich-Hund-Platz 1,
Göttingen, D-37077 Germany
2
Department of Physics, University of Oslo, Box 1048 NO-0316 Oslo, Norway
Kinetic decoupling of dark matter typically happens much later than chemical freeze-out.
In fact, local thermal equilibrium is an important assumption for the usual relic density
calculations based on solving the Boltzmann equation (for its 0-th moment) describing the dark
matter number density. But is this assumption always justified? Here we address this question
and discuss the consequences of more accurate treatments. The first treatment is relying on
the inclusion of higher moments of the Boltzmann equation and the second on solving the
evolution of the phase-space distribution function fully numerically. For illustration, these
methods are applied to the Scalar Singlet model, often referred to as the simplest WIMP DM
possibility from a model-building perspective. It is explicitly shown that even in this simple
model the prediction for the dark matter abundance can be affected by as much as one order
of magnitude.

1

Introduction

The thermal production through the freeze-out mechanism1 constitutes one of the most natural
and attractive options to produce the present abundance of dark matter (DM) particles. The
main assumption entering the standard formalism describing such a process is that, during the
time of freeze-out, DM is still kept in local thermal equilibrium (LTE) with the heat bath.
This talk is based on a work2 pointing out that exceptions to this standard picture exist,
where kinetic decoupling happens very early and it cannot be ignored during the freeze-out process. Both semi-analytical and fully numerical methods were developed to solve the Boltzmann
equation and to compute the DM relic abundance in such circumstances.
As an illustration we study in detail the Scalar Singlet model3 , for which we find an effect on
the DM relic density as large as an order of magnitude. The presented methods are, however,
of much larger generality and can be applied to other scenarios as well. In particular, when
studying non-minimal DM models, with more than one state in the dark sector, the assumption
of LTE is not always well motivated. Both presented methods can be directly used also in such
cases, even when the standard treatment is not applicable.
2

Thermal production of dark matter

The evolution of the DM phase-space density fχ (t, p) is governed by the Boltzmann equation
which in a Friedmann-Robertson-Walker Universe is given by
E (∂t − Hp · ∇p ) fχ = C[fχ ] ,

245

(1)

where H is the Hubble parameter and the collision term C[fχ ] describes all interactions between
SM particles f and the DM. We are interested, to leading order, in two-body processes for DM
annihilation and elastic scattering, C = Cann + Cel . Assuming CP invariance
Z
h
i
d3 p̃
Cann = gχ E
vσχ̄χ→f¯f fχ,eq (E)fχ,eq (Ẽ) − fχ (E)fχ (Ẽ) ,
(2)
3
(2π)
where v = vMøl ≡ (E Ẽ)−1 [(p · p̃)2 − m4χ ]1/2 is the Møller velocity. The scattering term is more
involved, but in the non-relativistic limit and assuming that the momentum exchanged in the
scattering process is much smaller than the DM mass one finds2,4,5,6 :
"
#


E
E
p
2
Cel ' γ(T ) T E∂p + p + 2T + T
∂p + 3 fχ
(3)
2
p
E
where the momentum exchange rate is given by
Z

1
γ(T ) = 2
dω g ± ∂ω k 4 σT (k) ,
3π gχ mχ
R
and σT = dΩ(1 − cos θ)dσ/dΩ is the usual transfer cross section for elastic scattering.
2.1

(4)

Coupled Boltzmann equations

The main assumption that enters in the standard treatment1 is the requirement that during
chemical freeze-out LTE with the heat bath is maintained. This allows to introduce an Ansatz
fχ = A(T )fχ,eq , where before chemical freeze-out A(T ) = 1. As it is explicitely shown below this
assumption is however, even for a standard WIMP, not always justified. In that case in principle
one has to numerically solve the full Boltzmann equation in phase-space, Eq. (1). However, it
sometimes suffices to take into account the 2nd moment of Eq. (1), instead of only the 0th
moment as in the standard treatment. This leads to a manageable coupled system of differential
equations (cBEs).
In analogy to Y ≡ nχ /s for the 0th moment of fχ , we define dimensionless version of the
second moment of fχ ,
 2
Z
mχ
mχ gχ
p
d3 p p2
y ≡ 2/3
= 2/3
fχ (p) .
(5)
E
(2π)3 E
3s
3s nχ
If DM particles follow the thermal distribution, e.g. by sufficiently strong self-scattering, they
have a temperature Tχ = ys2/3 /mχ . In general, for non-thermal distributions, one can read the
above equation as an definitionRof DM ’temperature’,Rin terms of the 2nd moment of fχ .
Integrating Eq. (1) over gχ d3 p/(2π)3 /E and gχ d3 p/(2π)3 p2 /E 2 , respectively, and plugging in C = Cann + Cel given in Eqs. (2,3) we arrive at:
"
#
2
Y0
sY Yeq
=
hσvi − hσvineq ,
(6)
Y
xH̃ Y 2


i
y0
γ(T ) yeq
sY h
=
−1 +
hσvineq − hσvi2,neq
(7)
y
y
xH̃
xH̃

2 
yeq
sY Yeq
H hp4 /E 3 i
+
hσvi2 − hσvi +
.
2
y
xH̃ Y
xH̃ 3Tχ
Here, in addition to usual hσvi, we also made use of temperature-weighted thermal average:
hσvi2 ≡

gχ2
T n2χ,eq

Z

d3 p d3 p̃ p2
σv
¯ fχ,eq (p)fχ,eq (p̃).
(2π)6 3E χ̄χ→f f
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(8)

The ‘non-equilibrium average’ hσvi2,neq is understood to be defined as in Eq. (8), but for an
arbitrary nχ , fχ (p) and hence also 1/T → 1/Tχ in the normalization prefactor.
The set of Eqns. (6, 7) includes even higher moment of fχ , and hence does not close w.r.t. the
variables Y and y. We need additional input to determine the quantities hσvineq , hσvi2,neq and
hp4 /E 3 i in terms of only y and Y . We will make the following ansatz for these quantities:
hσvineq =

hσvi|T =ys2/3 /mχ ,
hσvi2,neq = hσvi2 |T =ys2/3 /mχ ,


Z
6
gχ
p −E
T
hp4 /E 3 i =
dp
e
.
2π 2 nχ,eq (T )
E3
T =ys2/3 /mχ

(9)
(10)

These expressions would result from an equilibrium DM phase-space distribution but at a temperature different from that of the heat bath.
2.2

The full phase-space density evolution

The second method applicable even if LTE is not maintained around freeze-out is to solve the
Boltzmann Eq. (1) at the full phase-space density level. We start by rewriting Eq. (1) in two
dimensionless coordinates x(t, p) ≡ mχ /T and q(t, p) ≡ p/T, where q is now the ‘momentum’
coordinate that depends on both p and t. Such new coordinates absorb exclusively the change
of the DM momentum and density due to the Hubble expansion. In these variables Eq. (1)
becomes
Z
Z
m3χ gχ̄
2 1
∂x fχ (x, q) =
dq̃
q̃
dcos θ vσχ̄χ→f¯f [fχ,eq (q)fχ,eq (q̃) − fχ (q)fχ (q̃)]
2
2
H̃x4 2π




2xq
γ(x)
q
q
+
xq ∂q2 + q +
+
∂q + 3 fχ + g̃ ∂q fχ ,
(11)
q
xq
x
2H̃x
p
where θ is the angle between q and q̃, and xq ≡ x2 + q 2 .
We then discretize the momentum variable q into qi with i ∈ {1, 2, . . . , N } what allows us
to rewrite the above integro partial differential equation into a set of N coupled ODEs:
−1


m3χ gχ̄ NX
∆q̃j h 2
q̃j hvMøl σχ̄χ→f¯f iθi,j fieq fjeq −fi fj
2
4
H̃x 2π j=1 2

i
eq
2
+ q̃j+1
hvMøl σχ̄χ→f¯f iθi,j+1 fieq fj+1
−fi fj+1




2xq,i
qi
qi
γ(x)
+
xq,i ∂q2 fi + qi +
+
∂q fi + 3fi + g̃ ∂q fi ,
q
x
x
2H̃x
i
q,i

d
fi =
dx

(12)

where fi ≡ fχ (x, qi ), and the derivatives ∂q fi and ∂q2 fi are determined numerically from several
neighboring points to fi . hvMøl σχ̄χ→f¯f iθi,j is the velocity-weighted cross section averaged over θ
and ∆q̃j ≡ q̃j+1 − q̃j . We typically used the range q1 = 10−6 to qN = 50 with ∼ 1000 steps in
between. By the use of the ODE15s code in MatLab, and by analytically deriving internally
required Jacobians, we are able to efficiently (on the scale of ∼min) calculate the full phase-space
evolution during the freeze-out. The code is general enough to be adapted to any standard single
WIMP setup.
3

Scalar Singlet Dark Matter

The simplest WIMP DM possibility from a model-building perspective is the Scalar Singlet
model3 . In it, the only new addition to the Standard Model (SM) is one real gauge-singlet
scalar field S which is stabilized by a Z2 symmetry. The Lagrangian for this model reads
1
1
1
1
LSZ = LSM + ∂µ S∂ µ S − µ2S S 2 − λS S 2 H † H − λSS S 4 ,
2
2
2
4!
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(13)

where here H is the SM Higgs doublet.
Recently, the GAMBIT collaboration presented a global fit of this model taking into account
all available experimental constraints7 . They find the parameter region with the highest profile
likelihood to the be one where mS ∼ mh /2, i.e. the DM abundance is mostly set by the resonant
annihilation through an almost on-shell Higgs boson.
In this model the annihilation cross section to SM particles (except hh) is given by8
√
2λ2S v02
√ |Dh (s)|2 Γh→SM ( s),
s

1
(14)
(s − m2h )2 + m2h Γ2h
√
√
and Γh→SM ( s) is the partial decay width of a would-be SM Higgs boson of mass s.
The elastic scattering processes are t-channel Higgs mediated scatterings on all SM fermions.
The corresponding squared amplitude takes a simple form,
σvCMS =

|MSf →Sf |2 =

where

|Dh (s)|2 =

Nf λ2S m2f 4m2f − t
2

(t − m2h )2

,

(15)

where mf is the mass of the SM fermion and the color factor is Nf = 3(1) for quarks (leptons).
The scattering rate is dominated, due to the hierarchical Yukawa structure of the Higgs
couplings, by the interactions with these fermions that are the heaviest, but at the same time
still sufficiently abundant in the plasma for a given temperature. Therefore, the precise treatment
of heavy quarks in the plasma at temperatures around T ∼ O(1 GeV) can have a significant
impact on the scattering rate. To take this into account, we follow the literature6,9 and adopt
two extreme scenarios that are bracketing the actual size of the scattering term: ’A’ - all quarks
are unbound and present in the plasma down to Tc = 154 MeV (largest scattering scenario) and
’B’ - only light u, d and s quarks are free and only for temperatures above 4Tc ∼ 600 MeV
(smallest scattering scenario).
3.1

Relic density of scalar singlet dark matter

We compute the relic density following both methods described above and compare it to the
standard treatment adopted in the literature. The results for the relic density and the effect of
the proper treatment of the kinetic decoupling in the (mS , λS ) plane are shown in Fig. 1. The
blue dotted line denotes the standard result, as can also be found in the literature. The red solid
(dashed) line shows the solution of the coupled system of Boltzmann equations (6,7), for the ‘B’
(‘A’) scenario for scatterings on quarks. The black dots give the result for the full numerical
solution of the Boltzmann equation in phase-space.
Outside the resonance region, the cBE lead to identical results as the standard approach,
indicating in that case that the assumption of LTE during chemical freeze-out thus is well
satisfied. On the other hand, close to the resonance region we see a large effect, implying that
this assumption must be violated. The size of the effect is directly related to the size of the
scattering rate and hence to just exactly how early kinetic decoupling happens – a smaller rate
(as in scenario ‘B’) leads to a larger deviation than the maximal scattering rate (scenario ‘A’).
Let us stress that this is an important general message, with implications way beyond the specific
model studied.
Moreover, the cBEs (6,7) provides a qualitatively and often quantitatively very good description for the final DM abundance, capturing most, if not all, of the effect of the kinetic decoupling.
Nevertheless, for high-precision results one needs to actually solve the full Boltzmann equation
in phase-space. This is because, as the full numerical solution reveals, the shape of fχ (p) can
be quite different from the Maxwell-Boltzmann form, which can introduce departure from the
assumptions used in the cBEs. This can have a seizable impact on the result for the relic density
(as for mS ∼ 57 GeV) or a very modest one (as for mS ∼ mh /2) depending on whether or not
√
the shape during chemical freeze-out is affected for momenta that can combine to s ∼ mh .
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Figure 1 – Left: the required value of the coupling λS as a function of the S mass giving a thermal relic density of
Ωh2 = 0.1188. The blue dotted line shows the standard result, based on the assumption of LTE during freeze-out.
The solid and dashed red lines, respectively, give the result of solving instead the coupled system of Boltzmann
equations (6) and (7) for the maximal (‘A’) and minimal (‘B’) quark scattering scenarios. The fully numerical
result of the Boltzmann equation assumes minimal quark scattering and is shown as black dots (‘full BE’). Right:
the effect of the improved treatment of the kinetic decoupling on the results for relic density. Computed for
parameter points that would satisfy the relic density in the standard approach (dotted line in the left panel).

For illustration, in Fig. 2 we take an example case of mS = 57 GeV and show the full phasespace distribution for a few representative values of x as well as the corresponding evolution
of Y and y. This parameter point exhibits a relatively large difference between full solution
and cBEs, as visible in Fig. 1. Fig. 2 shows that this difference arises because of the dip in
the ratio of DM phase-space distributions that starts to develop around the freeze-out time, for
x & 20. This dip in turn originates due to the resonance enhancing the annihilation in this
momentum range for these x values. As seen on the right panel of Fig. 2, this results in the
DM particles falling out of chemical equilibrium earlier, and therefore enhance the value of the
thermal relic density. It is important to stress that the bulk of this effect is well captured by
the cBEs (compare the dashed vs. solid lines in the right panel of Fig. 2).
4

Conclusions

We have shown that very early kinetic decoupling is something more than just a theoretical
possibility. Indeed, we demonstrated that departure from kinetic equilibrium can instead happen
much earlier, even at the same time as the departure from chemical equilibrium. Moreover, this
can appear even in simple WIMP models and can affect the DM relic density in a very significant
way. Therefore, the standard way of calculating the thermal relic density needs to be extended,
as it rests on the assumption of local thermal equilibrium during freeze-out. We provide two
methods for dealing with this issue, one introducing a coupled system of equations for the
DM number density and its ‘temperature’, and second relying on full numerical solver of the
phase-space Boltzmann equation. The latter approach has the additional advantage of giving
as a result the full fχ (t, p), which in particular allows to test the assumption of an equilibrium
distribution adopted in the standard treatment.
Let us stress, that both the derived coupled Boltzmann equations and the developed numerical setup are very general, and can be used to perform accurate studies of early kinetic decoupling
and thermal relic density for a much larger range of models. Beyond obvious applications to other
cases with resonant annihilation (see also10 ), further examples include Sommerfeld-enhanced annihilation 11 , annihilation to DM bound states, models with large semi-annihilations or scenarios
that rely on 3 → 2 or 4 → 2 annihilation processes.
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Figure 2 – Phase space distributions for a scalar singlet DM particle with mS = 57 GeV assuming a Higgsscalar coupling that leads to the correct relic density in the standard treatment (dotted blue line in left panel
of Fig. 1). Left: evolution of unit normalized phase-space distributions fn (q) from the full numerical solution
of the Boltzmann equation (red lines) and equilibrium distributions fneq (q) at the ‘temperatures’ Tχ (blue lines),
evaluated at four different temperatures x = mS /T = 16 (solid), 20 (dashed), 25 (dot-dashed) and 50 (dotted).
The bottom panel highlights the deviation from the corresponding thermal distribution by plotting fn (q)/fneq (q).
Right: the respective evolution of Y (blue) and y (yellow) for the standard case (dotted lines), the approach using
cBEs (dashed) and the full numerical result (solid).

Finally, the developed numerical code for solving the full Boltzmann equation in the phasespace is going to be publicly released in a separate work.12
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Colored Dark Matter
Andrea Mitridate
Scuola Normale Superiore, Piazza dei Cavalieri 7,
Pisa, Italy
We explore the possibility that Dark Matter is the lightest hadron made of two stable color
octet Dirac fermions Q. The cosmological DM abundance is reproduced for MQ ≈ 12.5 TeV,
6
compatibly with direct searches (the Rayleigh cross section, suppressed by 1/MQ
, is close
to present bounds), indirect searches (enhanced by QQ + Q̄Q̄ → QQ̄ + QQ̄ recombination),
and with collider searches (where Q manifests as tracks, pair produced via QCD). Hybrid
hadrons, made of Q and of SM quarks and gluons, have large QCD cross sections, and do not
reach underground detectors. Their cosmological abundance is 104 times smaller than DM,
such that their unusual signals seem compatible with bounds. Those in the Earth and stars
sank to their centers; the Earth crust and meteorites later accumulate a secondary abundance,
although their present abundance depends on nuclear and geological properties that we cannot
compute from first principles.

1

The model

We consider the following extension of the SM:
/ − MQ )Q.
L = LSM + Q̄(iD

(1)

The only new ingredient is Q: a Dirac fermion with quantum numbers (8, 1)0 under SU(3)c ⊗
SU(2)L ⊗ U(1)Y i.e. a neutral color octet. The only free parameter is its mass MQ . Like in
Minimal Dark Matter models [1] Q is automatically stable, as no renormalizable interaction
with SM particles allows its decay, which can first arise due to dimension-6 effective operators.
The decay rate is cosmologically negligible if such operators are suppressed by the Planck scale.
After confinement Q forms bound states. For MQ  ΛQCD /α3 states made by Q-only are
Coulombian. The QQ̄ bound states are unstable: Q and Q̄ annihilate into gluons and quarks.
No such annihilation arises in QQ bound states as we assumed that Q carries an unbroken
U(1) dark baryon number that enforces the Dirac structure such that QQ is stable. The DM
candidate is the quorn-onlyum QQ ground state, neutral, color-less, spin-0 and with a binding
energy EB ∼ α32 MQ ∼ 200 GeV.
The quantum numbers of the hybrid hadrons, Qg and Qq q̄ 0 , are not exotic. We expect that
the isospin singlet Qg is lighter than Qq q̄ 0 (isospin 3 ⊕ 1) by an amount of order ΛQCD , which
accounts for the relative motion of q and q̄ 0 , where q, q 0 = {u, d}. A lattice computation is needed
to safely establish who is lighter. Assuming that Qq q̄ 0 is heavier, then its neutral component
Qq q̄ decays to Qg with a lifetime of order 1/ΛQCD . The slightly heavier components Qud¯ and
Qdū with electric charges ±1 have a lifetime of order v 4 /Λ5QCD .
The potential between two Q in the singlet configuration has been approximated with a
Coulombian term plus a flux tube:
αeff
VQQ (r) ≈ −
+ σr
(2)
r
251

p
where αeff = 3α3 with α3 renormalized around 1/r and σ(T ) ≈ σ(0) 1 − T 2 /Tc2 with σ(0) ≈
2
(0.67 GeV) and Tc ≈ 170 MeV [2].
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Figure 1 – Thermal relic abundances of the DM QQ hadron (upper) and of hybrid Qg hadrons (lower band, as
obtained varying αeff and σQCD Λ2QCD between 1 and 4π). Left: mass densities. The desired DM abundance is
reproduced for MQ ∼ 12.5 TeV. The sub-dominant abundance of hybrid Qg hadrons and the relative experimental
upper bounds are subject to large and undefined nuclear, cosmological and geological uncertainties, see section 4.
Right: number densities Y = n/s of QQ DM states and of Q hybrids. We also show the abundance of QQ bound
states before confinement (dashed curve).

2

Cosmological evolution

Here we discuss the cosmological evolution of the model moving from the pre-confinement (T &
ΛQCD ) to post-confinement (T . ΛQCD ) evolution.
2.1

Pre-confinement evolution

As usual, at T & MQ the free Q annihilate into SM particles much faster than the Hubble
rate, remaining in thermal equilibrium until they decouple at T = Tdec ≈ MQ /25, leaving the
usual relic abundance, determined by their annihilation cross-section in this decoupling phase.
Perturbative formation of QQ and Q̄Q bound states gives an order one correction to the relic
abundance and, following [3], it has been included in the computation.
2.2

Post-confinement evolution

At T . ΛQCD the free Q recombine into Qg and Qq q̄ 0 bound states. These states, named BQ ,
can collide and form loose bound states, BQQ , containing two heavy quarks Q. The size of BQ is
of order 1/ΛQCD , and thereby one expects a cross section σ(BQ + BQ → BQQ + X) = c/Λ2QCD ,
with c ≈ π in the geometric picture. In this work we will consider c = {1, π, 4π}.
Once formed BQQ states can either decay to an un-breakable state or be broken by interactions with the pion plasma. The BQQ manages to fall into an unbreakable state when it radiates
more energy than ∼ T (the typical kinetic energy of the particle in the plasma) in the time ∆t
before the next collision.
Abelian energy losses are well approximated by classical Larmor radiation: WLarmor ∼
¨2 /3. Therefore we estimate the thermally averaged cross section σfall (T ) for collision
2αeff ~x
between two BQ states to produce an unbreakable QQ hadron as follows. We simulate classical collisions, averaging over the velocity distribution at temperature T and over the impact
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parameter b. We numerically solve the classical equation of motion for the QQ system in the
potential of eq.(2), starting from an initial relative distance b and an orthogonal relative velocity v. From the solution ~x(t) we compute the radiated energy ∆E by integrating the radiated
power WLarmor for a time ∆t. We impose ∆E & T where ∆t is the average time between two
collisions at temperature T . We estimate it as ∆t ∼ 1/nπ vπ σQCD where nπ is the pion number
density and σQCD = c/Λ2QCD such that ∆t ' Λ2QCD /T 3 at T  mπ , while the pion density is
Boltzmann suppressed at lower T . The cross section obtained in this way can be approximated
by the following analytical expression:
σfall ∼

7/4

c
Λ2QCD

min(1, 0.2A)

A=

5/2

αeff ΛQCD
1/2

MQ T 2

.

(3)

The same cross section, almost as large as the QCD cross section, holds for the formation of
unbreakable QQ̄, that later annihilate: σann = σfall . σQCD .
We thereby group bound states in two categories. We define nQQ as the number density
of all un-breakable QQ bound states, produced with cross section σfall . We define nQ as the
number density of Q in loose bound states: the Q in bound states containing a single Q (Qg,
Qq q̄ 0 ), and those in loose QQ and QQ̄ bound states at relative distances ∼ 1/ΛQCD , that can
get broken by QCD scatterings. The relevant Boltzmann equations for T < ΛQCD therefore are:
sHz

 2

YQ
dYQ
eff
eff
= −2(γfall
+ γann
) eq2
−1 ,
dz
YQ

sHz

 2

YQ
dYQQ
eff
= γfall
−1 .
eq2
dz
YQ

(4)

where YQQ,Q ≡ nQQ,Q /s, s is the entropy density of the Universe, H is the Hubble parameter
and z ≡ MQ /T . In the non-relativistic limit the space-time density of interactions is determined
2
by the cross sections as 2γ'(neq
BQ ) hσvrel i.
Fig.1 shows our final result: the DM abundance and the hybrid abundance as function of
the only free parameter, MQ . The left panel shows the mass abundances Ω = ρ/ρcr ; the right
panel shows the number abundances Y = n/s and emphasizes that the DM QQ abundance is
mostly made at non-perturbative level; the perturbative bound states only play a significant
role in enhancing QQ̄ annihilations.
The observed DM abundance is reproduced for
MQ ≈ (12.5 ± 1) TeV
104

and the hybrid mass abundance is about
smaller that the DM abundance (between
106 within our assumed range of QCD parameters).
3

(5)
104

and

Dark Matter signals

In our model the DM candidate is a QQ hadron. Here we discuss the possible signature in direct
detection, indirect detection and collider experiments.
3.1

Direct detection of DM

The dominant process in direct detection experiments is QQ-gluon scattering induced by chromodipole moments. Describing the QQ bound state as a relativistic field B with canonical dimension one, the effective Lagrangian is:
~ a2 .
Leff ' cE MDM B̄B E

(6)

The polarizability coefficient cE can be computed using perturbative QCD techniques [5]:
cE = πα3 hB|~r

1
~r|Bi ' 1.5πa3
H8 − E10
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(7)

where |Bi is the QQ ground state, E10 the ground state energy, H8 the free Hamiltonian in the
octet channel and a = 2/(3α3 MQ ) is its Bohr-like radius.
The coupling to gluons given by (6) induce the following spin-independent cross section:

  
20 TeV 6 0.1 8  cE 2
σDI ≈ 2.3 10−45 cm2 ×
.
(8)
MDM
α3
1.5πa3
As plotted in fig. 2a our predicted DM mass MDM ≈ 25 TeV is higher than the DM mass
excluded by direct detection, MDM & 14 TeV [6].
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Figure 2 – Left: Direct detection signals of QQ dark matter, as computed in section 3.1. We also show the
neutrino floor, which will eventually limit future direct searches. Right: Indirect detection signals as computed
in section 3.2. We show the current dwarf galaxy constraints by FermiLAT, which have only a mild systematic
uncertainty due to the dark matter J-factor, and the future sensitivity of the CTA [4] experiment to photons from
dwarf galaxies.

3.2

Indirect detection

Annihilations between DM particles in the present day Universe are enhanced and dominated
by the recombination processes



(QQ) + Q̄Q̄ → Q̄Q + QQ̄
(9)
followed by later QQ̄ annihilations to SM particles. This gives rise to a σann of atomic physics
size:
√

  
2π
cm3
20 TeV 2 0.1
πa2 vrel /2
p
σann vrel ∼
=
= 1.5 10−24
×
.
(10)
2
sec
MDM
α3
3MQ α3
Ekin /EB
The 1/α3 enhancement is numerically mild, given that α3 ∼ 0.1. As a consequence indirect
detection signals are below present bounds, as shown in fig.2b. We plotted bounds on gamma
ray emission from dwarfs, given that searches in the galactic center region are subject to large
astrophysical uncertainties, and other bounds are weaker.
3.3

Collider

While DM usually gives missing-energy signals which are hardly detectable at hadron colliders,
DM made of colored quorns Q gives very visible signals. Indeed, DM constituents Q are pair
produced at colliders via QCD interactions. After hadronization they form hadrons. Presumably
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the neutral Qg is stable, and the charged Qq q̄ 0 are long-lived on collider time-scales, giving rise
√
to tracks. Experiments at the LHC pp collider at s = 13 TeV set the bound MQ & 2 TeV [7].
√
A larger s ∼ 85 TeV is needed to discover the quorn with the mass expected from cosmology,
√
MQ ∼ 12.5 TeV. A pp collider with s = 100 TeV would be sensitive up to MQ . 15 TeV [8],
as long as the detector can see the signal.
4

Signals of relic hybrid hadrons

The Q-onlyum DM candidate is accompanied by hybrid hadrons, containing heavy colored Q
bound together with SM quarks or gluons. These states act like SIMP (strongly interacting
massive particles) interacting strongly with matter nucleons and with themselves, i.e. with a
cross section of order σQCD ∼ 1/Λ2QCD . While SIMP DM has been excluded long ago, in our
model SIMPs have a sub-dominant abundance, fSIMP ≡ ρSIMP /ρDM ∼ 10−3 ÷ 10−6 such that
their signals seems compatible with bounds.
4.1

Direct detection of hybrid hadrons

Despite their reduced abundance, SIMPs would be excluded by a dozen of orders of magnitude, if
they reach the underground direct detection detectors with enough energy to trigger events. This
is not the case. Neutral SIMPs hit the Earth with a kinetic energy E0 ∼ MQ v 2 /2 ∼ 100 MeV.
As they move through the atmosphere they lose energy as [9]:
 Z

σp
m2 hA4 i 10 TeV
E(x) = E0 exp − ρ dx
.
(11)
70 kg 16.64 MQ π/Λ2QCD
where ρ is the total mass density, hAi is the average atomic number of the encountered nuclei
and σp ≈ π/Λ2QCD is the scattering cross section on protons. Thereby SIMPs with MQ ≈ 12 TeV
thermalize in the Earth atmosphere, which has a column depth of 104 kg/m2 and hA4 i1/4 ≈ 16.6,
before reaching the crust with hA4 i1/4 ≈ 31 and density ρ ≈ 3 g/cm3 . SIMPs do not reach direct
detection experiments, situated about a km underground.
4.2

Search in terrestrial samples

Objects made of normal matter accumulate SIMPs due to collisions with SIMP relics in the
interstellar medium. Heavy hybrids accumulated in the Earth crust, if captured by nuclei,
presumably stopped sinking after that the crust solidified. In order to set bounds, we thereby
consider the SIMPs captured by the Earth in the time ∆t ∼ 4 Gyr passed since it is geologically
quasi-stable. We ignore convective geological motion. The Earth is big enough to stop all SIMPs,
so that the total mass of accumulated SIMPs is
2
M ∼ ρSIMP vrel πRE
∆t ∼ 2.5 1010 kg

(12)

having inserted the escape velocity from the Galaxy v ∼ 10−3 and assumed that the SIMP galactic density follows the DM matter halo density ρDM ≈ 0.3 GeV/ cm3 as nSIMP = fSIMP ρDM /MSIMP ,
where the primordial SIPM/DM fraction is fSIMP ∼ 10−5 in our model. The rate of QQ̄ annihilations of stopped SIMPs is negligible, because suppressed by e−MQ r where r is the macroscopic
distance between Q and Q̄. The number of SIMPs accumulated in the Earth is
NSIMP
Nn

=
Earth

M mN
10 TeV fSIMP vrel
≈ 4 10−19
.
MQ MEarth
MQ 10−5 10−3

(13)

This is compatible with the typical bounds coming from searches of heavy isotopes in therestrial
samples: NSIMP /Nn . 10−12 ÷ 10−16 .
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4.3

Search in meteorites samples

While the Earth is large enough that it captures all SIMPs intercepted by its surface, we consider
meteorites small enough that the opposite limit applies: SIMPs are captured by all nuclei within
the volume of the meteorite. Thus we need to estimate the probability ℘ that a nucleus captured
a SIMP in a time ∆t:
NSIMP
Nn

= ℘ = nSIMP σcapture vrel ∆t ≈ 7 10−12
meteorite

σcapture 10 TeV fSIMP ∆t vrel
.
1/Λ2QCD MSIMP 10−5 5 Gyr 10−3

(14)

This value is roughly two orders of magnitude above the meteorite bound: NSIMP /Nn .
3 10−14 10 TeV/MSIMP [10]. However, the capture cross sections of SIMP by nuclei are very
uncertain. Taking into account that they are not coherently enhanced, the maximal value is
the area of the nucleus, σcapture ∼ A2/3 /Λ2QCD [11]. The measured capture cross sections of
neutrons by nuclei are smaller: in most cases σcapture ∼ 0.01/Λ2QCD at MeV energies. Assuming
this capture cross section we obtain the possible meteorite bound (plotted in fig. 1a):
fSIMP =

σcapture
ρSIMP
. 10−5
.
ρDM
0.01/Λ2QCD

(15)
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Latest results from T2K
S. V. Cao, on behalf of the T2K collaboration
Institute of Particle and Nuclear Studies, KEK- Ibaraki, Japan

Thank to the stable operation at intense beam power, T2K data with neutrino-mode operation
almost doubled in one year. A number of critical improvements to the oscillation analysis
have been introduced and resulted in an unprecedented level of sensitivity in searching for
CP violation in the neutrino sector. T2K firstly reports that the CP-conserving values of
parameter δCP in the PMNS mixing matrix fall out of its 2σ C.L. measured range.

1

Introduction to Neutrino Oscillations

Neutrino oscillation phenomenon, in which neutrinos can transform from one flavour to another,
indicates that neutrinos have mass and their flavor definitive eigenstates are different from their
mass definitive eigenstates. This phenomenon is now well-established and so far is the only
experimental evidence for the incompleteness of the Standard Model of elementary particles.
Except for some known anomalies, the up-to-date neutrino data from both natural and artificial
sources are well described by the 3 × 3 leptonic mixing matrix, so-called the PMNS (Pontecorvo,
Maki, Nakagawa and Sakata) matrix 1 . This unitary matrix, to connect the flavor definitive
eigenstates, (νe , νµ , ντ ), with mass definitive eigenstates (ν1 , ν2 , ν3 ), is parameterized with three
mixing angles (θ12 , θ13 , θ23 ) and one single Dirac phase δCPa , which represents the potential
source of CP violation in the lepton sector, as shown in Eq. 1,
  


 
νe
1
0
0
c13
0 s13 e−iδCP
c12 s12 0
ν1
νµ  = 0 c23 s23  
 −s12 c12 0 ν2 
0
1
0
(1)
ντ
0 −s23 c23
0
0 1
ν3
−s13 eiδCP 0
c13
where cij = cos θij and sij = sin θij . Along with the above parameters, the probability for a
α-flavour neutrino to oscillate into β-flavour, P(να →νβ ) , are driven by its energy, the distance
it has travelled, and the mass-squared differences ∆m2ij = m2i − m2j where i, j are mass eigenstate index. Remarkable efforts from various neutrino oscillation experiments for more than
fifty years since its first experimental observation, the oscillation parameters, including three
a
If neutrino is Majorana particle, two additional phases are included but should not take any impact on
neutrino oscillation measurements.
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mixing angles and two mass-squared differences, are measured with high precision (within 5%
uncertainty). However some crucial pieces are still missing to complete the neutrino oscillation
picture described by the PMNS matrix, including the CP-violating phase δCP value, the mass
hierarchy (sign of ∆m232 ) and whether or not θ23 is exactly 45◦ . Above all, the unitarity of the
neutrino mixing matrix is still questionable.
2

The T2K Experiment

T2K (Tokai-to-Kamioka) is a long-baseline accelerator-based neutrino experiment placed in
Japan. Details are described elsewhere 2 . Schematic view of T2K is shown in Fig. 1. The
original goal of T2K is to discover the appearance of electron neutrinos from muon neutrinos,
which had been completed in 2013 3 . T2K physic potential has been re-evaluated and the CP
violation search in the lepton sector is put at the center of T2K targets since then 4 . In addition,
T2K has a rich program of non-standard physics and neutrino interactions which are not covered
in these proceedings.

Figure 1 – Schematic view of T2K experiment

To collect data, T2K takes advantages of using one of the most intense and nearly pure νµ (ν µ )
beam from J-PARC. The 30 GeV proton beam with intensity of 2.5 × 1014 protons per pulse
(repetition cycle of 2.48 s) is extracted and bent 80.7◦ toward the T2K far detector, Super-K,
before striking onto a 90 cm-long graphite-cored target to produce charged pions and kaons.
These mesons are focused or defocused by a system of three magnetic horns. The focused
charge is defined by the horn current polarity, producing either a nearly pure νµ or ν µ from the
focused secondaries decaying in the 96 m-long decay volume. Almost all hadrons except high
energetic (>5 GeV) muons, which are monitored by so-called MUMON detector, are absorbed
by a beam dump made of 3.2 m-thick graphite and iron places. Several monitors are placed
along the beamline to track the beam, monitor its (in)stability, measure number of protons
passed through and to project its center position and direction right at the target. There is
a near detector complex placed 280 m from the neutrino production target, consisting of socalled INGRID and ND280 which are placed on-axis and 2.5◦ off-axis with the neutrino beam
respectively. While the former is used to monitor the (in)stability of neutrino production and
measure the neutrino profile around the beam center, the latter aims for characterizing the
unoscillated neutrino beam and understanding neutrino-nucleon (nucleus) interactions. The
central part of ND280 is the tracker which is composed of two fine-grained detectors (FGD1,
2) and three time projection chambers (TPCs). Both FGDs are used as the targets of neutrino
interactions with a total target mass of 1.1 tons each. While FGD1 is made solely of scintillator
bars, FGD2 is scintillator-water interleaved. The most upstream of tracker places a π0 detector
(P0D) which consists of water bags placed between scintillator planes and brass or lead sheets.
The P0D is optimized for tagging π0 , mainly coming from the neutral current process which
can mimic the νe signal observed in T2K far detector. Both tracker and P0D are surrounded by
Electromagnetic calorimeters (ECals), which are designed to obtain high energy resolution and
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identification of neutral particles and electron/positron showers. Also ECals provide information
whether particles are escaping or entering the tracker system. All sub-detectors are placed within
a 0.2 T magnetic field produced by the former UA1/NOMAD dipole magnet.
Excellent capability of Super-K detector in distinguishing muon and electron, consequently
tagging ν µ and ν e , allows T2K to carry out two kinds of measurements: disappearance of ν µ
and appearance of ν e from the correspondingly genuine ν µ beam. Fig. 2 shows these oscillation
probabilities with T2K flux overlaid. It shows that the narrow flux peak is right at the dip of
the ν µ → ν µ and the peak of ν e → ν e . This indeeds is resulted from the optimal design in
which the Super-K is at an angular offset of 2.5◦ from the average beam direction.
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Figure 2 – Oscillation probability of νµ → νµ (left) and νe → νe (right) with their antineutrino counterparts.

While the disappearance of ν µ is essential to extract ∆m232 , θ23 parameters, the appearance of ν e
is sensitive to the θ13 and δCP parameters. The CP violation if happen can manifest itself into
the difference between the να → νβ and its CP conjugate ν α → ν β . In T2K, a complete threeflavor oscillation formulas including the matter effect with the earth density ρ = 2.6 g/cm3 is
deployed. In practical, with conventional νµ (ν µ ) beam, the CP violation phase can be measured
by comparing νµ → νe and ν µ → ν e probabilities. In approximation at the maximum oscillation
length of ∆m231 , this CP asymmetry is expressed as:
(

ACP (

)

(

)

Pν →ν − Pν µ →ν e
∆m231
π
L[km]
L= )= µ e
≈ −0.27 sin δCP ±
4E
2
Pνµ →νe + Pν µ →ν e
2800

where + or − sign depends whether mass hierarchy is normal or inverted respectively. For T2K
experiment, with a relatively short baseline of 295 km, the mass hierarchy effect is relatively
small, about 10%; while the CP effect can be up to 27% when δCP is around π/2.
T2K started taking data from January 2010 and up to December 2017, a total 2.65 × 1021
Protons-on-target (POT), consisting of 1.51 × 1021 POT (57.14%) in neutrino-mode operation
and 1.14 × 1021 POT (42.86% in antineutrino-mode operation), have been delivered to T2K
detectors. This exposure is equal to 34% of fully approved T2K data set. At the time of writing
these proceedings, T2K is running in anti-neutrino mode with a stable beam power of 485 kW
and a total exposure excesses 3 × 1021 POT.
3

T2K Oscillation Analysis

As in previous T2K results 4 , neutrino oscillation parameters are estimated by comparing model
predictions with observations at both T2K near and far detectors. The overall T2K oscillation
analysis strategy is briefly described, following by crucial updates implemented for this reported
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result. The (anti-)neutrino fluxes are initially inferred by the combination of hadron production
models, the external thin-target hadron-production data, the actual proton beam conditions,
the horn currents, and the neutrino beam-axis direction measurements. At the peak energy (∼
600 MeV), the flux uncertainty is approximately 9%, dominated by the uncertainty in hadron
production data. However, its impact on estimating the neutrino oscillation parameters, given
that the T2K near detector and far detector are observing data from nearly the same flux, is
largely suppressed when the T2K near detector data are included. In fact, due to the convolution
of both flux and neutrino interaction models on the near detector data, the data samples from
ND280 are used in the manner that the parameters modeling the flux and interaction models
are constrained simultaneously. At last, the Super-K data along with its detector model are
added in to the framework of oscillation parameter extraction.
Doubling the neutrino data set is the main driver for improving sensitivities on oscillation
parameters reported in these proceedings. In addition to this, a number of critical improvements
to the oscillation analysis have been introduced. Charged-current quasi-elastic (CCQE) interactions, dominating interactions at T2K energy range, which are simulated with primary neutrinonucleon cross section calculated from the Llewellyn-Smith model and the nuclear medium described by the Smith-Moniz Relativistic Fermi Gas model, includes the effect of long-range
correlations in nucleus. Furthermore, a model for multi-nucleon scattering which can mimic the
CCQE-like signalsb observed in T2K far detector when the knocked-out protons are below the
water Cherenkov’s threshold (about 1 GeV), are added in the simulation package. The contribution for this scattering to the CCQE-like sample is about 10-20% depending on the model.
Processes of single incoherent pion production in the final state via the resonance excitation,
originally described by the Rein-Sehgal model, are revived with the modified form factor and
tuned to match with bubble chamber and most recent neutrino-nucleus data. For the single
coherent pion production, a tuned model of Rein-Sehgal to match with the recent MINERvA
data is deployed.
Another very important improvement in this analysis comes from the new reconstruction
algorithm, called fiTQun, with complete charge and time information. This improvement allows
to extend detector fiducial volume while keeping the selection performance at the same level
to the previous reconstruction. This leads to 20% effective statistic increase in selecting e-like
events. T2K also adds a brand-new signal sample for extracting the oscillation parameters,
charged-current 1π e-like sample which increases 10% statistics for neutrino e-like sample. In
total, there are five far detector data samples used for extracting oscillation parameters, consisting of two samples of single-ring µ-like events in both ν-mode and ν-mode; two samples of
single-ring e-like events in both ν-mode and ν-mode; and the fifth one is single-ring e-like events
with presence of one decay electron in ν-mode. Except the fifth which mainly originates from
the charged current single pion production, others are dominated by the CCQE interactions.
About the usage of ND280 data to constrain the flux and neutrino interaction model, this
analysis incorporates the FGD2 data to include interactions on H2 O target. In the previous
report in this conference series, only data from FGD1 with carbon target was used. In total,
14 near-detector data samples are used to further constrain the flux and neutrino interaction
models, including 6 samples for ν-mode (3 samples per FGD categorized according to number
of observed pions (0, 1 and more than 1) in presence of µ− track) and 8 samples for ν-mode
(4 samples per FGD divided based on a combination of non-existed pion or existed pion and
the presence of µ+ track or µ− track). To estimate uncertainties on the far-detector events,
summarized in Table 1, the near detector systematic and flux parameters are marginalized.
A joint fit based on the likelihood maximum approach to five far detector data samples is
performed in order to measure the interested oscillation parameters sin2 θ23 , ∆m232 , sin2 θ13 and
δCP . T2K experiment is not sensitive to the so-called solar neutrino oscillation parameters,
∆m221 and θ12 . Priors for for these parameters are taken from PDG, particularly sin2 2θ12 =
b

defined as events with lepton but no pion detected.
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Table 1: Uncertainties on the number of predicted events in the Super-K samples from different systematic sources.

Uncertainty source
SK Detector
SK FSI & SI & PN
ND280 constrained flux
& cross-section
σνe /σνµ , σν̄e /σν̄µ
NC 1γ
NC Other
Total Error

1-Ring µ
ν mode ν̄ mode
1.86
1.51
2.20
1.98

δNSK /NSK (%)
1-Ring e
ν mode ν̄ mode ν mode 1π +
3.03
4.22
16.69
3.01
2.31
11.43

ν/ν̄
1.60
1.57

3.22

2.72

3.22

2.88

4.05

2.50

0.00
0.00
0.25
4.40

0.00
0.00
0.25
3.76

2.63
1.08
0.14
6.10

1.46
2.59
0.33
6.51

2.62
0.33
0.98
20.94

3.03
1.49
0.18
4.77

0.846 ± 0.021 and ∆m221 = (7.53 ± 0.18) × 10−5 (eV2 /c4 ). Flat priors are used for sin2 θ23 ,
|∆m232 | and δCP . When the reactor measurement is taken into account, a Gaussian prior of
sin2 θ13 = 0.0857 ± 0.0046 1 is used.
4

T2K Latest Results and Future Prospects on Neutrino Oscillations

The results presented below are based on a total exposure of 2.23 × 1021 POT, consisting of
1.47 × 1021 POT in ν-mode and 0.76 × 1021 POT in ν-mode. Reconstructed energy distributions
of five far-detector data samples with oscillation parameters at best fit values are shown in Fig. 3.
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Figure 3 – T2K far-detector data sample distributions for ν-mode at top plots (left to right: CCQE-like νµ ,
CCQE-like νe and CC1π + -like νe ) and ν-mode at bottom plots (left to right: CCQE-like ν µ and CCQE-like ν e ).

Number of observed events in T2K far detector in comparison to the MC prediction with
various values of δCP is shown in Table 2. Fig. 4 shows allowed region on ∆m232 vs. sin2 θ23 and
favored region on sin2 θ13 vs. δCP . T2K data continue to favor the maximal disappearance. By
marginalizing the likelihood over the nuisance parameters and other oscillation parameters, the
resulting posterior probabilities show a moderate preference to normal mass hierarchy (86.8%)
and θ23 > 45◦ (78.1%). Parameter sin2 θ13 = 0.0277+0.0054
−0.0047 , measured by T2K data, is consistent
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with reactor measurements.
Table 2: Observed and predicted number of events in the T2K far-detector data samples. Normal mass hierarchy
is assumed.

Sample
1Ring
1Ring
1Ring
1Ring
1Ring

e-like CCQE-enriched, ν-mode
e-like CC1π + -enriched, ν-mode
e-like CCQE-enriched, ν-mode
µ-like CCQE-enriched, ν-mode
µ-like CCQE-enriched, ν-mode

×10−3

74
15
7
240
68

T2K Run1-8 Preliminary

Final systematics pending

3

Normal - 68CL
Normal - 90CL
Inverted - 68CL
Inverted - 90CL

Best fit

2.65
2.6

2.55
2.5

2.45

Normal - 68CL
Normal - 90CL
Inverted - 68CL
Inverted - 90CL

Best fit
PDG 2016

2
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Data
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Final systematics pending
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49.9
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Figure 4 – Left: allowed region for ∆m232 vs. sin2 θ23 . Right: favored region on sin2 θ13 vs. δCP overlaid with
reactor measurement (yellow band).

Fig. 5 shows 2σ C.L. interval for the measured ∆χ2 distribution as a function of δCP which is
obtained by integrating over other parameters and taking the reactor measurement into account.
The best fitted values of δCP are closed to −π/2 for both cases of mass hierarchy. The resulting
intervals at 2σ C.L. are [-2.91,-0.60] for normal mass hierarchy (∆m232 > 0) and [-1.54, -1.19] for
inverted mass hierarchy (∆m232 < 0). The CP conserving values (0 and π) fall outside of these
intervals.
T2K Run1-8 Preliminary

Final systematics pending

30
Normal

-2∆ln(L)

25

Inverted

20
15
10
5
0

−3

−2

−1

0

1

2

3

δCP (rad)
Figure 5 – 2σ confidence interval for the measured ∆χ2 distribution. θ13 constrained by reactor measurements is
used.
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∆ χ2 to exclude sinδCP=0

Approved T2K statistics, 7.8 × 1021 POT, can be accumulated by 2021. J-PARC aims for
upgrade and operations at and higher than 1MW from 2021. Hyper-Kamiokande, the next
generation of neutrino experiments in Japan, is expected to start operation around 2026. T2KII, extended operation until 2026, will collect 20×1021 POT. Such amount of data along with
neutrino beamline upgrade and analysis improvement make T2K(-II) physics potentials even
more interesting. In particular, 3σ or higher significance sensitivity to CP violation can be
achieved if δCP close to π/2, as shown in Fig. 6. The precision of ∆m232 can be 1% while that on
θ23 is about 0.5◦ -1.7◦ depending on the true value. For more detail, refer to physics potential of
T2K-II 5 . Also it is shown in Fig. 6 that the impact on δCP measurement from systematic error
is significant and thus motivates for the ND280 upgrade which is now happening actively.
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Figure 6 – Sensitivity of T2K-II as a function of true δCP assuming that the mass hierarchy is known.
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First observation of coherent elastic neutrino-nucleus scattering and continued
efforts of the COHERENT Collaboration
G.C. Rich for the COHERENT Collaboration
Enrico Fermi Institute and Kavli Institute for Cosmological Physics,
University of Chicago
Chicago, IL 60615, USA
More than 40 years after its theoretical description 13,16 , the process of coherent elastic
neutrino-nucleus scattering (CEνNS) has been observed for the first time by the COHERENT Collaboration, using a 14.6-kg CsI[Na] detector at the Spallation Neutron Source of Oak
Ridge National Lab. COHERENT and other groups continue to work towards additional
CEνNS measurements because of the breadth of physics sensitivity shown by the process, including connections to nuclear structure, astrophysics, dark sector physics, and other physics
beyond the Standard Model. Details of the initial observation of CEνNS are discussed here
along with an overview of the physics program within the COHERENT Collaboration, comprised of measurements of both CEνNS on other target nuclei as well as additional neutrino
processes, including charged-current interactions on iodine and neutrino-induced neutron production on lead.

1

The coherent elastic neutrino-nucleus scattering process

Described concurrently by Freedman 13 and Kopeliovich & Frankfurt 16 in 1974, the coherent
elastic neutrino-nucleus scattering (CEνNS) process is a straight-forward prediction of the Standard Model, assuming only the existence of a neutral current, in which a Z boson mediates the
scattering of a neutrino by a nucleus whose nucleons subsequently recoil in phase. The coherency
of the recoiling nucleus results in a substantial increase of the CEνNS cross section relative to
other neutrino interactions.While the CEνNS cross section can be orders of magnitude larger
than that of, for instance, inverse β decay, detection of CEνNS requires sensitivity to low-energy
nuclear recoils generated in the process. Not only are these recoils relatively low in energy, but
the signal output is generally reduced, or quenched, relative to the signal output that would
be associated with a recoiling electron. Recognizing the “grave experimental difficulties” that
would be associated with a CEνNS observation, Freedman suggested 13 that attempts to perform
such a measurement “may be an act of hubris”, and indeed the process would evade detection
for over 40 years.
An expression of the differential cross section for CEνNS in terms of the nuclear recoil
energy T makes clear some of the broad physics accessible via this interaction; for a neutrino of
energy Eν scattering off of a nucleus with mass M , this quantity is given by 6
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with the terms GV and GA encoding sums of the vector and axial-vector coupling strengths over
the nucleon content of the target. Focusing for simplicity on a spin-0 nucleus, with no unpaired
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nucleons, the axial contribution is absent and the vector term can be written as
GV =
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where Z(N ) is the number of protons (neutrons) in the target and gV represent the SM vector
coupling factors for protons (neutrons). Fnucl Q2 is the nuclear form factor which encodes the
spatial distribution of nuclear matter and has the effect of enforcing the coherency requirement,
going to 0 at high values of the momentum transfer Q2 . The  terms correspond to interactions
beyond those predicted by the Standard Model.
With some simplifications, Eq. 1 reduces to 17
"

dσ
G2
2T
= FM 2−
+
dT
2π
Eν



T
Eν

2

MT
− 2
Eν

#

Q2W   2 2
F Q
,
4

(3)

with QW = N − 1 − 4 sin2 θW Z. Noting that the quantity 1 − 4 sin2 θW is very small, one can
recognize a characteristic behavior of the CEνNS cross section as a function of neutron number:
σ ∝ N 2.
An absolute measurement of the cross section could be associated with a measurement of
the weak mixing angle is possible at momentum transfer values of Q ∼ 40 MeV/c,depending on
the neutrino source and nuclear target. Additionally, the presence of Fnucl Q2 in the crosssection expression, and the small weak charge of the proton, means that a CEνNS measurement
could provide insight into the distribution of neutrons in nuclear matter 17 , ultimately perhaps
improving nuclear models and refining knowledge of the neutron star equation of state 15 .
CEνNS has other astrophysical significance in the area of core-collapse supernovae. In these
explosive scenarios, much of the gravitational binding energy of the star is imparted to neutrinos produced in the increasingly dense and energetic environment and Freedman immediately
recognized13 that the high cross section of CEνNS provides relatively efficient coupling of the
neutrino flux to the stellar matter. Due to the weak coupling with matter, neutrino signals from
supernovae could carry with them information about the collapse process which would be otherwise unavailable and perhaps elucidate fundamental properties of the neutrinos themselves.
Complementing its participation in core-collapse supernovae CEνNS could also be used as a
mechanism for observation of supernova neutrinos 14 .
CEνNS is also able to provide insight into the fundamental properties of the neutrino, such as
its electromagnetic properties. At particularly low recoil energies, a well-resolved measurement
of the CEνNS spectrum would be sensitive to the value of the neutrino magnetic moment 19 .
By measuring the ratio of the CEνNS cross section for νµ and νe , it is possible to extract information about the effective neutrino charge radius 20 . Unlike neutrino oscillation measurements,
CEνNS is sensitive to the choice between large-mixing angle (LMA) and LMA-Dark (LMA-D)
solutions to an ambiguity in the octant of mixing angle θ12 in the presence of non-standard
interactions 9 . The LMA-D ambiguity introduces uncertainty in the sign of ∆m231 and thus precludes determination of the neutrino mass ordering by oscillation measurements alone, making
CEνNS an important complement to a program of oscillation experiments 9 .
Finally, CEνNS has numerous connections to physics beyond the Standard Model (BSM).
An explicit BSM sensitivity enters in the form of the  parameters in Eq. 2, but a measurement
of sin2 θW at momentum transfer values like those accessible with CEνNS would be sensitive
to certain dark-Z models which may also explain the (g − 2)µ anomaly 10 . Another dark-sector
connection is the so called “neutrino floor” of WIMP dark matter searches 7 : this is a degree
of sensitivity at which WIMP experiments will begin to observe CEνNS events from neutrino
sources such as the burning processes of the sun. CEνNS can also be used as a neutral-current
search for sterile neutrinos 4 .
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2

The COHERENT Collaboration, the pioneering CsI[Na] CEνNS detector, and
the Spallation Neutron Source

COHERENT formed in 2013 and brought together many individuals who had long been interested in performing a CEνNS measurement, resulting in a multi-national group of researchers
with deep experience in neutrino research, rare-event searches (i.e., experiments looking to observe dark matter or neutrinoless double-β decay), and nuclear physics/security. One of the
chief goals of the COHERENT Collaboration is to perform unambiguous observations of the
CEνNS process using multiple nuclear targets to map out the characteristic N 2 behavior of the
cross section. The use of numerous detectors and targets can also bring added physics reach in
the form of either detector capabilities or sensitivities to additional physics effects.
The Spallation Neutron Source (SNS) of Oak Ridge National Lab (ORNL) in Tennessee,
USA, was chosen as the site of the COHERENT suite of experiments. At the SNS, neutrons
are produced by bombarding a liquid-mercury target with a ∼1-GeV beam of protons delivered
in ∼700-ns bunches at 60 Hz with a nominal operating power >1 MW. Neutrinos are produced
as a byproduct of the spallation process, with a significant fraction of the neutrinos produced
in the decay of pions and muons which are stopped in the mercury target prior to decay. The
resulting neutrino flux is pulsed in time with two distinct populations having well-defined energy
distributions 5 . Figure 1 shows the results of GEANT4 simulations of the source, showing both
the time and energy distributions of the produced neutrinos.
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Figure 1 – Neutrino production and neutrino alley at the SNS. Plots (A) and (B) show the output of GEANT4
simulations of neutrino production in the SNS liquid-mercury target. Two distinct time populations of the SNS
neutrinos are shown in (A): a “prompt” population produced by π + decay (lifetime ∼26 ns) which closely follows
the SNS pulse time distribution and a “delayed” population associated with the decay of µ+ (lifetime ∼2.2 µs)
produced by π + decay. Energy distributions are shown in (B) and can be well approximated5 as monoenergetic
(Eν ≈ 29.9 MeV) for prompt νµ and by the Michel spectrum for the delayed ν µ and νe . The planned configuration
of the COHERENT suite of experiments is shown in neutrino alley of the SNS in (C). Figures from Akimov et
al. 1 .

The first CEνNS search within COHERENT was carried out with a 14.6-kg CsI[Na] scintillating crystal. A high-quantum-efficiency (∼30%) photomultiplier tube (PMT) observed light
from this crystal, which was encased in a PTFE reflector inside of a copper can that was electroformed underground to minimize radioactive backgrounds 8 . Triggered by a timing signal
from the SNS, a digitizer recorded 70-µs waveforms of the PMT output and the output of
a high-efficiency muon-veto system. The long waveforms allowed for the definition of beamcoincidence and -anticoincidence windows, which could be subjected to analogous cuts to reject
events showing, for instance, signs of contamination from light associated with preceding events;
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the anticoincidence-region data was used to model the steady-state background observed in the
coincidence region. Prior to deployment, the performance of the 14.6-kg detector was qualified
rigorously and the collaboration carried out several measurements of the factor by which signals
from nuclear recoils are reduced compared to those produced by electrons, a quantity referred
to as the quenching factor (QF).
The COHERENT Collaboration has located its experiments primarily in a basement hallway of the SNS which has been rebranded as “neutrino alley”. This location provides modest
overburden (∼8 meters water equivalent) and allows detectors to be placed between ∼20 and
∼30 meters from the SNS target. A diagram of the experimental configuration in neutrino alley
is seen in Fig. 1.
As an experiment with sensitivity to low-energy interactions, any CEνNS search must be
vigilant in its understanding and treatment of backgrounds. Neutron backgrounds are of particular concern as the elastic scattering of a neutron results in a recoiling nucleus, producing signals
which are fundamentally indistinguishable from those produced by CEνNS. Two rather unique
sources of neutron backgrounds must be considered by an experiment at the SNS: prompt,
SNS-beam neutrons and neutrino-induced neutrons (NINs). Prompt neutrons are produced in
the SNS target and penetrate intervening materials to reach detector volumes: neutrino alley
is well situated to reduce these backgrounds as most detector locations are separated from the
SNS target by a significant amount neutron-moderating material (e.g., concrete, see Fig. 1).
NIN production can involve both charged- and neutral-current interactions and the process is
interesting beyond its role as a potential background: the NIN production process is relevant
to the nuclear physics and astroparticle physics communities as it is related to nuclear models,
nucleosynthesis 18 , and the performance of the HALO supernova neutrino observatory 12 .
Prior to installation of the CsI[Na] detector at the SNS, two neutron-sensitive liquid scintillator detectors were installed at the location where the CsI[Na] would eventually be placed. The
data collected with these detectors provided information about the beam timing and promptneutron energy distribution while also allowing determination of a NIN rate limit for the CsI[Na]
CEνNS search.
Ambient, steady-state backgrounds are mitigated in the CsI[Na] CEνNS search by a shielding
structure consisting of layers of both hydrogenous and high-Z materials, to address neutron and
γ-ray backgrounds, respectively. Simulations including NIN production on the high-Z shield
material informed the addition of an inner-most polyethylene shield component.Complementing
the local shielding, the basement location of neutrino alley and accompanying overburden affords
a modest reduction in the background associated with cosmic rays. Finally, a dramatic reduction
(on the order of 103 – 104 , depending on detector time scales) in the steady-state background is
enabled by the pulsed operation of the SNS.
3

Results of first CEνNS search with CsI[Na]

CEνNS search data shown in Fig. 2 and discussed here was collected with the 14.6-kg CsI[Na]
detector and represents roughly July 2015 – June 2017; this data was analyzed and presented
in greater detail in Akimov et al.1 . Treated as a simple counting experiment and selecting a
2-D region of interest (ROI) of 6 – 30 PEs and 0 – 6 µs, the observed number of events is
136 ± 31. A full 2-D profile likelihood analysis was carried out using probability distribution
functions describing the background and signal components, resulting in a best fit number
of CEνNS counts 134 ± 22, which is within 1 σ of the SM predicted value of 173 ± 48; the
best-fit CEνNS model is favored over the null hypothesis at the level of 6.7 σ. The largest
uncertainty (25%) came from the QF while the overall neutrino flux normalization contributed
an uncorrelated 10% uncertainty. Even with limited statistics and relatively large systematic
uncertainties, the initial results from COHERENT are able to produce meaningful constraints
on non-standard interaction parameters 1 .
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Figure 2 – CEνNS-search data taken with the 14.6-kg CsI[Na] detector at the SNS showing both beam-on and
beam-off periods. Projections of the data onto both the time and energy (expressed as number of observed
photoelectrons) axes are included. A clear excess is visible in the beam-on data, over which the SM prediction
for CEνNS contribution to the spectra is drawn. Figure from Akimov et al.1 .

4

Beyond the first observation of CEνNS

Efforts within COHERENT have only increased following the first observation of the CEνNS process. The 14.6-kg CsI[Na] detector has continued to collect CEνNS data at the SNS and there
has been a reanalysis effort focused on QF experiment data to reduce the largest systematic
uncertainty in the CEνNS result. Looking beyond CsI[Na], the collaboration is committed to
performing measurements of CEνNS on multiple target nuclei using different detector technologies. A single-phase liquid argon detector with 22-kg target volume, CENNS-10, is already
collecting data in neutrino alley; several improvements to the system have been made since its
initial installation, working towards the ultimate goal of a 20-keV nuclear-recoil threshold. Also
in place in neutrino alley is the sodium iodide neutrino experiment (NaIνE), an array of NaI[Tl]
crystals totaling 185 kg. In anticipation of a larger (∼2-ton) NaI[Tl] detector, for which planning and electronics design have begun, NaIνE has collected data that can be used to develop
an understanding of the backgrounds and detector performance relevant to a CEνNS search in
addition to lower-gain data for a measurement of the inclusive charged-current interaction on
127 I.
The COHERENT Collaboration is also planning to deploy ∼10 kg of germanium p-type point
contact (PPC) detectors to the SNS. These devices can now be produced with intrinsic electronic
noise levels of ∼75 eV and corresponding thresholds of ∼150 eV or, accounting for nuclear-recoil
QFs in germanium as presently understood, nuclear recoils of <1 keV. The exceptionally low
thresholds and noise levels of these cutting-edge systems present the possibility of measuring
deviations from the SM-predicted recoil distribution in an energy regime where statistics are
significant and there is sensitivity to exotic physics. COHERENT is planning to use new PPC
detectors, but the collaboration already has access to slightly older PPC detectors which reach
the desired target mass but have higher thresholds and would not have the same extensive
physics capabilities.
COHERENT has undertaken additional measurements, supplementing the suite of CEνNS experiments and including an ongoing campaign to further characterize the backgrounds present in
neutrino alley. Other efforts include measurements of the neutrino-induced neutron production
process, particularly on lead, iron, and copper, using dedicated “neutrino cubes”: palletized
external water shielding with an interior cavity that can house different experimental configurations; in the case of the neutrino cube measuring NINs on lead, the interior space is filled with
∼1 ton of lead in which 4 liquid scintillator cells are positioned.
Outside of COHERENT there is a large community of experiments dedicated to CEνNS,
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with many are based at nuclear reactor facilities to utilize the large flux of electron anti-neutrinos
produced in the β decay of fission products. The contributions of other experiments using different detectors and different neutrino sources are very important and complementary to the
results from COHERENT: Dent et al. 11 explored the consequences of combining CEνNS measurements from both reactor and stopped-pion neutrino sources, finding significant improvement
in the reach of the joint analysis.
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The observed antineutrino flux from nuclear reactors is consistently lower than predicted.
This anomaly could hint at oscillations of active neutrinos into a new sterile neutrino species,
or it could simply be a reflection of underestimated systematic uncertainties in the theoretical
flux prediction. We review the status of both hypotheses in view of recent developments. In
particular, we scrutinize recent Daya Bay results, which aim to determine whether the deficit
depends on the isotope from which neutrinos are produced (as would be likely if the problem
is with the flux prediction), or is independent thereof (as would be expected if the sterile
neutrino hypothesis is true). We also comment on new short-baseline data, and we discuss
reactor data in the context of a global fit.

1

The Reactor Anomaly — Sterile Neutrinos or Flux Uncertainties?

Most “anomalies” in particle physics data are triggered by new, and sometimes controversial,
experimental results. A notable exception is the reactor neutrino anomaly, 1 which was triggered
by new and refined theoretical predictions of the antineutrino flux from nuclear reactors. 2;3 The
new calculations yield a results that is about 3.5% (∼ 3σ) larger than the fluxes measured
by a large number of short and long baseline experiments. One possibility to understand this
apparent deficit of observed neutrino event rates is by postulating the existence of a fourth,
sterile, neutrino flavor νs . Reactor ν̄e could then oscillate into undetectable ν̄s .
However, it is also quite possible that the observed anomaly is nothing but a reflection of the
shortcomings of theoretical flux predictions. There is agreement in the community that the new
predictions are superior to the previously used ones from the 1980s, but it is also well known that
predicting reactor neutrino fluxes is a very challenging task: thousands of individual beta decay
branches contribute to the spectrum, and for many isotopes, only very limited information is
available in nuclear data tables because they are too short-lived to allow for laboratory studies.
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Consequently, neutrino fluxes and spectra are predicted by fitting “effective beta decay spectra”
to the observed electron spectra from uranium and plutonium fission – a method that is still
fraught with large and difficult to control systematic uncertainties. 4–6
In this talk, which is based on refs. 7;8 and builds on previous work from refs. 9;10 , we assess
the current status of the reactor anomaly and put it in the context of other hints for the existence
of sterile neutrinos, and of the strong exclusion limits from null searches.
1.1

Isotope-Dependent Neutrino Fluxes from Daya Bay

A novel experimental method for distinguishing the sterile neutrino hypothesis from the hypothesis of flux misprediction is offered by high-statistics measurements in the Daya Bay experiment:
by measuring the neutrino spectrum as a function of time (and therefore as a function of the
evolving reactor fuel composition), the collaboration is able to extract the individual neutrino
spectra generated by the fission chains of the four main fissile isotopes 235 U, 238 U, 239 Pu and
241 Pu. 11 If the reactor anomaly is due to oscillations into sterile neutrinos, one expects the flux
deficit to be the same for all isotopes. In the case of a flux misprediction, it is likely that different
isotopes are affected differently.
Indeed, Daya Bay observe a discrepancy between the predicted and observed fluxes mostly
for 235 U, while theory and data agree quite well for 239 Pu. (238 U and 241 Pu are subdominant
in Daya Bay, so no statistically significant statement can be made about them.) This leads to
a preference for the hypothesis of flux misprediction with ∆χ2 = 7.9 (2.8σ). 11 In ref. 7 , we have
reanalyzed the Daya Bay data. We agree with the collaboration’s results when making the same
assumptions. However, several comments are in order:
• The Daya Bay collaboration compare their data to the central values of the neutrino fluxes
predicted in refs. 2 , 3 , but neglect the theoretical uncertainties quoted in these papers.
The reason for this approach is that it is unclear how reliable the estimated theoretical
uncertainties are. Including the quoted values for the uncertainties, Daya Bay’s preference
for mispredicted fluxes reduces to ∆χ2 = 6.3.
• It is also noteworthy that, while the data prefer mispredicted fluxes over sterile neutrinos,
the overall goodness of fit is excellent for both hypotheses: a χ2 goodness-of-fit test yields a
p-value of 0.18 for the sterile neutrino hypothesis, and a p-value of 0.73 for the hypothesis
of mispredicted fluxes. We implement the latter hypothesis by assigning independent
normalization factors to the fluxes from all four isotopes and profiling over them in the fit.
1.2

Impact of NEOS and DANSS

Another new aspect in the discussion of the reactor neutrino anomaly are the recent data releases
by NEOS 12 and DANSS. 13 The results of both experiments are independent of the theoretical
flux predictions: NEOS normalize their data to the flux measurement in Daya Bay, 14 while
DANSS employ a movable detector and take data at two different baselines. As shown in fig. 1,
both experiments report spectral distortions, which can be interpreted as another 3σ hint for
ν̄e → ν̄s oscillations. This implies that the fit to all reactor data continues to prefer oscillations
into sterile neutrinos even when no assumptions are made on the normalization of the theoretical
flux predictions. This is illustrated in fig. 2 (a), which shows the preferred parameter region
in the plane spanned by the mass squared difference ∆m241 and the mixing matrix element Ue4
which measures the mixing of νe and νs . We see that DANSS alone (orange contours) prefers
oscillations at the 95% CL, while NEOS alone is consistent with no oscillations at this confidence
level. The global fit to all reactor data prefers oscillations no matter whether the prediction for
the flux normalization is used (pink contours) or not (blue region).
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fixed within the quoted uncertainties. 2;3 We observe a preference for oscillations even for free flux normalization.
(b) Results from the fit to all νe /ν̄e disappearance data. We observe a strong preference for oscillations, but also
mild tension between the parameter region preferred by reactors and the one preferred by the gallium anomaly.
Plots taken from ref. 8 .
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Figure 3 – (a) Preferred values of the effective νµ –νe mixing at short baseline sin 2θµe = 4|Ue4 |2 |Uµ4 |2 and the
mass squared difference ∆m241 in a 3 + 1 scenario. We observe that the hints from LSND and MiniBooNE are
consistent with the null results in this channel. (b) Constraints on the mixing matrix element Uµ4 (corresponding
to νµ –νs mixing) and ∆m241 . We see that the strong exclusion limits from MiniBooNE disappearance data,
IceCube, MINOS/MINOS+, and CDHS disfavor the parameter regions that are preferred by νe disappearance
and νe appearance data. Plots taken from ref. 8 .

2

Global Status of Light Sterile Neutrinos

We now put the results from our reactor fit into a broader context. In fig. 2 (b) we show how
the hints from reactor experiments compare to the parameter region preferred by the gallium
anomaly, 15–19 and to various exclusion limits (see Table I of ref. 8 for a complete list of references).
We observe that the significant preference for νe /ν̄e disappearance into sterile states persists.
The exclusion bounds are not yet able to conclusively test the preferred parameter regions. We
also observe mild tension between gallium and reactor data. A parameter goodness-of-fit test 20
comparing reactor and gallium data assigns a p-value of 0.09 to this tension. (The parameter
goodness-of-fit test quantifies the statistical penalty one has to pay for combining data sets. It
does so by measuring the increase in χ2 of the global best fit point compared to the individual
best fit points of subsets of the data.)
Moving from the νe /ν̄e disappearance channel to the νµ → νe oscillation channel, we find
that also in this channel short-baseline oscillations driven by a sterile state νs are preferred, see
fig. 3 (a). This is of course driven by the long-standing LSND 21 and MiniBooNE 22;23 anomalies.
Even though OPERA 24 and ICARUS 25;26 have added new exclusion limits to this channel, a
large parameter region remains allowed.
The picture changes when νµ disappearance data is included, see fig. 3 (b). In this channel,
the already strong exclusion limits discussed in ref. 10 have been further strengthened by new
data from IceCube 27–29 and MINOS/MINOS+ 30 (see also ref. 31 ). Together with data from νe
disappearance and νe appearance, a 3 + 1 model can be overconstrained. This can be seen by
looking at the oscillation probabilities in the limit where 4πE/∆m241  L  4πE/∆m231 . (Here,
E is the neutrino energy and L is the baseline.) At baselines satisfying this condition, oscillations
driven by ∆m241 average to an overall event deficit constant in energy, while oscillations driven
by ∆m231 and ∆m221 cannot develop yet. The oscillation probabilities for the three relevant
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oscillation channels in this regime are
Pνe →νe ' 1 − 2|Ue4 |2 (1 − |Ue4 |2 ) ,
Pνµ →νµ ' 1 − 2|Uµ4 |2 (1 − |Uµ4 |2 ) ,

(1)

Pνµ →νe ' 2|Uµ4 |2 |Uµ4 |2 .
We see that they depend on only two parameters, Ue4 and Uµ4 . This is why we can use νe data
to predict the range of Uµ4 values required to explain the anomalies. This region is shown in
red in fig. 3 (b). We see that it is in strong tension with the null results.
To quantify the tension, we have carried out a parameter goodness-of-fit test, which yields
a very bad p-value of 8.3 × 10−6 . This suggests that at least one of the anomalies is explained
by a mundane effect rather than a sterile neutrino, or that some of the null results are overly
optimistic, or that there is more new physics beyond the simple 3 + 1 model. It is thus crucial
to further scrutinize the data – both the anomalies and the null results. We have checked that
removing a single experiment from the global fit does not significantly improve the parameter
goodness-of-fit, unless the experiment removed is LSND. We also do not expect that adding
more than one sterile neutrino will significantly improve the fit. 10
3

Light Sterile Neutrinos and Cosmology

Important constraints on sterile neutrino models also arise from cosmology. In particular, cosmological observations constrain the energy density in relativistic degrees of freedom, parameterized
P
as an effective number of neutrino species Neff , as well
neutrino masses
mν .
P as the sum of 32
The current 95% CL constraints are Neff < 3.56 and
mν < 0.23 eV, clearly disfavoring an
eV-scale sterile neutrino. It is, however, important to keep in mind that cosmology can only
constrain particle species that are abundant in the early Universe. A number of mechanisms
have been proposed to reduce the νs abundance at early times:
• Entropy production in the SM sector after neutrinos have decoupled in order to dilute
sterile neutrinos prior to recombination. 33;34 Note that such scenarios still suffer from Big
Bang Nucleosynthesis (BBN) constraints on Neff . 35
• New interactions in the sterile neutrino sector. 36;37 In such scenarios, sterile neutrinos feel a
strong, temperature-dependent potential that suppresses mixing with active neutrinos until
the temperature has dropped so low that νs production is inefficient even for large mixing
angles. Note that nowadays, minimal versions of this scenario appear disfavored. 38;39
• A late phase transition that changes the properties of sterile neutrinos. As an example,
a sterile sector could involve a scalar field that gives a large mass to νs at early times,
preventing their efficient production. At low temperature, a phase transition occurs to a
vacuum state in which νs retain only an O(eV) mass. 40 More work is required to assess
how easy and natural it is to realize such a scenario in a concrete model. 39 .
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NEUTRINO MASSES FROM COSMOLOGY
MASSIMILIANO LATTANZI
Istituto Nazionale di Fisica Nucleare, sezione di Ferrara,
Polo Scientifico e Tecnologico, Edificio C, Via Saragat 1, I-44122 Ferrara, Italy

Neutrino properties can be constrained through cosmological observations. In this contribution
I will briefly review the limits that current data, mainly observations of the cosmic microwave
background and of galaxy clustering, put on the mass of the active neutrinos, and will present
forecast for future experiments.

1

Introduction

Cosmological observations represent a powerful tool to constrain neutrino physics 1 . They can
be used to constrain the masses of active neutrinos and the number of neutrino families, as well
as other, more exotic, properties like the existence of neutrino interactions beyond the standard
model of particle physics. In this contribution I will focus on the limits on the mass of active
neutrinos that can be obtained from present cosmological data, and on the prospects for future
experiments. I refer the interested reader to one of the many reviews on the subject 2,3 .
2

Constraints from present data

2.1

Cosmological datasets

I will discuss limits on neutrino masses derived using different cosmological datasets. The first
are the observations of the anisotropies of the cosmic microwave background (CMB) from the
2015 data release of the Planck satellite 4 a . In terms of the Stokes parameters, these provide
maps for the intensity I (i.e., temperature T ) and for the two component Q and U of the CMB
polarization. The Q and U fields can be more usefully combined to obtain the more familiar E−
and B−modes of the CMB polarization, having definite parity. The information in the temperature and polarization maps can be compressed in the two-point correlation functions, namely
three autocorrelations (TT, EE and BB) and three cross-correlations (TE, TB and EB). Two of
the latter, namely those involving the B−field, are bound to vanish if CMB physics is parityconserving. The Planck satellite has measured with high accuracy and over a wide range of scale
a

http://www.cosmos.esa.int/web/planck/pla
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the T T , T E and EE correlations, usually presented in terms of their harmonic counterparts, the
power spectra coefficients C` 5 . The Planck maps also contain information about the integrated
gravitational potential between us and the time when the CMB was emitted, due to the fact that
the CMB anisotropy field is lensed by the intervening matter structures. This information is
present in the temperature and polarization power spectra, as well as in lensing-induced higherorder correlations that can be used to reconstruct the power spectrum of the lensing potential 6 .
Given the peculiar effect of neutrinos on structure formation, this lensing information is crucial
in constraining neutrino masses from the CMB. In fact, primary anisotropies (those generated
at the time of decoupling) are mostly sensitive to individual neutrino masses larger than roughly
0.6 eV, since for smaller masses neutrinos are relativistic at CMB decoupling. This limitation
can be overcome by precise measurements of CMB lensing, that traces the low-redshift density
field. The relic neutrinos have large thermal velocities and thus can free stream out of overdense
region, effectively washing out density fluctuations at small scales. As a consequence, lensing is
reduced proportionally to the neutrino density, or, equivalently, to their mass.
I will also consider observations of large-scale structures, mainly galaxy clustering measurements. These can be used to derive the scale of baryon acoustic oscillation (BAO), a very robust
probe of the distance-redshift relation. As such, BAO measurements contain geometric information that allow to constrain the expansion history of the Universe after CMB decoupling. This
is very useful to eliminate or at least alleviate parameter degeneracies and, when used together
with CMB data, greatly increases the constraining power for neutrino masses. Beyond the BAO
feature, the full shape of the power spectrum of matter density perturbations is extremely sensitive to the presence of neutrinos, again because of their peculiar effect on structure formation.
Using the full shape of the matter power spectrum can indeed lead to very tight limits on neutrino masses. However, care should be taken in assessing effects like a possible scale-dependent
bias between the distribution of galaxies and the underlying dark matter density field, and the
non-linear evolution of small-scale perturbations (the ones more affected by neutrinos). The
limits reported in the following are obtained using data from different sources, namely: the
Sloan Digital Sky Survey (SDSS)7,8,9,10,11,12 , 6dFGS 13 , WiggleZ 14 .
Information on the matter distribution can also be inferred from the weak lensing of galaxies.
Recently, weak lensing data have been released by the Dark Energy Survey (DES) 15 . It should
be noted that there is a small but significant (∼ 2σ) tension between weak lensing datasets and
CMB data, due to the fact that the former prefer a lower clustering amplitude than the latter.
Finally, some of the limits reported below use other probes of the expansion history, namely
observations of Type IA supernovae 16 , and astrophysical measurements of the Hubble constant 17,18 .
2.2

Current constraints on Mν

I start by reporting limits on neutrino masses obtained in the framework of a minimal, oneparameter extension of the standard ΛCDM cosmological model in which the sum of neutrino
masses Mν is allowed to vary b . In this framework, it can be shown that neutrinos are expected
to have a Fermi-Dirac distribution with temperature Tν = (4/11)1/3 TCMB = 1.9 K. Thus specifying the sum of neutrino masses, together with the other cosmological parameters, completely
determines the cosmological evolution of relic neutrinos. Later in this section I will also briefly
comment on limits in extended models. Unless otherwise stated, all upper limits reported in the
following are at 95% confidence level.
The most stringent cosmological limits on neutrino masses from a single experiment are those
provided by Planck 21 . The most conservative limit from Planck, data-wise, is obtained with the
b
Even if, in principle, the cosmological evolution is sensitive to the way in which the total mass is divided among
the three mass eigenstates, nevertheless present experiments do not have the necessary sensitivity to discriminate
between different mass orderings. Whether such a sensitivity is within reach also of future experiments is still a
matter of debate 19,20 .
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baseline dataset alone: Mν < 0.72 eV. The baseline Planck dataset, dubbed “PlanckTT+lowP”,
includes the full (2 ≤ ` ≤ 2500) temperature power spectrum and the large-scale (low-`, i.e.,
` < 30) polarization. As anticipated above, the constraining power of Planck with respect to
previous CMB experiments is related to its sensitivity to the weak lensing of the CMB (that, I
stress, is also visible in the power temperature and polarization power spectra). Addition of the
information from the small-scale (` > 30) TE and EE correlations (“PlanckTTTEEE+lowP”
dataset) improves the limit to Mν < 0.49 eV. However, since the small-scale polarization could
be still affected by low-level residual systematics, the results obtained using these data should
be regarded as less conservative. Considering also the lensing power spectrum as reconstructed
from the four-point correlation function does not improve significantly the constraints (in fact,
for TTTEEE, it makes the bound looser). This is due to a ∼ 2σ discrepancy between the lensing
amplitude estimates provided by the two- and four-point correlation functions. The limits from
Planck alone are roughly an order of magnitude better than constraints provided by kinematic
measurements of the effective electron mass from tritium β decay 22 , and at least at the same
level than near future expectations from e.g. KATRIN 23 . However, kinematic measurements
have the great advantage of being model independent.
The Planck collaboration has also provided limits from combinations of Planck with external
data. These are BAO measurements from 6dFGS 13 , SDSS DR7 MGS 8 and BOSS DR12 9 , the
JLA SNe sample 16 and an astrophysical estimate of the Hubble constant 18 , obtained through
a reanalysis of the HST data in Ref. 17 . The inclusion of external information that allows
to constrain the expansion history of the Universe adds significant constraining power. This
is mostly due to the fact that parameter degeneracies are alleviated. In particular, addition
of BAO measurements to the Planck baseline dataset yields Mν < 0.21 eV. This should be
regarded as the most conservative limit, data-wise, that can be obtained from a combination of
cosmological datasets. Adding also the SNIa and HST measurements yields Mν < 0.20 eV.
In 2016, the Planck collaboration has reported a new estimate of the optical depth to reionization τ , based on new, not yet public, low-` polarization spectra 24 . The new estimate of τ is
lower than the one from 2015, and consequently, due to parameter degeneracies, the CMB constraintsfrom PlanckTT and the 2016 low-` polarization likelihood, dubbed “SimLow”, tightens
to Mν < 0.59 eV.
The additional information encoded in the matter distribution can be used to further improve the constraints on Mν . The BOSS collaboration, using their own measurements of BAO
and of the full shape of the matter power spectrum from the DR12 data release, in combination
with Planck 2015 data, obtains 10 Mν < 0.16 eV (Mν < 0.25 if a more conservative analysis
is performed). Finally, a combination of the 6dFGS 13 and BOSS BAO 9 with the PlanckTTTEEE+lowP data and the matter power spectrum derived from the SDSS-DR7 sample of
luminous red galaxies 7 , yields a slightly stronger constrain 25 , Mν < 0.13 eV. As noted above,
measurements of the shape of the matter power spectrum could be affected by systematics (like
e.g. those related to the nonlinear evolution of perturbations, or a scale-dependent bias), so
that these results should be regarded as less conservative. Ref. 19 provides an assessment of the
relative constraining power of BAO versus the full shape of the matter power spectrum, given
our current knowledge of systematic effects. In particular, PlanckTT+lowP in combination with
BAO measurements from 9,13,14 gives Mν < 0.19 eV (further improved to Mν < 0.15 eV if smallscale CMB polarization is included in the analysis), while trading the BAO measurements with
the estimate of the matter power spectrum from the SDSS-III BOSS DR12CMASS sample12
gives Mν < 0.30 eV. The matter power spectrum can be also be measured through observations
of the Lyman-α forest. The authors of Ref. 26 use the BOSS Lyman-α forest measurements11 ,
again together with Planck 2015 data, to get Mν < 0.12 eV. A similar value, Mν < 0.14 eV, is
obtained using additional Ly−α data 27 . However, the issue of systematics is even more critical
for the interpretation of Ly-α forest measurements. Finally, the galaxy weak lensing dataset
from DES15 , combined with PlanckTT+lowP, BAO measurement and with the JLA SNIa sam-
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ple yields Mν < 0.29 eV. This is larger than the corresponding bound dropping DES data, and
this is due to the fact that weak lensing data tend to prefer larger neutrino masses than Planck
due to the small tension on the clustering amplitude that I mentioned at the beginning.
Let me also stress that tight upper bounds on Mν , around 0.1 eV or even slightly lower,
can also be obtained by combining CMB and galaxy power spectrum data with the direct H0
measurements of Ref. 17 , see e.g. Refs. 25,19 ; however these results are at least partly driven by
tensions between datasets.
The tightest limits reported above are about to corner the inverted neutrino mass ordering,
since in this case flavour oscillation experiments imply Mν > 0.1 eV. In fact, in Ref. 19 it is found
that the normal ordering is favoured with odds of as much as 3 : 1 for the most constraining
datasets combination.
The limits on neutrino masses from cosmological observations are to some extent model
dependent. It is then instructive to look at the constraints that are derived in some extended
models (I refer to the parameter tables available in the Planck Legacy Archive 21 ). Given
that part of the constraining power of CMB observations comes from the sensitivity to the
changes in the expansion history caused by the presence of massive neutrinos, we can expect
the limits to degrade in models with additional parameters that can be used to compensate
these changes. Two examples are models with a non-vanishing spatial curvature or with a
varying equation-of-state parameter for dark energy. In both cases 95% upper limits on Mν from
PlanckTT+lowP+BAO+lensing degrade by roughly 50%. The limits also degrade in models in
which it is the effect of neutrinos on the lensing amplitude that is somehow compensated, instead
than their effect on the expansion history. One example is given by models with a non-standard
lensing amplitude, i.e. in which the amount of lensing for a given matter distribution is rescaled
by a constant factor. This can be thought as a proxy for deviations from general relativity; on
the other hand, evidence for a non-standard lensing amplitude could also be due to systematic
effects. In any case, the fact that the Planck+BAO limits on neutrino masses degrade by
roughly 50% when the lensing amplitude is left free to vary, is an indication that the sensitivity
of Planck to neutrino masses also comes from its capability to measure the weak lensing of the
CMB anisotropy field.
3

Prospects from future experiments

In this section I review forecasts for future experiments. I stress that all the sensitivities reported
in the following assume that all systematic effects are under control.
3.1

Future CMB observations

The effects of gravitational lensing on the CMB anisotropy pattern, which are crucial for constraining neutrino masses, arise at small angular scales. It is then of fundamental importance to
observe this region of the power spectrum with high accuracy in order to improve the sensitivity
on Mν . In fact, the full power of lensing will be definitively exploited when better measurements
of the small-scale polarization will be available. Improved measurements of the polarization
power spectra at all scales are also important to break degeneracies between cosmological parameters, especially the degeneracy between the reionization optical depth τ , which is measured
from the-large scale polarization spectrum, and Mν . A detailed summary of the expected sensitivity to cosmological parameters, including Mν , of all pre-2020 and post-2020 CMB missions
can be found in 28 . Here I briefly focus on two kind of future (post 2020) CMB experiments: a
space mission and a ground based telescope.
A future CMB space mission with experimental specifications like those of the CORE satellite proposal 29,30 would enable to constrain Mν with a 68% CL sensitivity σ(Mν ) ∼ 0.044 eV
assuming a ΛCDM model with a fiducial value of the sum of the neutrino masses Mν = 0.06 eV.
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A roadmap towards a Stage-IV (S4) generation of CMB ground-based experiments c has been
also developing 31 . The main advantages with respect to a space-borne mission are a larger
collecting area with an incredibly higher number of detectors and subsequent suppression of
experimental noise. However, the largest angular scales are not accessible from the ground. As
a result, forecasts for S4 relies on external measurements of τ . The sensitivity σ(Mν ) of S4
TT,TE,EE,PP complemented with a gaussian prior on the optical depth of τ = 0.060 ± 0.01
is in the range [0.073 − 0.110] eV, depending on the angular resolution and noise level, for an
experiment observing 40% of the sky 31 .

3.2

Future surveys of large-scale structures

Future galaxy surveys will improve with respect to the present status by mapping a larger
fraction of the sky and going deeper in redshift, greatly increasing the number of observed
samples. As an example of future ground-based survey, I consider the Dark Energy Spectroscopic
Instrument d (DESI), the successor to SDSS III-BOSS survey. DESI will improve over the BOSS
survey by an order of magnitude in both volume covered and number of objects observed. Even
using only BAO measurements from DESI (thus ignoring information from the broadband shape
of the matter power spectrum and Lyα forests) in combination with future CMB experiments,
the sensitivity on Mν greatly improves. The sensitivity goes down to σ(Mν ) = 0.021 eV when
DESI BAO are combined with observations of a CORE-like CMB satellite, forecasting a ∼ 3σ
detection of Mν in the minimal mass scenario 29 . In the case of S4+DESI BAO 31 , σ(Mν ) is in
the range [0.023 − 0.036] eV with an external prior τ = 0.06 ± 0.01, depending on the S4 angular
resolution and noise level. For a 10 resolution and a noise level lower than 2.5 µK · arcmin, σ(Mν )
could be further improved, assuming a cosmic-variance limited measurement of τ , down to the
level of σ(Mν ) < 0.015 eV, that would guarantee a > 4σ detection of Mν in the minimal mass
scenario.
Space mission are also planned that will map the matter distribution. I consider here the ESA
Euclid satellite e as a representative space-borne mission. The combination of the galaxy power
spectrum measured with Euclid and primary CMB from Planck is expected to give σ(Mν ) =
0.04 eV; if instead the weak lensing dataset produced by Euclid is considered in combination with
primary CMB, σ(Mν ) = 0.05 eV is expected 32 f . Both combinations provide a ∼ 1σ evidence
in the minimal mass (Mν = 0.06 eV) scenario.

4

Summary

Cosmological observations are a powerful probe of neutrino masses, complementary to laboratory
searches. Overall, a coherent picture appears. Current limits on the sum of neutrino masses
Mν range from Mν < 0.72 eV from Planck 2015 CMB data alone, to Mν < 0.21 eV when CMB
and BAO measurements are combined. More aggressive and less conservative analyses can push
the limit closer to the 0.1 eV threshold corresponding to the minimum value allowed by flavour
oscillation experiments in the case of inverted hierarchy. Future experiments might allow, if
experimental systematics are kept under control, and in the framework of the ΛCDM model, at
least a 4σ detection of neutrino masses from cosmology.
c

https://cmb-s4.org
http://desi.lbl.gov
e
https://www.euclid-ec.org
f
Note that the specifics of the Euclid mission have changed since the time when Ref. 32 was published. The
new specifics are not publicly available, however the Euclid collaboration is expected to release updated forecasts
in the near future.
d
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NEUTRINO MASSES AND LEPTOGENESIS
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Low-scale leptogenesis combined with symmetry protected neutrino mass generation leads to
a testable explanation of the matter antimatter asymmetry of our Universe. We review some
recent achievements, methods and limitations of this scenario.

1

Introduction

Explaining the asymmetry between matter and anti-matter in our Universe, YB = (nB −nB̄ )/s =
8.6×10−11 is one of the key challenges of particle cosmology. With nB (nB̄ ) denoting the number
density of (anti-) baryons and s denoting the entropy of the thermal bath, this small number
reflects a tiny asymmetry in the properties of particles and anti-particles. In 1967, Sakharov 1
identified three conditions to dynamically create this imbalance between matter and anti-matter
from symmetric initial conditions: (i) violation of B−L, the difference between baryon and lepton
number, (ii) violation of C and CP and (iii) departure from thermal equilibrium.
A beautiful implementation of these conditions goes under the name of thermal leptogenesis.
In the generic type-I seesaw mechanism, the observed light neutrino masses mν can be explained
by introducing heavy neutral leptons NI of mass M and with a Yukawa-coupling Y to the
Standard Model (SM) lepton and Higgs doublets,
1
L = LSM + iN̄I 6 ∂NI − YαI ¯lα φNI + MIJ N̄Ic NJ + h.c.
2




→ mν ' Y ∗

v2 †
Y ,
M

(1)

where v = 174 GeV denotes the vacuum expectation value of the Higgs. For thermal initial
conditions, right-handed neutrinos in the mass range of about 1012 − 1015 GeV with ‘natural’
Yukawa couplings (from O(1) down to the electron Yukawa coupling) can not only explain the
light neutrino masses but the CP -violating decays of these heavy right-handed neutrinos can also
generate the observed baryon asymmetry of the Universe 2 . We emphasize that this mechanism
is well rooted in particle physics and yields the correct baryon asymmetry for very well motivated
parameters, without the need to choose any special initial conditions. On the downside, it is
essentially impossible to verify experimentally, due to the high mass scale involved.
With testability in mind, we focus hence here on a different variant of leptogenesis, proposed
by Akhmedov, Rubakov and Smirnov in 1998 3 , referred to ARS leptogenesis hereafter. In
particular, we will consider a minimal implementation of this model, based on only two righthanded neutrinos participating in leptogenesis. Equipped with smaller Yukawa couplings, Y ∼
10−7±2 and masses in the MeV-GeV range, the right-handed neutrinos in this model reach
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thermal equilibrium only around the electroweak (EW) phase transition. The baryon asymmetry
is generated during this departure from thermal equilibrium from the CP -violating oscillations
and wash-out processes involving the right-handed and active neutrinos.a In the limit of vanishing
generalized lepton number violating processes (which are suppressed in the non-relativistic limit),
an asymmetry of equal magnitude but opposite sign is generated in the active and sterile sector.b
When the SM sphalerons freeze out around the EW phase transition, they transform the lepton
asymmetry of the active sector (and only of the active sector) into a baryon asymmetry. This
leads to the net baryon asymmetry observed today. A key ingredient of this mechanism is a
very small splitting between the two right-handed neutrinos (∆m/M ∼ 10−3 ), ensuring strong
oscillations and hence efficient leptogenesis just before the electroweak phase transition. This
has often been criticized as a strong and ‘unnatural’ fine-tuning in this model.
Here we argue that this ‘tuning’ may indeed instead be an indication of an underlying
symmetry, linking the smallness of neutrino masses as well as the smallness of lepton-numberviolating processes to a small symmetry breaking parameter. We demonstrate the power of this
hypothesis by illustrating a model building limitation: contrary to naive expectations, the model
parameters are so constrained that our attempt to explain dark matter using a keV-scale sterile
neutrino fails. Along the way, we stress the importance of the two different regimes of ARS
leptogenesis, dubbed the weak- and strong-washout regime. This proceeding is mainly based on
two publications by the same authors 4,5 .
2

Symmetry versus fine-tuning

In analogy to thermal leptogenesis, we start our quest for a well motivated implementation of
ARS leptogenesis with the question of neutrino mass generation. Two particularly instructive
effective neutrino mass models are the Inverse Seesaw 6 (ISS) and the Linear Seesaw 7 (LSS)
mechanism. In both cases, the neutrino mass matrix in the flavour basis is split into a lepton
number conserving part and a small lepton number violating part. The latter is parametrized
by the parameter ξ (for the ISS) and  (for the LSS), respectively:


0


Mν =  √12 hν v

√1 hν v
2

0
Λ

0
|

{z

L conserving









0
0 0 0




Λ +ξ 0 0 0 +
0 0 Λ
0
}

|

{z

∆LISS =2

}

|

0
0
0
0
√1 h0 v 0
2 ν

√1 h0 v
2 ν

0
ξ
Λ



.

{z

∆LLSS =2

(2)

}

In this schematic representation, to first row/column is understood to stand for the active
flavours, the second for truly sterile neutrinos (no coupling to the SM degrees of freedom) and
the third for mostly sterile neutrinos. As we will see in a moment, the neutrinos of these last
two columns will pair up to form pseudo-Dirac fermions. In the limit of ξ,  → 0, lepton number
is conserved and the smallness of these parameters may hence be seen as ‘technically natural’.
A more fundamental motivation and UV-completion of this ansatz is an important question, for
now, we will contain ourselves with this effective parametrization of this approximate symmetry.
Diagonalizing this mass matrix in the limit of small ξ and  yields
⇒

mν '

ξ(Y v)2 (Y v)2
+
,
2Λ
Λ

∆m2 = M22 − M12 ' 2ξΛ2 + 2(Y v)2 .

(3)

Note that the contributions from the LSS are only relevant below the EW phase transition
(when v 6= 0), in particular the corresponding mass splitting between the heavy neutrinos
a
We will use the terminology ‘active’ for the SM-like neutrinos, and the terms ‘right-handed’, ‘heavy’, ‘neutral’
or ‘sterile’ for the new particles. Since the mixing between these two sectors is experimentally constrained to be
very small, we will apply this terminology loosely to both the flavour and mass eigenbasis.
b
Generalized lepton number refers to an extension of the SM lepton number to the helicity states of the heavy
neutral leptons. For the remainder of this paper we assume generalized lepton number to be conserved.
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vanishes in the regime relevant for ARS leptogenesis. For this reason, we will consider the
following two scenarios in this report: Pure ISS (ξ 6= 0,  = 0) and a mixed scenario, dubbed
’linear plus inverse seesaw’ (LISS), with ξ 6= 0,  6= 0. Moreover, we will focus on the minimal
particle content which can reproduce the observed neutrino oscillation data8 , which leads us
to the LISS(1,1), the ISS(2,2) and the ISS(2,3). Here the first number in paranthesis denotes
the number of weakly coupled right-handed neutrinos whereas the second number refers to the
number of truly sterile right-handed neutrinos(in the flavour basis).
3

Two regimes of ARS leptogenesis

The Boltzmann equations encoding ARS leptogenesis are conveniently described by means of
kinetic equations for the neutrino density matrix ρ 9 ,
i

dρ
in d o i p
= [H, ρ] −
Γ , ρ + {Γ , I − ρ} ,
dt
2
2

(4)

where H denotes the Hamiltonian (containing a vacuum contribution and an effective potential), whereas Γd and Γp encode the decay and production processes, respectively. Observing
that due to the large mass difference the active-sterile oscillations are suppressed, assuming
kinetic equilibrium for the right-handed neutrinos (ρN N (T, k) = RN (T )ρeq
N N (T, k)) and thermal
equilibrium for the active neutrinos (ρνν ∼ ρeq (T, k) exp(±µ)), the Boltzmann equations for the
right-handed neutrinos (described by RN ) and the active neutrinos (described by the diagonal
matrix of chemical potentials µ) read 10
dRN
=
dt
dµ∆ α
=
dt

n
o 1
n
o
1
−i [hHi, RN ] − hγ (0) i F † F, RN − I − hγ (1b) i F † µL F, RN
2
2
+hγ (1a) iF † µL F ,

9 ζ(3) n (0) 
−
hγ i F RN F † − F ∗ RN̄ F T − 2hγ (1a) iµL F F † +
2ND π 2


+ hγ (1b) iµL F RN F † + F ∗ RN̄ F T

o
αα

.

(5)

(6)

Here hγ (x) i refers to thermally averaged rates, F denotes the Yukawa coupling in the mass
eigenbasis and the corresponding equation for the right-handed antineutrinos is obtained by
replacing F 7→ F ∗ and µ 7→ −µ in Eq. (5). More details on the notation and derivation can
be found in the existing literature 4,5 . Instead, here we provide some intuition for the system
by showing the evolution of the asymmetries for two representative parameter points in Fig. 1.
The upper panel shows an example from the weak washout regime (|F | < 10−7 ). The coloured
1/3
curves indicate the asymmetry in the individual flavours. At about TL = ∆m2 M0 /12
, with
M0 = 7 × 1017 GeV, the asymmetries in the active sector grow and then remain approximately
constant until the EW phase transition. The total lepton asymmetry in this sector is much
smaller, as shown as the black line, indicating a high degree of cancellation between the different
active flavours. In fact, the black line in the left and right panel is identical, reflecting the same
absolute value of the asymmetry obtained in both sectors. The lower panel shows an example
from the intermediate or strong washout regime, characterized by |F | ∼ 10−6 . After an initial
increase the asymmetry strongly decreases due to the washout effects. As long as all relevant
processes occur close enough to the EW phase transition, enough asymmetry survives to explain
the observed matter antimatter asymmetry.
Numerical methods for the efficient computation of the final baryon asymmetry were developed in Refs. 4,5 . In the weak washout regime, the baryon asymmetry can estimated analyically 3,10 , in excellent agreement with the full numerical result. In the strong washout regime,
a systematic perturbative expansion in terms of the chemical potentials leads to a system of
differential equations which is well suited for numerical investigations of the parameter space 5 .
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Figure 1 – Typical evolution of the asymmetries in the individual flavours in the weak washout regime (upper
row) and in the strong washout regime (lower row). The left (right) column shows the asymmetries in the active
(sterile) flavours. In all plots, the black curve refers to the total asymmetry of the corresponding sector.

The results obtained in this way are in good agreement with other methods 11,12 . In particular,
in the strong washout regime (and only in the strong washout regime) large mixings between
the SM-like and right-handed neutrinos are obtained, which may be in reach for upcoming
experiments such as NA62, SHIP, DUNE and the FCC 13 , see Fig. 2.

Figure 2 – Example of large mixing angles in the strong washout regime of the LISS model from inverted (red) and
normal (blue) ordering of the active neutrino mass hierarchy. The maximal values reached in the weak washout
regime of this model are indicated by the dashed gray line.
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4

The question of dark matter

To illustrate the constraining power of our symmetry inspired ansatz (2), let us consider the idea
of keV sterile neutrino dark matter (DM) in the ISS(2,3). With an unequal number of weakly
coupled and fully sterile fermions, one neutrino is ‘left over’ after two pseudo-Dirac pairs are
formed. The mass scale of this neutrino is predicted to be of a similar size as the mass splitting
within the pseudo-Dirac pairs. The two heavy pseudo-Dirac pairs are necessary to accommodate neutrino oscillation data 8 . Let us consider the simplest possible scenario: The heaviest
pseudo-Dirac pair decouples early and does not influence leptogenesis. The lighter pseudo-Dirac
pair (with an average mass M and a mass splitting ∆m) is responsible for ARS leptogenesis.
The lightest right-handed neutrino with a mass scale of mDM ∼ keV contributes to dark matter. An irreducible production channel of the latter is the Dodelson-Widrow mechanism 14 , i.e.
oscillations between the active neutrinos and the DM candidate. A rough estimate leads to
mDM
∆m
'
' 10−3
M
M

10−5
|F |

!

M
GeV

1/2 

mν
0.05 eV

1/2

,

(7)

indicating that a keV DM-candidate as studied in previous works 15 implies a mass splitting in
the correct ballpark to yield successful leptogenesis in the strong washout regime. A full analysis
along the lines described above however yields a different result, see Fig. 3. The parameter space
which yields successful leptogenesis comes with a too large active-DM mixing and hence overproduces dark matter in this model. On the other hand, the parameter space which yields a sizable
contribution to dark matter (without over-producing it) does not generate a sufficiently large
baryon asymmetry. This illustrates the constraining power of our symmetry-inspired ansatz,
despite the fairly large number of degrees of freedom and parameters involved.

Figure 3 – Leptogenesis and dark matter in the ISS(2,3). While both dark matter (orange points) and leptogensis
(YB > 8.6×10−11 ) can be implemented successfully independently, the simultaneous realization is at best possible
at the cost of strong tuning.

5

Conclusion

Neutrino mass models with an approximate lepton number symmetry provide a natural implementation for ARS leptogenesis. This proves to be an efficient parametrization both in the weak
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and strong washout regime. This symmetry inspired ansatz minimizes the number of parameters
(as opposed to the orthogonal ansatz which minimizes the degrees of freedom). The simplifications performed on the set of differential equations describing ARS leptogenesis are however
independent of this ansatz, and may be applied for efficient numerical studies in a broader class
of models.
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TESTABLE LEPTOGENESIS SCENARIOS AND PHENOMENOLOGICAL
IMPLICATIONS
J. LOPEZ-PAVON
Theoretical Physics Department, CERN, 1211 Geneva 23, Switzerland
The simplest extension of the Standard Model (SM) that can account for neutrino masses
consists in the addition of 2 right-handed neutrinos to the SM field content. In addition
to the generation of the light neutrino mass and mixing pattern measured in neutrino oscillation experiments, the low scale realization of the model provides an explanation for the
matter-antimatter asymmetry of the Universe via ARS leptogenesis, with right-handed neutrino masses in the range [0.1-100] GeV. The heavy states can thus be produced and searched
for in neutrinoless double beta decay searches, beam dump experiments, as SHiP or DUNE,
and collider experiments as FCC-ee. We show that for O(GeV) scale right-handed neutrinos,
future experimental data can provide sufficient information to predict the matter asymmetry
of the universe. Furthermore, the flavor structure of this minimal model is extremely constrained and shows a very interesting correlation with the PMNS CP-phases which opens a
new window to leptonic CP violation.

1

Introduction

Neutrino oscillation experiments have clearly established that there is lepton flavor mixing and
neutrinos have mass. However, its origin remains an open question in the Standard Model (SM).
A straight forward way to generate the neutrino masses is the addition of right-handed (RH)
neutrino singlets to the SM field content. If no extra symmetry is imposed, the most general
renormalizable Lagrangian that can be build when the extra RH neutrinos, NRi , are included is
given by
1
L = LSM − L̄Yν† Φ̃NR − N̄Rc M NR + h.c..
2

(1)

where Y is a complex Yukawa matrix and M a symmetric Majorana mass matrix. This is the
well-known type-I seesaw Lagrangian 1 . The RH neutrino Majorana mass term introduces not
only a new physics scale in the theory, but also a lepton number violating source that could very
well be connected to the origin of the particle excess in the Universe 2 . When M  Y v, the
light neutrino masses are given by
mν =

v 2 T −1
Y M Y,
2

(2)

and thus, they can be generated in a natural way with Yukawa couplings of the order one and
RH neutrino masses pointing to the grand unification scale, but beyond our collider searches.
However, such a large new physics scale would lead to an unacceptably large Higgs mass 3 , unless
a significant level of fine tuning or extra new physics is introduced in the theory. Indeed, the
absence so far of any indication of new physics that solves the hierarchy problem might suggest
that the Majorana scale could be of the order of the electroweak (EW) scale. In these scenarios,
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Figure 1 – Posterior probabilities contours at 68% and 90% for the effective neutrinoless double beta decay mass
(mββ ) versus the mass degeneracy (left), electron RH neutrino mixing (middle) and muon RH neutrino mixing
(right) versus RH neutrino masses, for IH. The present constraints (shaded region) and future sensitivities from
DUNE, FCC-ee and SHiP are also shown in the middle and right panels.

the light neutrino masses could also be explained, not only with the suppression of a new physics
scale, but also with a symmetry argument (lepton number) in a technically natural way, as in
the inverse and direct seesaw models 4 , which are particular realizations of the Lagrangian given
in Eq. (1).
From a more phenomenological point of view, any value of the Majorana scale above the
O(eV) is compatible with the accommodation of the light neutrino masses and mixing measured
in neutrino oscillations experiments 5 . Only cosmological observations provide a general bound on
this scale which strongly constrains the region below 100 MeV 6 . The region around the EW scale
is an extremely interesting phenomenological window since the heavy Majorana neutrino states
can be searched for in meson decay peak searches, neutrinoless double beta decay experiments,
fixed-target experiments and colliders.
2

Testable Leptogenesis

Here we will study the simplest version of the low scale type-I seesaw, including just two RH
neutrinos with masses at the EW scale, which is indeed the most minimal model that can account
for neutrino masses.a In particular, we will address the possibility of generating the baryon
asymmetry through low scale leptogenesis and its testability in the context of this minimal
model. In the most popular leptogenesis realizations, which occur via the freeze-out of heavy
RH neutrino states that decay violating CP and lepton number, the baryon asymmetry can be
successfully explained for scales at least above the TeV. However, in the low scale seesaw model
considered here, the RH neutrino masses are slightly below the EW scale and the asymmetry can
be generated via RH neutrino oscillations 7 . In this freeze-in scenario the key point is that the
RH neutrino scale is low enough to allow some of the RH neutrino states to be out of equilibrium
before the sphalerons switched off. This place the extra states to be at the O(1 − 100 GeV) scale.
In 8 , it was assumed that this mechanism generates all the observed matter-antimatter asymmetry, performing a bayesian analysis of the minimal model with two RH neutrinos. The preferred regions with 68% and 90% posterior probabilities for an inverted light neutrino ordering
(IH) are shown in Fig. 1. All the details regarding the derivation of the Boltzmann equations and the numerical analysis can be found in 8 . The blue regions correspond to the less
fine tuned scenario in which flat priors in all the parameters of the model were considered, in
particular in log10 (M1 /GeV) and log10 (M2 /GeV), while in the red regions we considered the
same priors except for the RH neutrino masses where instead of log10 (M2 /GeV) a flat prior in
log10 (|M2 − M1 |/GeV) was considered. In Fig. 1, it can be observed that the less fine tuned
regions of the parameter space in which the Baryon asymmetry is successfully generated (blue
region) are associated to four remarkable features:
a
In the sense that it involves the minimum number of extra degrees of freedom required to successfully fit
neutrino oscillation data.
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1. M1,2 ∼ O(1 GeV),
2. Large RH neutrino mixings at the reach of future experiments as SHiP 9 ,
3. Mild RH neutrino mass degeneracies at the level of ∆M12 /M1 ∼ O(10−1 − 10−2 ),
4. Large contribution from RH neutrinos to the neutrinoless double beta decay rate, comparable to the standard light neutrino contribution or even larger.
These results point to the future experimental testability of this mechanism of Baryogenesis. It
is important to remark that the fact that SHiP is sensitive to part of the parameter space does
not mean that the mechanism can be fully tested. The reason is that the Baryon asymmetry
essentially depends on all the free parameters of the model and SHiP is sensitive only to part of
them.
In our analysis we have used the Casas-Ibarra parameterization 10 which takes into account
the constraints from the light neutrino mass and mixing generation. In particular, the RH
neutrino mixing with the light active neutrinos can be expressed as
√
Uαh = iUPMNS ml PN O R† (z)M −1/2 ,
(3)
where PNO is a 3 × 2 matrix that depends on the light neutrino ordering (NH, IH)
PN H =

0
I

!

, PIH =

I
0

!

,

(4)

with 0 = (0, 0) and I the 2 × 2 identity matrix. The two heavy masses in M = Diag(M1 , M2 )
are unknown parameters while ml is the diagonal matrix of the light neutrino masses whose
entries are fixed by the atmospheric and solar squared mass differences (the lightest neutrino
mass is zero in this minimal model). Since the mixing angles of UPMNS are essentially fixed by
neutrino oscillation data, UPMNS contains only two free parameters: the Dirac CP phase δ and
the Majorana CP phase φ1 . R is a complex orthogonal 2 × 2 matrix which depends on one
complex angle z = θ + iγ.
The R entries can be significantly larger than one which leads to RH mixings much larger
than the naive seesaw scaling |Uαh |2 ∼ ml /Mh , as it is the case in the blue regions of Fig. 1.
In 8 , it was shown that in these regions of the parameter space, the mixing |Uα4(5) |M1(2) only
depends on the parameter γ and the two CP phases δ and φ1 . In such a testable scenario, the
θ parameter becomes a global phase of Uα4(5) , which means that only experiments sensitive to
interference effects can be sensitive to this parameter. This is of key importance since beam
dump experiments as SHiP have thus sensitivity to Mi , γ, δ and φ1 , while future neutrino oscillation experiments as DUNE or T2HK may be able to determine only δ. Having experimental
information regarding θ is essential since a value of θ which leads to a vanishing Baryon asymmetry can always be found. Fortunately, future neutrinoless double beta decay experiments can
be sensitive to an interference effect between the light active and RH neutrino contributions
providing a remarkable sensitivity to θ.
This is illustrated in Fig. 2, where a putative measurement at SHiP (red region) associated
to the parameters of the model denoted by the star in Fig. 1 is assumed showing the correlation
between the corresponding effective neutrinoless double beta decay mass mββ (which includes the
contribution of both light and heavy states) and Baryon asymmetry YB generated in the model.
In the blue regions we include also a putative measurement of δ from future neutrino oscillation
experiments. Taking into account that future neutrinoless double beta decay experiments are
expected to be sensitive to effective neutrino masses at the level of 10−2 eV, Fig. 2 opens two
possible future scenarios for the case under consideration: i) if no neutrinoless double beta decay
signal is observed, accommodating the observed baryon asymmetry in the minimal model would
be experimentally disfavored; (ii) if a signal is instead found, the baryon asymmetry generated
could be predicted up to a sign, being compatible with the observed value.
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Figure 2 – Posterior probabilities in the |mββ | vs YB plane from a putative measurement at SHiP (red), assuming
0.1%, 1% uncertainty on the measurement of the RH neutrino masses and mixing respectively, and the additional
putative measurement of δ in T2HK or DUNE (blue).

FigureP
3 – Ternary diagram for the normalized RH neutrino mixings with the active neutrinos, |Uαh |2 /Ū 2 with
Ū 2 =
|Uαh |2 , (in the large mixing regime) for NH (red) and IH (blue). The known oscillation parameters
α
have been fixed to their best fit values and the CP phases varied from [0, 2π].

3

Flavor structure and leptonic CP violation

The model also presents a very constrained RH neutrino mixing flavor structure as shown in
Fig. 3 11 for the testable case in which the mixing is larger than the naive seesaw scaling. The
relevance of the measurement of the flavor ratios was stressed in 8,12,11 . A measurement outside
the color regions in Fig. 3 would clearly exclude the minimal model as the responsible for the
neutrino mass generation, while the opposite would be a strong indication of the connection
between the heavy states and the light neutrino masses. Moreover, a perturbative expansion
shows that the flavor ratios of the heavy mixings with active neutrinos does not depend on the
complex Casas-Ibarra angle, γ, θ, nor on the heavy masses, and only depends on the the mixing
angles and CP phases of the PMNS matrix 8 . This opens a new window for the experimental
determination of the PMNS CP phases in future facilities able to produce and search for RH
heavy neutrinos. This possibility was studied in 12 where the potential of SHiP and FCC-ee 13
for the discovery of CP violation in the lepton sector was studied. In order to quantify the
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Figure 4 – CP fractions for a 5σ exclusion of the leptonic CP conserving hypothesis for the two neutrino orderings
and the two experiments SHiP and FCC-ee, as a function of M1 for γ = 4 (left) and γ (shown in units of M1 Ū 2 )
for M1 = 30 GeV in FCC-ee and M1 = 1 GeV in SHiP.

CP violation discovery potential of SHiP and FCC-ee, in Fig. 4 the corresponding CP fractions,
RCP , are shown. RCP is defined as the fraction of the area of the CP phase square, φ1 , δ ∈ [0, 2π]
where a CP violating value of the CP phases can be determined at 5σ. This is often done for
δ in order to evaluate the CP discovery potential of future neutrino oscillation experiments.
RCP is shown as a function of M1 (left panel) and γ (right panel). The details of the statistical
analysis and simulations are given in 12 . The analysis was performed in the general case in which
the constraints from neutrino oscillation experiments are considered but not the ones from the
Baryon asymmetry generation.
Fig. 4 shows that SHiP and FCC-ee have a complementary an excellent sensitivity to
the determination of the CP violating phases of the PMNS matrix within the minimal low
scale seesaw model. More precisely, it shows that, in the mass range O(1 − 100 GeV), the
measurement of the RH heavy neutrino mass and mixing with muons and electrons would result
in a 5σ discovery of CP violation in the lepton sector in a remarkably large part of the RCP
parameter space, above O(4 · 10−10 /4 · 10−9 ) for IH/NH in FCC-ee and O(1/3 · 10−8 ) in SHiP
for IH/NH. It should be remarked that this opens the possibility of measuring the Majorana CP
phase, φ1 , whose determination is not possible in neutrino oscillation experiments and extremely
challenging in neutrinoless double beta decay searches.
4

Summary and Conclusions

In summary, the low scale minimal seesaw model is an extremely predictive realization of the
type-I seeaw. In addition of the generation of the light neutrino masses, the model also provides
a mechanism for the generation of the observed Baryon asymmetry in the universe which could
be tested thanks to the combined information from future neutrinoless double beta decay experiments, neutrino oscillation facilities, as DUNE or T2HK, and beam dump experiments as SHiP.
Furthermore, in the range of sensitivity of future experiments as SHiP or FCC-ee, the flavor
structure of the heavy mixing is very constrained and, interestingly, the corresponding ratios of
mixing with electron, muon and tau neutrinos, are strongly correlated with the PMMNS CP
phases. This opens a new window to the observability of leptonic CP violation which could potentially be measured in a large fraction of the parameter space by SHiP and FCC-ee. Moreover,
the experimental determination of the flavor ratios can be essential in order to establish if EW
scale RH neutrino states are responsible for the origin of neutrino masses. All these predictions
relay to a very large extent on the minimality of the model. The effect of generic higher energy
new physics considering the effective field operator approach was studied in 11 , where the present
bounds on the leading d = 5 effects were derived.
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Search for heavy neutral lepton production in kaon decays
C. J. Parkinson a
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A search for heavy neutral lepton (HNL) production in charged kaon decays using a data
sample collected with a minimum bias trigger by the NA62 experiment at CERN in 2015 is
reported. Upper limits are established on the elements of the extended neutrino mixing matrix
for HNL mass in the range 170 − 448 MeV/c2 . This improves on the results from previous HNL
production searches, setting more stringent limits and extending the mass range.
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1

Introduction

The non-zero masses of the three active neutrinos are now well established, in direct contention
with the construction of the Standard Model (SM). Models beyond the SM that incorporate
masses of the active neutrinos often predict sterile heavy neutral leptons (HNL) that mix with
the active neutrinos. The νMSM, for example, predicts two HNLs with masses at the GeV
scale 1 . Such HNL can be produced in two-body leptonic kaon decays.
The kaon decay K + → `+ N (` = e, µ) proceeds via the mixing of the HNL (N ) and the
active neutrinos. The equivilent SM decays K + → e+ ν (positron mode) and K + → µ+ ν (muon
mode) have branching fractions of ∼ 10−5 and ∼ 64% respectively; the large difference being
due to far stronger helicity suppression of the positron mode 2 . The branching fraction of the
decays involving an HNL is given by B(K + → `+ N ) = B(K + → `+ ν) · ρ(mN ) · |U`4 |2 , where:
B(K + → `+ N ) is the branching fraction of the decay involving an HNL; B(K + → `+ ν) is the
branching fraction of the SM decay; ρ(mN ) is a numerical factor, which depends on the mass of
the HNL (mN ), that encodes kinematic information such as helicity suppression and phase-space
factors; and |U`4 |2 is the element of the extended neutrino mixing matrix ?,4 . The value of ρ(mN ):
is 1 by definition when mN = 0; rises with increasing HNL mass as the HNL acts to reduce the
helicty suppression of the decay, reaching a maximum of ∼ 4 when mN ∼ 250 MeV/c2 ; then falls
quickly to 0 as the kinematic limit mN = mK − m` is approached.
The NA62 experiment is located in the North Area of CERN and uses a decay-in-flight
technique to study the decays of K + particles ? . NA62 has collected data in two distinct running
periods: the first was during 2007, which was dedicated to the measurement of RK 2 ; the second is
from 2015 to 2018, which is dedicated to the measurement of the K + → π + ν̄ν branching fraction.
Alongside the main physics goals, NA62 has a broad programme that includes measurements of
rare and forbidden K + decays as well as exotic processes. This document reports a search for
K + → `+ N decays based on data collected by the NA62 experiment in 2015 ? .
2

The NA62 experiment

The NA62 experiment uses 400 GeV/c protons extracted from the CERN Super Proton Synchrotron (SPS) in spills of 4.8 seconds. The protons impinge upon a Beryllium target, producing
secondary hadrons that are directed through an achromatic system of magnets and collimators.
This creates a beam of positive particles with momenta p = (75±0.75) GeV/c, mostly comprised
of pions (70%) along with protons (24%) and kaons (6%). The nominal instantaneous particle
rate of the secondary beam is 750 MHz.
The secondary beam passes through a differential Cherenkov detector (CEDAR), which is
equipped with eight arrays of photo-multipliers (KTAG) to identify K + in the beam with a
timing resolution of less than 100 ps. Next the beam passes through a beam-tracking system
(GTK), built of three stations of silicon pixel detectors and an achromatic magnet system, to
measure the position and momentum of the beam particles.
The decay region corresponds to the first ∼ 60 m of a 117 m vacuum tank situated immediately after the third GTK station. About 20% of the incident kaons will decay inside the
decay region. At the beginning of the decay region the Charged Anti-counter (CHANTI) is
used to identify events in which a beam particle has interacted with the material in the third
GTK station. The STRAW spectrometer, comprised of two STRAW stations upstream and
two downstream of a large aperature dipole magnet, is located in the final 35 m of the vacuum
tank. The spectrometer measures the momenta of charged kaon decay products with resolution
σp /p = 0.30% ⊕ 0.005% · p, where the momentum p is expressed in GeV/c. Downstream of the
spectrometer is a Ring Imaging Cherenkov (RICH) detector, designed for identification of the
charged kaon decay products. Following the RICH there is the Charged Hodoscope (CHOD),
which measures the time of charged kaon decay products with resolution better than 200 ps.
Following the CHOD there is a liquid Krypton calorimeter (LKr), which records the amount
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of charge deposited in the Krypton by particles incident to the detector. Electrons, muons,
and charged pions can be distinguished from each other based on the ratio E/p, where E is
the energy deposited in the Krypton and p is the momentum of the particle measured by the
spectrometer. The LKr is followed by the MUV, which is comprised of three parts: MUV1/2 are
hadronic calorimeters designed to distinguish pions from muons; while MUV3 is a segmented
layer of plastic scintillator used to identify muons with a timing resolution better than 500 ps.
NA62 incorporates a hermetic photon veto to robustly identify kaon decays that produced
π 0 particles. The photon veto comprises four detector systems: the Large Angle Veto (LAV)
to detect photons produced at large angles; the Small Angle Counter (SAC) to detect photons
produced at low angles; and a combination of the LKr and the Intermediate Ring Calorimeter
(IRC) to detect photons produced at intermediate angles. The LAV is comprised of twelve
stations distributed along the length of the experiment, between 20 and 140 metres from the
start of the decay region, with each station formed of four or five layers of lead glass blocks. The
IRC is a small ring-shaped calorimeter that surrounds part of the beam pipe between the CHOD
and LKr. The SAC is located after charged particles are deflected toward the beam dump, such
that only photons travelling down the beam pipe are incident to the detector.
The present search for HNL production was based on data collected over 5 days in 2015.
The data sample incorporates about 12000 SPS spills taken at ∼ 1% of the nominal NA62 beam
intensity. Events were collected using a minimum-bias trigger scheme using a two-stage trigger
system: the first stage being implemented in hardware while the second stage is implemented
in software C++ program running on a dedicated PC farm. In the low-level trigger events
were collected using signals in CHOD and MUV3: K + → µ+ N events were selected using only
signals in the CHOD, which required downscaling (typically) by a factor of three; K + → e+ N
events were collected with an anti-coincidence of signals in CHOD and MUV3, which did not
require downscaling. The high-level trigger required a kaon signal in the KTAG within ±10 ns
of the low-level trigger signal. No beam tracking was available during 2015 as the GTK was
being commissioned. Instead the value of PK was determined using the average direction and
momentum of the beam, which was measured as a function of time using fully reconstructed
K + → π + π + π − decays in the same data sample.
3

Measurement strategy and results

The squared missing mass in two-body leptonic kaon decays is defined as m2miss = (PK − P` )2 =
m2n , where PK is the kaon 4-momentum, P` is the 4-momenta of the charged lepton, and m2n is the
mass of the neutrino (active or HNL). Both PK and P` are measured at NA62. Decays involving
an HNL can be distinguished from SM decays by the value of m2miss : SM decays will peak at
m2ν = 0 while HNL decays will peak at non-zero values. NA62 seaches for HNL production in
K + decays by identifying peaks above the background level in the m2miss spectrum. The major
advantage of searching for HNL production, rather than for HNL decays, is that limits on |U`4 |2
scale linearly with the number of kaons collected. Ultimately NA62 expects to collect 1013 kaon
decays, which will be the largest kaon sample in the world.
Selection criteria were designed to isolate events that contained exactly one track that is
consistent with a kaon decay in the beam. The track was required to be identified as either a
positron (the positron selection) or muon (the muon selection) using information from the RICH,
the LKr, and the MUV. Backgrounds were further reduced using criteria based on signals in the
CHANTI and the photon vetoes, plus a set of kinematic requirements imposed on the track.
The m2miss distributions of events passing the positron and muon selections are shown in Fig. 1.
The positron selection yielded 1767 candidate K + → e+ ν decays in the SM signal region,
defined as |m2miss | < 0.014 GeV2/c4 . The m2miss resolution was measured to be 4.7×10−3 GeV2/c4 .
The background level in the positive m2miss sideband was reduced to five times lower than the SM
decay, and is dominated by K + → µ+ ν decays in which the muon has decayed into a positron.
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The number of kaon decays in the data sample is computed to be NKe = (3.00 ± 0.11) × 108
based on: the number of candidate K + → e+ ν decays in the SM signal region; the measured
branching fraction of the K + → e+ ν decay; the K + → e+ ν event acceptance, which was
determined from simulation; and the estimated contamination of background events. The HNL
search region is defined as 170 < mN < 448 MeV/c2 , approximately corresponding to 0.03 <
m2miss < 0.20 GeV2/c4 .
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Figure 1 – Squared missing mass distribution for candidate K + → e+ ν (a) and K + → µ+ ν (b) events.

The muon selection yielded 24M candidate K + → µ+ ν decays in the SM signal region,
defined as |m2miss | < 0.020 GeV2/c4 . The m2miss resolution was measured to be 4.9×10−3 GeV2/c4 .
The background level in the positive m2miss sideband was reduced by more than five orders of
magnitude with respect to the SM decay. The number of kaon decays in the data sample NKµ
was computed, in the same way as earlier, to be NKµ = (1.06 ± 0.02) × 108 ; this value is different
to NKe due to the downscaling applied in the low-level trigger and the larger SM signal region.
The HNL search region was defined as 250 < mN < 373 MeV/c2 , approximately corresponding
to 0.06 < m2miss < 0.14 GeV2/c4 . The search region in the muon mode is smaller than that of the
positron: the lower limit is raised due to stringent existing limits from the E949 experiment 6 ;
while the upper limit is lowered due to a rapidly diminishing event acceptance above 373 MeV/c2
caused by the experimental setup.
Since no significant peak above the background level was observed, limits on the number
of decays involving an HNL (n`UL ) were set using the Rolke-Lopez method 7 . The limit was
computed based on the number of events observed (no ), the expected number of events (ne )
and the uncertainty on the expected number of events (σe ). The limit was computed at each
1 MeV/c2 step across the search region. The value of no was obtained by counting events in a
‘search window’ of size 1.5σm , where σm is the resolution on the HNL mass at each given step.
The value of σm at each step was determined from simulation, see Fig. 2(a). The value of ne in
the search window was obtained by fitting the distribution of data events outside of the search
window with an appropriate polynomial. Using this procedure limits were set on n`UL at the
level of 20 − 40 events for the K + → e+ N decay and at the level of 10 − 30 events for the
K + → µ+ N decay, see Fig. 3.
The limits on n`UL were converted into limits on the K + → `+ N branching fraction according
to B(K + → `+ N ) = n`UL /(NK` · A`N (mN )), where A`N (mN ) is the event acceptance of K + → `+ N
decays as a function of the HNL mass, see Fig 2(b). The limits on B(K + → `+ N ) are at the
order of 10−6 for both the electron and muon modes, see Fig. 4(a). The limits on B(K + → `+ N )
were then converted to limits on |U`4 |2 according to |U`4 |2 = B(K + → `+ N )/B(K + → `+ ν) ×
1/ρ(mN ), yielding limits at the level of 10−6 to 10−7 , see Fig. 4(b). Systematic uncertainties on
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the limits are, in relative terms, about 4% for the positron mode and about 2% for the muon
mode. The limits on |Uµ4 |2 are the world’s most stringent limits for 300 < mN < 373 MeV/c2 ,
while the limits on |Ue4 |2 are the world’s most stringent limits for 250 < mN < 373 MeV/c2 .
4

Summary and outlook

NA62 is a kaon physics experiment at CERN, with a broad physics programme that includes
studies of the neutrino sector. A search for HNL production in K + → `+ ν decays was performed
using a data sample collected with a minimum-bias trigger during 2015. Upper limits were set
at 10−6 to 10−7 on the elements of the extended neutrino mixing matrix |Ue4 |2 and |Uµ4 |2 for
HNL mass in the ranges 170 < mN < 448 MeV/c2 and 250 < mN < 373 MeV/c2 respectively.
The NA62 limits are the world’s best limits on HNL production over the whole mass range
considered in the present analysis for |Ue4 |2 , and from 300 < mN < 373 MeV/c2 for |Uµ4 |2 .
NA62 has already collected large data sets during 2016 and 2017, with the collection of
another data set forseen during 2018. The data set over these three years is expected to contain
2.6 × 106 K + → e+ ν decays and order of 109 K + → µ+ ν decays. The GTK, which was fully
commisioned since 2016, should provide a factor of two improvement in the HNL mass resolution,
resulting in in lower background levels and an extended range of accessible HNL masses. Limits
are anticipated at the level of 10−9 on |Ue4 |2 and at the level of 10−8 on |Uµ4 |2 .
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The sensitivity of beam dump experiments to heavy neutrinos depends on the relative size
of their mixings with the lepton flavours in the Standard Model. We study the impact of
present neutrino oscillation data on these mixing angles in the minimal type I seesaw model.
We find that current data significantly constrains the allowed heavy neutrino flavour mixing
patterns. Based on this, we discuss the implications for the sensitivity of the NA62 experiment
to heavy neutrinos when operated in the beam dump mode. We find that NA62 is currently
the most sensitive experiment in the world for heavy neutrino masses between that of the kaon
and the D-mesons. The sensitivity can vary by almost two orders of magnitude if the heavy
neutrinos exclusively couple to the tau flavour, but depends only comparably weakly on the
flavour mixing pattern within the parameter range preferred by light neutrino oscillation data.

1

Introduction

1.1

Motivation

All elementary fermions in the Standard Model (SM) of particle physics with the exception
of neutrinos are known to exist with both chiralities, left handed and right handed. If right
handed neutrinos exist, they could possibly explain several open puzzles in particle physics and
cosmology, cf. e.g. 2 for an overview. Most importantly, they can explain the light neutrino
flavour oscillations via the type I seesaw mechanism 3 . A key prediction of this mechanism is
the existence of heavy neutral leptons (HNL) Ni with masses Mi and weak interactions with
the SM flavours a = e, µ, τ that are suppressed by small mixing angles θai . Further motivation
comes from cosmology. The interactions of right handed neutrinos generally violate CP and can
potentially generate a matter-antimatter asymmetry in the primordial plasma, which can be
converted into a net baryon number by weak sphalerons 4 . This process known as leptogenesis 5
provides a possible explanation for the baryon asymmetry of the universe (BAU), which is
believed to be the origin of baryonic matter in the present day universe (cf. e.g. 6 for a discussion).
It can either occur during the freeze-out and decay of the νR 5 (“freeze-out scenario”) or during
their production 7,8,9 (“freeze-in scenario”). The freeze-in scenario is e.g. realised in the Neutrino
Minimal Standard Model (νMSM) 8 . It is particularly interesting from a phenomenological
a
b

Contribution based on Ref. 1 .
Speaker
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viewpoint because it is feasible for masses Mi as low as 10 MeV 10 , which are well within reach of
present day experiments 11 . The NA62 experiment 12 can probe part of this mass range.
1.2

The seesaw model

The most general renormalisable Lagrangian that can be constructed from SM fields and n
flavours of right handed neutrinos νRi reads

1 c
†
c
∗
/ Ri −
L = LSM + iνRi ∂ν
ν (MM )ij νRj + νRi (MM
)ij νRj
− Fai `La εφνRi − Fai
νRi φ† ε† `La . (1)
2 Ri
Here ε is the antisymmetric SU(2) tensor and we have suppressed SU(2) indices. MM is a
Majorana mass matrix for the right handed neutrinos, and the Fai are Yukawa couplings between
the νRi and the SM leptons `a .c After electroweak symmetry breaking the Higgs field obtains an
expectation value v = 174 GeV, which generates the Dirac mass term νL mD νR with mD = vF
from the term F `L εφνR . The three light and n heavy mass eigenstates after electroweak symmetry
breaking can be expressed in terms of the Majorana spinors
c
νi = Vν† νL − Uν† θνR
+ VνT νLc − UνT θ∗ νR

h

i
i

,

c
Ni = VN† νR + ΘT νLc + VNT νR
+ Θ† νL

h

i
i

,

(2)

respectively. Here Vν = (1− 12 θθ† )Uν , where Uν is the matrix which diagonalises the light neutrino
mass matrix
−1 T
mν = −mD MM
mD = −θMM θT

−1
−1
with θ = mD MM
= vF MM
,

(3)

as Uν† mν Uν∗ = diag(m1 , m2 , m3 ), while VN = (1 − 12 θT θ∗ )UN , where UN is the equivalent
matrix that diagonalises the heavy neutrino mass matrix MN = M + 12 (θ† θM + M T θT θ∗ ) as
T M U = diag(M , M , . . . , M ) after electroweak symmetry breaking. The matrix Θ = U ∗ θ
UN
1
2
n
N N
N
mixes the “active” and “sterile” neutrinos νL and νR , leading to a θ-suppressed weak interaction
of the heavy mass eigenstates Ni ,
g
g
g Mi
L ⊃ − √ N i Θ†iα γ µ eLa Wµ+ −
Ni Θ†ia γ µ νLa Zµ − √
Θai hνLa Ni + h.c. .
(4)
2 cos θW
2
2 mW
The first two terms are the couplings of the Ni to the weak currents, and the last term is the
Yukawa coupling to the physical Higgs field h in the unitary gauge, for which we have used
the relation mW = 12 vg involving the weak gauge coupling constant g. This Yukawa term is
not relevant for NA62 because the event rate for processes mediated by virtual Higgs bosons at
NA62 is suppressed by the small Yukawa couplings of the first generation fermions involved in
the kinematically accessible final states. Due to the interactions (4) the Ni can appear in all
processes that involve ordinary neutrinos if this is kinematically allowed, but with amplitudes
suppressed by the angles Θai . It is convenient to express event rates in terms of the quantities
2
Uai
= |Θai |2 ,

Ua2 =

X

Ui2 =

2
Uai
,

X
a

i

2
Uai
,

U2 =

X

Ui2

(5)

i

2 13
because the HNL production and decay rates
q are proportional to combinations of the Uai . The
2
−10
2
2
seesaw relation (3) suggests that Ui ∼ ∆matm + mlightest /Mi < 10
GeV/Mi , which would
clearly imply unobservably small branching ratios in experiments. If, however, the Lagrangian (1)
approximately respects the B − L symmetry of the SM 14 , then much larger U 2 are possible
because the symmetry leads to systematic cancellations in mν m†ν , and the light neutrino masses
must be proportional to small parameters that measure the amount of B − L violation. This
implies that heavy neutrinos with mixings Ui2 that are much larger than the above estimate must
be of the pseudo-Dirac type, i.e., must be organised as in pairs Ni and Nj with Mi ' Mj and
2 ' U 2 ' U 2 /2.
Yia ' iYja , so that Uai
a
aj
c
Throughout this document we use four component spinor notation. The chiral spinors νR and `L have only
two non-zero components (PR νR = νR and PL `L = `L ). As a result, no explicit chiral projectors are required in
the weak interaction term (4).
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1.3

The NA62 experiment

The NA62 experiment 12 is a fixed target experiment located at CERN’s SPS beam. With a
nominal beam intensity of 3 × 1012 protons per pulse and pulses of 4.8 s it can collect up to
3 × 1018 protons on target (POT) per year. NA62 can be operated in two different modes, the
kaon mode or target mode on one hand and the dump mode on the other. The mode of operation
can be changed in 15 min.
Kaon mode. The primary goal of the NA62 experiment for which it is currently taking data is
to measure the branching ratio (BR) of the K + → π + νν decay with a precision of at least 10 %.
In order to achieve this goal the experiment needs to collect about 1013 kaon decays in its normal
operation mode, the kaon mode. In this mode the primary 400 GeV proton beam impinges on
a 400 mm long cylindrical beryllium target with a diameter of 2 mm, producing a secondary
positively charged hadron beam with a momentum of 75 GeV. The secondary beam reaches
the 120 m long evacuated decay volume which has a diameter of 2 m about 100 m downstream
of the target. The kaons, which make up about 6 % of the hadron beam, are identified and
timestamped by a N2 filled Cherenkov counter located along the beam line. Charged particles
from kaon decays inside the decay volume are detected by a ring-imaging Cherenkov (RICH)
counter filled with Neon which separates π, µ and e for momenta up to 40 GeV. Their time of
flight is measured both by the RICH and by the scintillator hodoscopes placed downstream
of the RICH. The forward region is covered by an electromagnetic calorimeter. The hadronic
calorimeter provides further separation between π and µ based on hadronic energy, while a fast
scintillator array identifies muons with sub-nanosecond time resolution. In this mode, NA62 can
search for Ni with masses below the kaon mass by looking for a peak in the spectrum of charged
leptons produced along with the Ni 15 .
Dump mode. In the dump mode, the target is pulled up and the primary proton beam is send
directly onto the Cu-Fe based collimators, which act as a hadron stopper (or dump) located 20 m
downstream of the target. The various hadrons produced in the collision with the dump can
decay into HNLs in the detector volume with branching ratios determined in 13 . Those HNLs
travel downstream into the detector volume, where they can further decay into SM particles.
The signal signature is therefore a vertex of two (or more) tracks appearing in the middle of the
fiducial volume and nothing else. In the present work 1 we estimate the sensitivity of NA62 to
HNLs decaying into at least two-track final states. As a basis for our computations we use a
dataset of 1018 POT, which will be collected during Run 3 (2021–2023). From those, roughly
2 × 1015 D-mesons and ∼ 1011 b-hadrons are produced. The sensitivity to HNLs crucially depends
on their “flavour mixing pattern”, i.e. the relative size of their couplings to the individual SM
2 /U 2 .
flavours, which can be characterised by the ratios Uai
i
2

HNL flavour mixing pattern

2 /U 2 depend on the light neutrino oscillation parameters in U 16 . We consider the
The ratios Uai
ν
i
cases n = 2 and n = 3, which correspond to the minimal number of νRi needed to explain the two
observed light neutrino mass differences and a scenario in which n equals the number of fermion
generations in the SM, respectively. In the minimal model with n = 2 statistically significant
2 /U 2 can be derived from present light neutrino oscillation
posterior probabilities for the ratios Uai
i
data 17 , cf. Fig. 1. Details of the analysis are given in Ref. 1 . The choice n = 2 effectively also
describes the νMSM because the constraints on the mass and mixings of the third HNL from the
requirement that it is a viable Dark Matter candidate (cf. 18 ) imply that it can practically be
neglected in the present context. The scenarios A)–D) in table 1 are motivated by the allowed
regions in Fig. 1.
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Figure 1 – The different shades indicate the 1σ (darkest), 2σ and 3σ (lightest) probability contours for the ratios
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Table 1: Benchmark scenarios used in this analysis.

Ratio

Percent of Ui2

2 : U2 : U2
Uei
µi
τi

A)
B)
C)
D)
E)
F)

1
1
1
1
0
0

: 160 : 27.8
: 1.71 : 5.62
: 10.5 : 15.9
: 0 : 0
: 1 : 0
: 0 : 1

2
Uei

2
Uµi

Uτ2i

0.530
12.0
3.65
100
0
0

84.7
20.5
38.3
0
100
0

14.7
67.5
58.0
0
0
100

2 /U 2 can be made consistent with light neutrino
For n = 3 in principle all values of Uai
i
oscillation data. However, for a hierarchical spectrum of light neutrino masses values outside the
allowed regions in Fig. 1 can only be achieved with tuning in the model parameters. Hence, the
mass of the lightest neutrino, which is expected to be measured from cosmological data in the
2 /U 2 .
foreseeable future, determines how precisely one can predict the allowed range of the Uai
i

3

NA62 sensitivity

2 (a = e, µ, τ ) in different scenarios in Ref. 1
The computation of the NA62 sensitivity for Uia
was performed using a toy Monte Carlo in which all the kinematics of the Ni production and
decay processes have been implemented. The geometrical acceptance for the decay products has
been evaluated using the geometry of the experiment as described in Ref. 12 , but we assume the
background to be fully negligible. A detailed discussion of the background in NA62 in the beam
dump mode can be found in Ref. 19 . In the sensitivity computation we assumed 1018 POT. The cand b-hadrons can originate from primary protons or from all secondary products of the hadronic
shower in the dump (in particular protons, neutrons, and pions). We studied the composition
of the shower and the kinematics of the produced c- and b-hadrons by simulating the 400 GeV
proton beam on a thick (∼ 11λI ) high-Z target with Pythia 6.4 20 . Given the ratio ∼ 104
between c- and b-hadron decays, the Ni production via charm decays is the dominant process up
to the D-meson masses. The contribution from b-hadrons decays at the NA62 intensity is almost
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negligible. The Ni decay to SM particles via the same θ-suppressed weak interactions that are
responsible for their production. The main decay channels of Ni in the mass range below the
D-mesons are
Ni → 3ν, π 0 ν, π ± `∓ , ρ0 ν, ρ± l, `+ `− ν
(6)
where ` = e, µ, τ . The NA62 detector is able to reconstruct all the final states with two charged
tracks. The number of events reconstructed in the NA62 detector is given by
Nobs =

X

nN,I

I=production modes

X

BR Ni → f + f 0− X Ai f + f 0− X, Mi , Ue,2 µ, τ ε f + f 0− X, Mi






 



, (7)

f, f 0 =e, µ, τ, π, K

where nN,I is the number of Ni produced in the a given production process I. AI (f + f 0− X, Mi ,
Ue,2 µ, τ ) is the geometrical acceptance for a Ni of a given mass Mi and coupling Ue,2 µ, τ that is
produced in that process I and decays into a final state with two charged tracks (f + f 0− ) and
other decay products X (e.g. photons and neutrinos). The expected sensitivity for the scenarios
A)–F) defined in table 1 is shown in Fig. 2.
10−2

10−2

10−3

10−3

DELPHI
long lived

10−4

10−4

DELPHI
short lived

10−6
10−7
10

−8

10−5

Ue2 : Uµ2 : Uτ2
1 : 160 : 27.8
1 : 1.71 : 5.62
1 : 10.5 : 15.9
1:0:0
0:1:0
0:0:1

10−9

Ue2

Ui2

10−5

E949

10

−7

CHARM
Pion

NA62

10−8
10−9 −2
10

100

10−1

PS191
10−1

Mi [GeV]

CHARM

10−5

Uµ2

102

Kaon

10−3

DELPHI
short lived
LHCb CMS
13 TeV

10−4

CHARM

10−5

Uτ2

10−4

NuTeV

10−6

DELPHI
short lived
DELPHI
long lived

NA62

10−7

10−7

10−9

101

Mi [GeV]
DELPHI
long lived

10−3

10−8

100

Ue2 : Uµ2 : Uτ2
1:0:0

10−2

10−2

10−6

CMS
13 TeV

Kaon

10−6

NA62
E949
10−1

PS191
100

Ue2 : Uµ2 : Uτ2
0:1:0

101

Ue2 : Uµ2 : Uτ2
0:0:1

10−8
10−9

102

10−1

100

101

Mi [GeV]

Mi [GeV]

Figure 2 – Upper left panel: Sensitivity of the NA62 experiment in the scenarios A)–F) in table 1. The region above
the curves marks the expected exclusion regions for 2.3 events for each scenario. Remaining panels: Comparison
of the NA62 sensitivity to the published exclusion regions from past experiments (shaded areas) for Ue2 (upper
right), Uµ2 (lower left) and Uτ2 (lower right). The regions covered by past experiments have been obtained from
Refs. 21 (CMS), 22 (DELPHI), 23 (LHCb 24 ), 25 (CHARM 26 , CHARM II 27 , NuTeV 28 and combined kaon and pion
decay bounds), E949 29 and 30 (PS191 31 ). We only show the strongest constraints, a more complete discussion of
existing bounds can e.g. be found in Ref. 32 .

307

4

Discussion and conclusions

Our results show that NA62, when operated in the dump mode, is currently the world’s most
sensitive experiment for HNLs with masses between the kaon and D-meson mass, cf. Fig. 2.
The sensitivity to the HNL coupling to τ exceeds that of past experiments by several orders of
magnitude, while the expected improvement for e and µ is expected to be roughly half an order
of magnitude. NA62 is likely to remain as the world’s most powerful tool to search for HNLs in
this mass range until one of the dedicated experiments that have been proposed (e.g. SHiP 33 ,
MATHUSLA 34 , FASER 35 , CODEX-b 36 ) is built.
The NA62 sensitivity in principle depends on the HNL’s “flavour mixing pattern”, i.e., the
relative size of their coupling to individual SM flavours. It primarily depends on the ratio
2 + U 2 ); for M above the dimuon threshold it is practically independent of the ratio
Uτ2i /(Uei
i
µi
2
2
Uei /Uµi . In the minimal model with n = 2 heavy neutrinos, which effectively also describes the
2 + U 2 ) are ruled out by neutrino oscillation data, cf. Fig. 1, so
νMSM, large values of Uτ2i /(Uei
µi
that the sensitivity is almost independent of the flavour mixing pattern.
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Heavy Neutral Leptons and displaced vertices at LHC a
Xabier Marcano
Laboratoire de Physique Théorique, CNRS,
Univ. Paris-Sud, Université Paris-Saclay, 91405 Orsay, France
Heavy neutral leptons are present in many well-motivated beyond the Standard Model theories, sometimes being accessible at present colliders. Depending on their masses and couplings
they could be long-lived and lead to events with displaced vertices, and thus to promising signatures due to low Standard Model background. We revisit the potential of the LHC to
discover this kind of new particles via searches for displaced vertices, which can probe masses
of few GeV for mixings currently allowed by experimental constraints. We also discuss the
importance of considering all the possible production channels, including the production in
association with light neutrinos, in order to fully explore this region of the parameter space.

1

Introduction

Beyond the Standard Model (BSM) theories have the difficult challenge of solving the problems
that the Standard Model (SM) cannot explain. Many well-motivated BSM theories, such as
the type-I seesaw model or its variants, introduce heavy neutral leptons (HNL) to the particle
spectrum in order to solve open problems as the origin of neutrino masses, to provide a dark
matter candidate or to generate the observed amount of baryon asymmetry via leptogenesis.
Nevertheless, there is not a clear theoretical input for the mass scales of these new particles.
Actually, in the case of models with more than one HNL, each of them introduces, in principle, a
new mass scale. Consequently, one needs to explore the full mass range, both with cosmological
observations and in the lab, and study the different phenomenology associated to each mass
regime 1,2 . For instance, if they are very light, they could affect neutrino oscillations, as suggested
by some neutrino oscillation anomalies. In contrast, if they are very heavy, experiments at the
high intensity frontier could probe their low-energy imprints, such as lepton flavor violating
processes.
The HNL could also be directly produced in different experiments, depending again on their
masses. If they are light enough, they could be produced in nuclear β decays or in meson decays,
which could lead to experimental signatures as monochromatic lines or kinks in the associated
electron or muon spectrums. For heavier masses, they could be produced at higher energy
colliders as the LHC, able to probe masses in the range from few GeV up to the TeV scale.
It is interesting to have a closer look to this lower LHC mass regime of few GeV since, given
current experimental constraints, it corresponds to the region of parameter space where the
HNL could be long-lived and travel a macroscopical distance before decaying inside the LHC
detectors. In such situations, the HNL could not be seen in generic prompt decay searches, and
dedicated analyses looking for displaced vertices (DV) are needed. Moreover, this kind of DV
signatures are mainly SM background free, meaning that the observation of few events would
be enough for a discovery.
a
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In the last years, several studies have pushed for this kind of dedicated LHC searches for
HNL with charged leptons3,4,5 , from Higgs decays6 , at the LHCb7 or at future LHC detectors
proposed for searching for long-lived particles8,9 . Our aim10 is to join these efforts by revisiting
HNL searches via DV signatures at the LHC. We explore the different neutrino production
mechanisms, considering not only W mediated channels, but also the ones via Z or H bosons,
and compare among the discovery potentials for each of them. As we will see, the conclusion
depends on the flavor structure of the HNL, implying that all these channels are complementary
and necessary to probe the whole parameter space (masses of the HNL and their mixings to the
SM active neutrinos).
2

The 3+1 model

As already mentioned, there are many BSM theories that add HNL to the SM particle content.
Depending on the kind of open problem they want to address, they introduce a different number
of HNL or a particular mixing pattern to the SM neutrinos. In order to be as generic as possible,
in this work we follow a bottom-up approach rather than choosing a specific model.
We consider the SM with three massive light neutrinos as required by oscillation phenomena,
and add one sterile neutrino to its spectrum. We do not impose that the new sterile state is the
responsible of generating light neutrino masses, which would be model dependent, we assume
instead that its mass mN and mixings with the light neutrinos, V`N with ` = e, µ, τ , are free
independent parameters.
The only condition we impose is that the full 4 × 4 lepton mixing matrix in this 3 + 1 model,




Uν3+1 = 


ŨPMNS



VN e VN µ VN τ

VeN



VµN
Vτ N
VN N



,



(1)

is unitary. Here the 3 × 3 ŨPMNS matrix is similar to the usual PMNS matrix up to small
non-unitarity corrections due to the presence of light-sterile V`N mixings. These three mixings
define the interaction strength of the HNL via charged currents, as well as the neutral currents
to both Z and H bosons. Therefore, they will be, together with the mN mass, the relevant
parameters for our study.
3

HNL production and decay at the LHC

In order to have DV signatures from the HNL, its decay length needs to be of the same order of
the size of the detector. In the case of detectors such as ATLAS or CMS, DV could be seen for
displacements between roughly 1 mm and 1 m from the interaction point.
When the HNL is very massive, mN > mW , it tends to decay very fast and, thus, we need to
search for prompt decayed signatures. On the other hand, if it is lighter, its decay happens mainly
via off-shell W or Z bosons, leading to three-body leptonic channels or two-body semileptonic
channels 1,2 .
We show in Fig. 1 (left) how the total neutrino width ΓN depends on the HNL mass mN .
This figure is done for a normalized situation of |VeN | = |VµN | = |Vτ N | = 1, although we have
checked that the general behavior could be approximated as
ΓN ∝ G2F m5N

X
`=e,µ,τ

|V`N |2 ,

(2)

up to corrections due to threshold effects. This total width translates to a decay length τN c
as shown in Fig. 1 (right), again for degenerate |VeN | = |VµN | = |Vτ N | ≡ |V`N | mixings. Black
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Figure 1 – Left: HNL total decay width ΓN as a function of its mass mN for |VeN | = |VµN | = |Vτ N | ≡ |V`N | = 1.
Right: contour lines for HNL decay length τN c. Shadowed areas are excluded by different experiments.

lines in this figure show contours for τN c = 103 , 1, 10−3 and 10−6 m, while shadowed areas
are experimentally excluded2 . Interestingly, we see that the region with decay lengths relevant
for DV searches at the LHC, τN c ∈ [1mm, 1m], lies in the few GeV region, where present
experimental constraints on the mixings are weaker. In this region strong bounds come from
DELPHI11 , precisely by looking for DV signatures from Z → νN decays.
HNL with masses of few GeV are mainly produced in W , Z and H decays. We display the
branching ratio of each channel in Fig. 2 (left), from where we see that their behaviors with mN
are different.
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Figure 2 – Left: Branching ratios for W → `N , Z → νN and H → νN , where ν stands for the sum over the
three light neutrinos. Right: HNL production at LHC in association with a charged lepton, light neutrinos. We
also show the production with an additional jet or photon.

For the HNL masses of our interest, the decay of the W and Z gauge bosons are almost
independent on mN , since these decays can be well approximated as W → `ν or Z → νν
decays, followed by a ν-N mixing. The case of the Higgs boson is clearly different and it can
be understood as the chirality flip needed for the H → νN decay, which in this case is provided
by the heaviest neutrino mass mN . Notice that the longitudinal components of the W and Z
bosons also share this latter behavior, however their contribution to the BR is subleading due
to the mN /mW suppression. All these features can be summarized as,
BR(W ± → `± N ) ∝ |V`N |2 , BR(Z → νN ) ∝

X
`

|V`N |2 , BR(H → νN ) ∝

m2N X
|V`N |2 , (3)
m2W `

where we have summed over the three light neutrinos, as one cannot distinguish them. From
these expressions we see that the HNL produced from W decays, experimentally appealing due
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to the associated charged lepton, has a BR that depends on each particular V`N mixing and
therefore the sensitivity to these channels will be flavor dependent. On the other hand, the
production from Z and H decays depend on the sum of all the mixings and, consequently,
they are flavor independent. We will refer to these latter production channels as flavor blind
production. Notice that this combination of mixings is the same entering in the HNL total
width, see Eq. (2), one of the most relevant parameters when studying DV signatures.
The LHC could help exploring this region of parameter space due to the huge amount of
produced W , Z and H bosons. We show in Fig. 2 (right) the number of HNL produced at
√
L = 300 fb−1 of pp collisions at s = 13 TeV. We have used MadGraph5 aMC@NLO12 to generate
the pp → `N and pp → νN processes and we have checked that they are indeed dominated
by the production and decay of on-shell W and Z bosons, respectively. For the values of mN
in which we will be interested in, we find that the production from H decays is subdominant,
although it may become relevant for heavier HNL. In this right panel we have chosen the same
scenario as in the left one, and we can see that the production at pp collisions follows the same
pattern as the boson decays. This means again that the relative importance of each W channel
depends on the relative size of each mixing, while the Z channel is flavor blind and depends
directly on the mass and total width of the HNL. As shown in this particular example, the flavor
blind production could be of particular interest when the mixing to τ leptons is larger than those
to electrons or muons, as the τ signatures are more difficult to handle in an hadronic collider.
In Fig. 2 we show as well the events corresponding to the also flavor blind production
channelsb pp → νN j and pp → νN γ. These channels could be useful for the flavor blind
production, as the initial state radiated jet or photon could be used as trigger for the interaction
point in the Z channel. We see from this figure that, despite they have lower cross-sections,
they could be comparable to some charged channels if the HNL mixing to that flavor is small.
4

Displaced Vertices at LHC from HNL decays

We have seen that HNL with masses of few GeV and mixings allowed by present experimental
constraints have decay lengths of the size of LHC detectors. We have also learnt that at this
mass scale the main production mechanism is from W/Z/H boson decays, which are copiously
produced at the LHC. Combining both, we can derive information on the LHC potential to
probe this region of parameters space via DV searches.
In Fig. 3 we show the number of DV events for L = 300 fb−1 coming from a HNL produced
in the two kind of channels discussed above, i.e, pp → `N and pp → νN . We obtain the HNL
total width by computing the main decay channels2 and we implement it in MadGraph5 aMC@NLO
to generate the DV topology. Thus, Fig. 3 corresponds to the total number of produced HNL
that would decay to any channel at a second vertex separated from the interaction point. More
precisely, we consider it as a DV if the displacement in the transverse plane is between 1 mm
and 1 m from the primary vertex.
In the left panel we consider the HNL production in association with an electron or a positron.
This channel is very interesting since the charged lepton, if detected, could be used as a trigger
for the primary vertex. We see that many events of this type could be produced for L = 300 fb−1 ,
implying that the LHC could explore this mass range beyond present constraints, corresponding
to the shadowed green area in these plots. Indeed, this production mechanism has been explored
before3,4 with the conclusion that the LHC could probe mixings up to |V`N | ∼ 10−7 , with ` = e, µ,
after collecting L = 300 fb−1 of data.
Nevertheless, it is important to notice that these works assumed that the HNL mixes only to
one flavor, which is not the general situation in most of the BSM models. In order to show the
effect of deviating from this simplified hypothesis, we show in both panels of Fig. 3 the results
for three different benchmark scenarios:
b

We apply for these channels minimum pT cuts of pjT > 20 GeV and pγT > 10 GeV.
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Figure 3 – Left: HNL production in association with a e± , with peT > 10 GeV and |η e | < 2.5, for three scenarios:
only one mixing VeN (black), two mixings |VeN | = |VµN | (blue) and three mixings |VeN | = |VµN | = |Vτ N (red).
Right: HNL production in association with light neutrinos. Here the three scenarios give the same results. In
both panels, solid (dashed) [dot-dashed] lines are contour lines for 100 (1000) [10000] events with DV at the LHC
13 TeV with L = 300 fb−1 . Shadowed green area is excluded by experimental bounds.

1. Black lines: Mixing to one flavor, VeN , with VµN = Vτ N = 0.
2. Blue lines: Mixing to two flavors, |VeN | = |VµN |, with Vτ N = 0.
3. Red lines: Democratic mixing to three flavors |VeN | = |VµN | = |Vτ N |.
From the left panel we learn that the number of events, and therefore the sensitivity, is different in
the three explored scenarios, the most optimistic numbers being those of the simplified scenario
with only one non-zero mixing. The differences come from the fact that the total width, defining
the area where DV may occur, depends on the sum of all mixings, as already explained in Eq. (2),
while the production rate of pp → eN is only sensitive to |VeN |. Therefore, when considering
mixings also to other flavors, the relative importance of |VeN | decreases and so does the sensitivity
via the pp → eN channel. Similar conclusions apply to searches for other charged leptons.
We have performed the same exercise for the pp → νN production channel and we have
observed that the three considered scenarios lead to the same number of DV events, shown as a
single color in the right panel of Fig. 3. The reason is that in this case, as we explained before,
both the total width and the production rate depend on the same combination |VeN |2 + |VµN |2 +
|Vτ N |2 . Therefore, this flavor blind production mechanism is closely related to DV searches, as
it was already pointed out when exploring HNL via H decays6 . Of course, a flavor dependence
will enter if the HNL decays to charged leptons, nevertheless it will be milder than in the W
production channel, where the flavor dependence enters in both production and decay of the
HNL.
In comparison with the pp → `N channel, the flavor blind production has the disadvantage
of not having anything to trigger on in the primary vertex. A possible improvement to this
situation could be to consider initial state radiation of jets or photons to trigger the primary
vertex where the HNL was produced. As shown in Fig. 2, the cross sections for these processes
are smaller but still comparable to other channels, depending on the mixings. Nevertheless, a
more dedicated study is needed, so we refer to the main paper10 for this discussion.
5

Conclusions

Heavy neutral leptons are introduced by many well-motivated models in order to solve open
problems in the SM, thus it is mandatory to look for all possible phenomenological consequences
in order to test these theories. We have seen that HNL with masses of few GeV and with mixings
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allowed by present experimental constraints could lead to displaced vertex signals at the LHC,
which are clear signatures due to the low SM backgrounds. We have discussed the different
production mechanisms, emphasizing the impact of the flavor structure of the HNL and the
advantages of considering flavor blind production mechanisms in DV searches. In the end, we
conclude that it is important to look for all possible channels, as they are complementary and
necessary to explore the full parameter space.
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Search for heavy neutral leptons, right-handed neutrinos and long-lived particles
with the CMS detector
Giulia Negro,
on behalf of the CMS Collaboration
CEA/Irfu/DPhP - Saclay, France and University and INFN Torino, Italy
A selection of recent CMS results on heavy neutral leptons, right-handed neutrinos and longlived particles is reported. The search for heavy neutral leptons in the trilepton channel and
in the same-sign dilepton channel, the search of a WR decaying into two leptons and two
jets through a right-handed neutrino, and the searches on stopped long-lived particles and
disappearing tracks are presented.

1

Introduction

Phenomena like the dark matter or the baryon asymmetry of the universe (BAU), not explained
by the standard model (SM), and the fact that the neutrinos should have a mass, even if very
small, due to the observation of neutrino oscillations, suggest the existence of physics beyond the
SM. In particular, the introduction of right-handed (RH) neutrinos, missing in the SM, could give
a solution to these unresolved problems. They are introduced with beyond SM models like the
neutrino Minimal Standard Model (νMSM), which introduces three sterile heavy neutrinos that
interact only with the light active SM neutrinos through their mixing. This model could explain
the origin of the SM neutrino masses through the seesaw mechanism, provide a dark matter
candidate with the first heavy neutrino, N1 (mN1 ∼ 1 keV), and explain the matter-antimatter
asymmetry of the universe with the other two neutrinos, N2 and N3 (1 < mN2 ,N3 < 100 GeV),
massive enough to be searched for at the LHC. Another interesting model used to introduce
the RH neutrinos is the left-right (LR) symmetric model, which introduces an SU (2)R group,
considering SU (3)C × SU (2)L × SU (2)R × U (1), with three additional gauge bosons, WR+,−
and Z 0 , and three heavy RH neutrinos interacting with them. This model could provide an
explanation for the parity violation in weak interactions and for the origin of the SM neutrino
masses via the seesaw mechanism.
2

Heavy Neutral Leptons

Heavy neutrinos can be produced through the decay of a W boson into a lepton and a heavy neutrino, which is the one considered in the analyses reported here because of the low background,
or through the decay of a Z or Higgs boson into a light neutrino and a heavy neutrino. Their
decay can then be into a W boson and a lepton, with the W boson decaying into a pair of quarks
or into a lepton and a light neutrino, which is experimentally the more accessible, or into a Z or
Higgs boson and a light neutrino. Their lifetime can vary from very small values, giving prompt
decays that are the ones explored so far in CMS 1 , to macroscopic distances from the production
vertex, giving displaced decays that are possible for lower couplings at low masses. In Fig. 1

317

0.1

LHCb
Belle

NA3

K →μμπ

PS191

10-11

F
BE MM
BC F
CH
A
NuT RM
eV

E949
DUNE

2

VμN

10-9

I

ν

10-7

S8
LA

AT

EWPD
L3
DELPHI
CMS13trilepton

-I

10-5 K →μ

M

0.001

AR

CH

0.100

S13
CM

SH

iP

FCC-ee
BB
N

1

Seesaw

10

100

1000

MN (GeV)
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Figure 2 – Dilepton-dijet invariant mass distributions for the low-mass (left) and the high-mass (right) signal
region for data, background samples, and two signal hyphotheses in the SS dilepton channel. 6

(left), the existing constraints from different experiments and projections for future experiments
on the mixing angle between a heavy neutral lepton (HNL) and a muon as a function of the
HNL mass are represented. The right top region of the plot, corresponding to the prompt decay
region with HNL masses from the order of GeV to the order of TeV, is the focus of the analyses
reported here, while the left region corresponds to the displaced decays that began to be studied.
From this plot it is evident that the LHC just started to probe the region not excluded by the
EW precision data. The available parameter space is limited theoretically by observations of
BAU, big bang nucleosynthesis and seesaw model, as shown in Fig. 1 (right), but the remaining allowed parameter space can be explored with direct searches at future experiments: fixed
target experiment like SHiP 3 can improve the sensitivity to HNL with masses below 2 GeV by
several orders of magnitude, while electron-positron circular collider like FCC-ee 4 can improve
the sensitivity to the RH neutrinos with masses above 2 GeV.
The HNL analyses reported in Sections 2.1 and 2.2 use the 2016 data at 13 TeV with a luminosity
of 35.9 fb−1 .
2.1

Sterile neutrinos

The HNL analysis of sterile neutrinos in the trilepton channel 5 considers the decay of a W boson
into three leptons and a light neutrino. The main backgrounds, estimated through a data-driven
method, are the non-prompt leptons coming from DY+jets and tt̄, the prompt trileptons coming
from W Z → 3lν and ZZ → 4l, and conversions Xγ (i.e. Zγ ∗ with γ ∗ going into two leptons).
Upper limits at 95% confidence level (CL) are set on mixing parameters between HNL and
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Figure 3 – Observed and expected upper limits at 95% CL on mixing paramter between HNL and electron (left)
or muon (right) as a function of the HNL mass in the SS dilepton channel. The trilepton channel results are
shown by the red dashed line. 6

electrons or muons and vary between 1.5 × 10−5 and 1.8 for HNL masses between 1 GeV and
1.2 TeV, as shown in Fig. 3 by the red dashed line.
The same-sign (SS) dilepton search of HNL 6 considers the decay of a W boson into two SS
leptons and a pair of jets. The main backgrounds are the prompt leptons coming from W Z
and ZZ decays, estimated from simulation, the misidentified leptons coming from DY+jets, tt̄,
and W +jets, estimated through a data-driven method, and the mismeasured charge events from
DY, estimated from simulation. The strategy used in this analysis is to search for an excess of
events in the dilepton-dijet invariant mass distribution, considering two different regions: the
low-mass region for mN < mW and the high-mass region for mN > mW , shown in Fig. 2. No
significant excess is observed in these distributions. Upper limits at 95% CL are set on the
mixing parameters between HNL and electrons or muons, varying between 2.3 × 10−5 and 1 for
HNL masses between 20 GeV and 1600 GeV, as shown in Fig. 3. Comparing these results with
the ones of the trilepton channel analysis (represented in Fig. 3 by the red dashed line), it can be
noted that the trilepton channel has more stringent limits for low masses of HNL, while the SS
dilepton channel has higher sensitivity at high masses, giving the most restrictive direct limits
for mN > 100 GeV and the first limits for mN > 1.2 TeV.
2.2

Right-handed neutrinos

The search for RH neutrinos 7 looks for a WR boson decaying into two leptons and two jets
following the LR symmetric model without flavour changing. The final states are divided in two
different regions: the electron channel with two electrons and two jets, and the muon channel
with two muons and two jets. To select the events, two leptons at high-pT and two jets at
high-pT with |η| < 2.4 are required. A ∆R > 0.4 requirement is used to ensure the separation
between the final state candidates. For the signal region, a dilepton invariant mass > 200 GeV
and a dilepton-dijet invariant mass (mlljj ) > 600 GeV are also required. The main backgrounds
are the tt̄, estimated through a data-driven method from a control region with one electron and
one muon, and the DY+jets, estimated from simulation and normalized to data in the Z peak
region. Other additional backgrounds are W +jets, diboson, and single top quark production,
estimated from simulation. The limit extraction used in different regions of mlljj looks for an
excess in the dilepton-dijet invariant mass distribution, shown in Fig. 4 a (top). No significant
excess is observed in these distributions. Upper limits at 95% CL are set on WR mass assuming
mNR = 12 mWR and are also estimated in the 2D plane (mNR , mWR ), as shown in Fig. 4 (bottom).
From these results, a WR boson is excluded up to a mass of 4.4 TeV in both channels, improving
the last CMS public results of 2015 of ∼ 1 TeV.
a

Only the results for the electron channel are shown here. The muon channel has similar results.
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Figure 4 – Top: dilepton-dijet invariant mass distributions for data, background samples and one signal hyphothesis in the electron channel. Bottom left: Observed and expected upper limits at 95% CL on cross section as
a function of WR mass in the electron channel. Bottom right: Observed and expected 2D limits on WR cross
section for different WR and NR mass hypotheses in the electron channel. 7

3

Long-lived particles

The long-lived particles (LLPs) are resonances that live long enough to escape the detector or,
if they loose all their kinematic energy via ionization or strong interactions, to decay in it with
a displaced vertex outside the tracker. The LLPs are predicted by many models, such as small
couplings, decay through heavy particle, and small mass splitting. Their signatures are then very
different and unusual, such as stopped particles and disappearing tracks (which are presented in
Sections 3.1 and 3.2), displaced leptons/jets and heavy-stable-charged-particles. They are visible
in different parts of the detector, requiring dedicated searches and often specialized triggers.
3.1

Stopped particles

The analysis on the stopped long-lived particles 8 looks for two heavy exotic LLPs with a lifetime
between 100 ns and 106 s coming to rest in the detector. Two different decays are considered:
an hadron decay which can be detected in the hadronic calorimeter with two out-of-time (OOT)
jets with large energy deposits, and a muon decay which can be detected in the muon system
with two OOT muons with displaced tracks. This last decay has been studied for the first time
at the LHC. The two signatures need to be at least two bunch-crossings (50 ns) away from any
proton bunch since the decay happens when there are no colliding beams. For this analysis,
2015 and 2016 data at 13 TeV are used, with a luminosity of 38.6 (39.0) fb−1 for the hadron
(muon) decay, corresponding to a search interval of 721 (744) hours. For the hadron decay, the
signal models are the two- or three-body decay of the gluino (”split SUSY”) and the decay of
the top squark in a neutralino, while for the muon decay are the three-body decay of the gluino
in a neutralino following a different model (”T3lh” SUSY model) and the decay of the multiply
charged massive particles (MCHAMPs), with a charge two times the charge of the electron, into
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Figure 5 – Top: Observed and expected lower limits at 95% CL on gluino mass as a function of lifetime in the
hadron decay. Bottom left: Observed and expected upper limits at 95% CL on cross section as a function of mass
for gluinos in the muon decay. Bottom right: Observed and expected upper limits at 95% CL on cross section as
a function of mass for MCHAMPs in the muon decay. 8

two back-to-back same-sign muons. The main backgrounds for both the decays are cosmic rays,
beam halo particles and detector noise, estimated from control samples in data. The observed
data (4 in 2015 and 13 in 2016) do not show any excess over the background. Combining the
results from 2015 and 2016 data, for lifetimes between 10 µs and 1000 s, gluinos with masses
below 1385 (1393) GeV for the two-(three-)body decay and top squarks with mass below 744
GeV are excluded in the hadron decay, while gluinos with masses between 400 and 980 GeV and
MCHAMPs with masses between 100 and 440 GeV are excluded in the muon decay, as shown
in Fig. 5.
3.2

Disappearing tracks

The search for disappearing tracks 9 looks for LLPs decaying in the inner tracking system with
very weakly interacting decay products using the 2015 and 2016 data at 13 TeV with a luminosity
of 38.4 fb−1 . The anomaly-mediated SUSY breaking model considering the decay of a chargino
into a pion and a neutralino (which is a stable lightest-supersymmetric-particle) is used as signal
model. Due to the small mass splitting between chargino and neutralino, the chargino can be
considered long-lived with a lifetime of ∼ 1 ns while the pion with a pT ∼ 100 MeV is too
soft to be reconstructed. A disappearing track is then produced by a chargino pair with an
initial-state-radiation jet. There are no hits in the outer silicon tracker, little associated energy
in the calorimeter and no hits in the muon chambers. The main backgrounds, estimated with a
data-driven method, are spurious tracks and charged leptons coming from the decays of W → lν
and Z → ll. The 7 observed events are compatible with the expected background. Upper limits
at 95% CL on chargino mass as a function of chargino lifetime and on cross section as a function
of chargino mass are set, as shown in Fig. 6. For τ = 3 ns, the charginos are excluded up to 715
GeV, improving the previous CMS Run 1 results of ∼ 200 GeV.
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Figure 6 – Left: Observed and expected 95% CL upper limits on chargino mass as a function of chargino lifetime.
Right: Observed and expected 95% CL upper limits on cross section as a function of chargino mass. 9

4

Conclusions

The CMS experiment covers a wide program of HNL, RH neutrinos and LLP searches and has
performed the first search at LHC on stopped particles decaying to higly delayed and displaced
muons. A lot of stringent limits on different benchmark models are set but so far no significant
excess has been observed above the SM predictions. Anyway, LHC is still a developing area
of research with new techniques, new specific triggers, and more data to collect, and a lot of
channels, like other production modes and displaced decays which will increase the sensitivity
to HNL with low mass and low couplings, have still to be explored. Future searches at LHC will
then allow to significantly extend the parameter space probed so far and the synergy between
experiments like SHiP and FCC-ee will allow the exploration of a large parameter space for
sterile neutrinos, providing great prospects for RH neutrino searches also at future experiments.
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ADDRESSING THE MAJORANA VS. DIRAC QUESTION USING
NEUTRINO DECAYS a
BORIS KAYSER
Theoretical Physics Department, Fermilab, P.O. Box 500, Batavia, IL 60510 USA
We explain why it is so hard to determine whether neutrinos are Majorana or Dirac particles
as long as the only neutrinos we study are ultra-relativistic. We then show how non-relativistic
neutrinos could help, and focus on the angular distributions in the decays of an as-yet-to-bediscovered heavy neutrino N . We find that these angular distributions could very well tell us
whether neutrinos are Majorana or Dirac particles.

One of the most basic questions about the neutrinos is whether every neutrino mass eigenstate is a Majorana particle (that is, identical to its antiparticle), or a Dirac particle (that is,
distinct from its antiparticle). Determining whether neutrinos are Majorana or Dirac particles
experimentally is very challenging. To understand why, let us note first that all the neutrinos
we have been able to study directly so far have been ultra-relativistic. As an example, let us
consider the neutrinos from pion decay. The decay π + → µ+ + νµ produces a neutrino νµ that
is not only ultra-relativistic but also of essentially 100% left-handed helicity. Correspondingly,
the decay π − → µ− + νµ produces an ultra-relativistic neutral lepton that is an antineutrino if
indeed antineutrinos are distinct from neutrinos, and that is of essentially 100% right-handed
helicity. Now, suppose the neutral lepton from a π → µν decay undergoes a charged-current
weak interaction with some target, producing an outgoing muon in the process. The Standard
Model (SM) Lagrangian density describing this interaction is
LCC ∝ µ̄γ λ

(1 − γ5 )
(1 − γ5 ) †
νµ Jλ + νµ γ λ
µJλ ,
2
2

(1)

where Jλ is a current that pertains to the target. As we know, the field µ in this Lagrangian
creates only a µ+ , not a µ− , while the field µ̄ creates only a µ− , not a µ+ . Similarly, in the
Dirac case, the field νµ absorbs only a neutrino, while νµ absorbs only an antineutrino. Thus,
in the Dirac case, only the first term on the right-hand side of Eq. (1) can absorb the neutral
lepton from the decay π + → µ+ +νµ , so only a µ− , not a µ+ , can be produced in the interaction.
Similarly, only the second term can absorb the neutral lepton from π − → µ− + νµ , so only a µ+ ,
not a µ− , can be produced. The lepton number L that distinguishes antileptons from leptons is
conserved.
In the Majorana case, both the fields νµ and νµ can absorb a neutrino. However, owing to
the left-handed chiral projection operator (1 − γ5 )/2, when the neutrino is ultra-relativistic in
the rest frame of the target, only the first (second) term on the right-hand side of Eq. (1) can
absorb it if it is of ∼ 100% left-handed (right-handed) helicity. Thus, only a µ− (µ+ ) will be
a
Based on A. B. Balantekin and B. Kayser, submitted to Ann. Rev. Nucl. Part. Sci. , arXiv:1805.00922
[hep-ph], and on A. B. Balantekin, A. de Gouvêa, and B. Kayser, in preparation.
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produced if the neutrino is from π + (π − ) decay. That is, the result of the interaction with the
target will be identical to what it is in the Dirac case.
As this example illustrates, in almost all circumstances, when neutrinos are ultra-relativistic,
helicity is a substitute for the lepton number L. Whether there is a conserved lepton number
(Dirac case) or not (Majorana case) makes no practical difference. Majorana and Dirac neutrinos
behave indistinguishably.
In contrast, non-relativistic Majorana and Dirac neutrinos can behave quite differently. To
illustrate, let us consider an electron neutrino that is non-relativistic in the rest frame of some
target. Suppose this neutrino initiates on the target an exothermic reaction in which a charged
lepton is produced. The SM Lagrangian for this reaction, similar to that in Eq. (1), is
(1 − γ5 )
(1 − γ5 ) †
νe Jλ + νe γ λ
eJλ .
(2)
2
2
If the incoming neutrino is a Dirac particle tagged as a neutrino rather than an antineutrino by
the process that created it, it can be absorbed only by the first term on the right-hand side of
Eq. (2), and consequently it can produce only an electron, not a positron. However, if it is a
Majorana neutrino, then regardless of how it was created, and regardless of its helicity, it can
be absorbed by either of the terms on the right-hand side of Eq. (2). The left-handed chiral
projection operator (1 − γ5 )/2 does not significantly suppress the absorption of non-relativistic
neutrinos of either helicity by either of these two terms. Thus, a Majorana neutrino can produce
either an electron or a positron.
The observation that non-relativistic Majorana and Dirac neutrinos can behave quite differently leads us to wonder if nature contains a so-far-undiscovered heavy neutrino N whose
decays could be studied. After all, in its rest frame—the natural frame in which to consider
its decays—a neutrino is completely non-relativistic. The observation at a hadron collider of a
lepton-number-nonconserving sequence such as
LCC ∝ ēγ λ

quark + antiquark →

W + → N + µ+
,
|−→ e+ + π −

(3)

which is forbidden if N is a Dirac particle, would signal that the neutrinos, including N , are
Majorana particles. However, if the N is created at a neutrino oscillation experiment, leptonnumber violation such as in the sequence (3) may be impossible to detect because the detector
may not be able to tell whether a charged particle is positive or negative. Thus, it is quite
interesting that the Majorana or Dirac character of neutrinos could also be revealed by the
angular distribution of the particle X in a decay of the form N → ν + X. Here, ν is one of
the established light neutrino mass eigenstates, ν1 , ν2 , or ν3 , and X is a self-conjugate boson:
X̄ = X. Depending on the mass of N, X could be, for example, a γ, π 0 , ρ0 , Z 0 , or the Higgs
boson H 0 , and we shall consider these five cases 1 .
For each of the decay modes under consideration, the decay rate Γ(N → ν + X) will be twice
as big if N and ν are Majorana particles as it will be if they are Dirac particles 2 . However,
this difference may not be too useful, because the decay rate also depends on unknown mixing
angles. Therefore, we turn to the decay angular distribution in the N rest frame. We assume
that the mechanism that produces the N leaves it fully polarized, with its spin vector ~s pointing
in a space-fixed direction we shall call the +z direction. We denote the X and ν helicities by
λX and λν , respectively, and define λ ≡ λX − λν . The quantity λ is the projection J~final · p̂ of
the total final-state angular momentum J~final along the direction p̂ of the outgoing particle X.
From rotational invariance alone, it follows that the differential decay rate for N → ν + X
is given as a function of the angle θ between p̂ and ~s by
Γλ=+1/2
Γλ=−1/2
dΓ(N → ν + X)
=
(1 + cos θ) +
(1 − cos θ)
d(cos θ)
2
2
Γ0
=
(1 + α cos θ) ; −1 ≤ α ≤ +1 .
(4)
2
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Here, Γλ=+1/2 and Γλ=−1/2 are the rates for decay into all the final states with λ = +1/2,
and all those with λ = −1/2, respectively. Γ0 = Γλ=+1/2 + Γλ=−1/2 is the total decay rate for
N → ν + X, and α = (Γλ=+1/2 − Γλ=−1/2 )/(Γλ=+1/2 + Γλ=−1/2 ) is the asymmetry parameter
for this decay.
To an excellent approximation, the heavy neutrino decay N → ν + X is described by an
amplitude hX(p̂, λX ) ν(−p̂, λν )|H|N (~s)i that is first order in some Hermitean Hamiltonian H.
If N and ν are Majorana particles, so that every participant in the decay N → ν + X is a
self-conjugate particle, CPT plus rotational invariance implies that
|hX(p̂, λX ) ν(−p̂, λν )|H|N (~s)i|2 = |hX(−p̂, −λX ) ν(p̂, −λν )|H|N (~s)i|2 .

(5)

This relation, summed over all Xν final states with λ = λX − λν = +1/2, implies that in
Eq. (4), Γλ=+1/2 = Γλ=−1/2 . This, in turn, implies that α = 0. That is, the angular distribution
is isotropic. It is to be emphasized that this isotropy is a consequence of CPT and rotational
invariance alone. It does not depend on any further details of the interactions driving the decay.
For this isotropy in the Majorana case to be a useful probe of whether neutrinos are of
Majorana or Dirac character, the decay angular distribution must be non-isotropic in the Dirac
case. In contrast to the Majorana case, in the Dirac case the decay angular distribution does
depend on the interaction. We assume that when X = γ, the decay is driven by effective neutrino
transition magnetic and electric dipole moments µ and d. When X = π 0 or ρ0 , we take the
decay to be dominated by a virtual Z 0 that emerges via a SM coupling from the neutrino line
and becomes the X particle. Finally, when X = Z 0 , the Z 0 is simply emitted via a SM gauge
coupling from the neutrino line, and when X = H 0 , the H 0 is emitted via a Yukawa coupling
from the neutrino line.
As desired, these processes do lead to non-isotropic angular distributions if neutrinos are
Dirac particles. This is nicely illustrated by the decay N → ν + π 0 . Driven by an intermediate
Z 0 exchange, this decay has, in the Dirac case, an amplitude proportional to
(1 − γ5 )
(1 − γ5 )
uN = mN
uν
2
2


ūν p/π

†

γ 0 uN .

(6)

Here, uν and uN are Dirac wave functions for the neutrinos, pπ is the pion momentum, and
mN is the N mass. So long as mN is not extremely close to the pion mass, the ν will be
ultra-relativistic in the N rest frame. Consequently, the left-handed chiral projection operator
(1 − γ5 )/2 acting on uν will allow only a ν of left-handed helicity to be emitted. That is, only
decays with λ ≡ λX − λν = λπ0 − λν = +1/2 will be allowed. Hence, from Eq. (4), in the Dirac
case,
dΓ(N → ν + π 0 )
∝ (1 + cos θ) .
(7)
d(cos θ)
Given that the asymmetry parameter α in the decays N → ν + X must satisfy −1 ≤ α ≤ +1
(see Eq. (4)), the angular distribution of Eq. (7) is as far from isotropy as it is possible to get.
We find by explicit calculation that in the Dirac case, the asymmetry parameter α in the
angular distribution
dΓ(N → ν + X)
Γ0
=
(1 + α cos θ)
(8)
d(cos θ)
2
is as given in Table 1 for X = γ, π 0 , ρ0 , Z 0 , and H 0 . From Table 1 we see that, except
in unlikely special circumstances such as m2N = 2m2ρ , α is not zero. That is, the angular
distribution is not isotropic, in contrast to its isotropy in the Majorana case. Moreover, once
mN has been measured, the value of α in the Dirac case will be known for four of the five
possible decays we have considered. Thus, the decay angular distributions of a heavy neutrino
could be a quite fruitful probe of the Majorana vs. Dirac question.
Does a heavy neutrino actually exist? Such a neutrino is being sought at CERN 3 . The
potential for the Fermilab Short Baseline Neutrino program to discover such a neutrino through
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Table 1: The asymmetry parameter α in the angular distribution of the particle X from the decay N → ν + X
when N and ν are Dirac particles. The quantities mN , mρ and mZ are the masses of the N, ρ, and Z, respectively.

X
α

γ
2=m(µd∗ )
|µ|2 +|d|2

π0

ρ0

Z0

H0

1

m2N −2m2ρ
m2N +2m2ρ

m2N −2m2Z
m2N +2m2Z

1

its decays has been considered by Ballett, Pascoli, and Ross-Lonergan 4 . Some of the physics of
such a neutrino has been discussed by Hernandez et al. 5 and by Caputo et al. 6 .
In summary, we conclude that if a heavy neutrino is discovered, the angular distributions in
its decays could tell us whether neutrinos are Dirac or Majorana particles.
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We thank Baha Balantekin and André de Gouvêa for a very enjoyable collaboration. We are
grateful to the organizers of the 53rd Rencontres de Moriond session devoted to Electroweak
Interactions and Unified Theories for many things. This document was prepared using the resources of the Fermi National Accelerator Laboratory (Fermilab), a U.S. Department of Energy,
Office of Science, HEP User Facility. Fermilab is managed by Fermi Research Alliance, LLC
(FRA), under Contract No. DE-AC02-07CH11359.
References
1. The angular distribution and related photon polarization in radiative neutrino decays of
the form ν2 → ν1 + γ have been considered in specific formalisms as a probe of whether
neutrinos are Dirac or Majorana particles by L.F. Li and F. Wilczek, Phys. Rev. D 25,
143 (1982), and by R. Shrock, Nucl. Phys. B 206, 359 (1982).
2. D. Gorbunov and M. Shaposhnikov, JHEP 0710, 015 (2007). Erratum JHEP 1311, 101
(2013). arXiv:0705.1729 [hep-ph].
3. E. Cortina Gil et al. (NA62 Collaboration), Phys.
Lett.
B 778, 137 (2018).
arXiv:1712.00297 [hep-ex]. See also M. Drewes et al., arXiv:1801.04207 [hep-ph].
4. P. Ballett, S. Pascoli, and M. Ross-Lonergan, JHEP 1704, 102 (2017). arXiv:1610.08512
[hep-ph].
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CUORE is a large-scale double beta decay experiment that exploits the cryogenic bolometer’s
technique in a low background setup at the Gran Sasso National Laboratory (LNGS). CUORE
started taking data in March 2017. Its primary goal is to observe the neutrinoless double beta
decay of 130 Te and measure the Majorana neutrino mass with a projected sensitivity reaching
the so-called inverted mass hierarchy region. I will present here the first physics results from
CUORE, from 2 months of collected physics data.

1

Neutrinoless double-beta decay

Neutrinoless double-beta (0νββ) decay is a lepton-number-violating nuclear process, where two
single beta decays occur simultaneously in a nucleus, with the emission of two electrons and
no neutrinos in the final state. First hypothesised by Pontecorvo in 1967 1 , the neutrinoless
double-beta decay can be considered as one of the most sensitive probes for new physics beyond
the Standard Model. It can occur only in a few natural isotopes (130 Te, 76 Ge, 136 Xe,100 Mo,
etc...) and only if neutrinos have a Majorana nature. The signature of 0νββ decay is a peak at
the transition energy (Qββ ), in the measured energy spectrum of the two final-state electrons.
Despite the huge experimental effort in the field, the 0νββ decay has so far eluded discovery.
Present half-life limits are above 1024 − 1026 years, depending on the isotope. To reach such
a sensitivity, defined as the half-life corresponding to the minimum number of signal events
observable over the background at a given confidence level, enough nuclei (100 - 1000 kg) of
the candidate 0νββ emitter and almost zero background are needed. The background, that is
spurious counts in the energy Region Of Interest (ROI) around Qββ , has to be kept low by
carefully selecting only radio-pure materials for the detector assembly and by shielding against
the environmental radioactivity, both through the underground location and through additional
passive shielding. An excellent energy resolution and high detection efficiency are also crucial
for a 0νββ experiment. All of these key features have been addressed and implemented by the
Cryogenic Underground Observatory for Rare Events (CUORE).
2

The CUORE experiment

CUORE 2,3 is a ton scale 0νββ detector, that exploits the cryogenic bolometer’s technique 4,5 ,
operating 5 × 5 × 5 cm3 nat TeO2 crystals at a temperature of 10 mK. In a cryogenic bolometer,
the energy released by an interacting particle is converted into lattice vibrations of the absorber
crystal, inducing a temperature rise (∆T ) in the device. The conversion is about 100µK per MeV
of energy released. This temperature rise is then measured by a thermometer - a semiconductor
thermistor - glued onto the surface of the absorber, that converts the ∆T into an electric pulse.
The CUORE candidate 0νββ emitter is 130 Te, an isotope of tellurium, with a Qββ of 2528
keV. The choice of the absorber (TeO2 ) is driven by the excellent bolometric properties of this
material, the high natural abundance of 130 Te (∼ 34%, the highest among the ββ emitting
isotopes used to date), the reasonably high Qββ , almost above the energy spectrum of natural
radioactivity, and the optimal energy resolution (∼ 5 keV @ Qββ ).
TeO2 crystals have been successfully operated for more than ten years to search for the
0νββ of 130 Te, with arrays of increasing mass. The CUORE prototypes Cuoricino 6,7,8 and
0ν > 4 · 1024 y @ 90%
CUORE-0 9,10 combined set a limit on the half-life of 0νββ of 130 Te at T1/2
C.L.
CUORE aims at scaling up the sensitivity of its predecessors by increasing the mass and
at the same time improving the energy resolution and reducing the background. The CUORE
setup consists in an array of 988 TeO2 crystals, arranged in 19 towers, each with 13 floors
of 4 detectors, for a total mass of about 206 kg of 130 Te. The array is cooled down to 10
mK in a dilution-refrigerator, custom made cryostat, located at LNGS, an INFN underground
laboratory whose ∼ 3600 m.w.e. overburden guarantees an ideal environment to perform rare
event searches.

328

The CUORE goal is to reach a background in the region of interest (ROI) around Qββ of 0.01
0ν > 9 · 1025
counts/(keV·kg·y). The expected CUORE sensitivity at 90% C.L. in 5 years is T1/2
12
y . This corresponds to a limit on the Majorana neutrino mass in the range 50-130 meV, that
approaches the so-called inverted mass hierarchy region.

3

CUORE commissioning and data taking

Since the completion of the CUORE towers assembly in 2014, the CUORE efforts focused on the
operation of the CUORE cryogenic apparatus. This consists in a custom made cryostat with six
nested copper shields, a cryogen free cooling system with five pulse tubes, a powerful dilution
refrigerator, and a fast cooling system for pre-cooling 13 . The goal of the CUORE cryostat was
to cool down a detector with a ∼ 1 ton mass to a base temperature around 10 mK, at the same
time providing a low background environment and an assembly which is mechanically decoupled
from the crystal array, for extremely low vibrations.
The CUORE cryostat commissioning started in February 2016. While attaining a minimum
base temperature of 6.3 mK, it demonstrated optimal detector performance at 10-15 mK on a 8crystal test array. The commissioning run also tested the functioning of the detector calibration
system 14 , a set of 12 thoriated strings which are lowered inside the detector region through
guide tubes.
The CUORE detector installation, namely the mounting of the 19 CUORE towers to the
support plate connected to the dilution unit, was performed in a radon-free environment 15 . A
protected area inside the CUORE clean room was flushed with radon-free air (Rn concentration
< 0.1 Bq/m3 ), while teams composed of 3 operators carried out the installation, spending the
minimum amount of time in the cleanroom and following strict protocols developed during
months of training and test with mockup components. A protective bag flushed with nitrogen
was setup for overnight and emergency storage. On August 26th , 2016 the CUORE detector
assembly was completed (see Fig. 1). During the months of September and October 2016, we
installed the cryostat interfaces and radiation shields and performed read-out tests. The first
detector pulses were observed just after the cool down, on January 27th , 2017. In total, 984 over
988 CUORE bolometers are operational.

Figure 1 – Left: the CUORE detector fully assembled inside the clean room. Right: bottom view of the 19
CUORE towers.

The first CUORE results 16 , described below, are based on data collected during two science
runs lasting from May to September 2017 and referred to as Dataset 1 and Dataset 2. The total
combined exposure is 86.3 kg·yr of TeO2 and 24.0 kg·yr of 130 Te.
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First CUORE results
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The analysis of CUORE data, from the raw signal pulses to the energy-calibrated spectrum,
follows closely the procedure developed and used in CUORE-0 10 . Signal events are triggered
and analysed in a 10-s window (3 s before and 7 s after trigger). The signal amplitude is
calculated using an optimal filter 11 and used as a proxy for the event energy. To calibrate
the CUORE detectors, we use six γ lines from the 232 Th calibration sources, from 239 keV to
2615 keV.
To characterise the CUORE performance in terms of the energy resolution, we study the
detector response to a mono-energetic event near Qββ using the high-statistics 208 Tl 2615-keV
γ line from calibration data. We model the line shape with a primary Gaussian component
centred at 2615 keV and two additional Gaussian components, one on the right and one on
the left of the main peak (see Fig. 2). Other components are a multi-Compton continuum, a
linear background, a peak for the Tellurium X-ray escape and a sum peak of two 208 Tl gamma
rays. The exposure-weighted harmonic mean energy resolution of the detectors, denoted effective
resolution, in physics data and extrapolated to Qββ , is (8.3±0.4) keV for Dataset 1 and (7.4±0.7)
keV for Dataset 2. The weighted average is (7.7 ± 0.5) keV, that we quote a single characteristic
energy resolution for our entire exposure. This value is not yet at the CUORE goal of 5 keV
and we foresee improving it by optimising the operating conditions and improving the analysis.
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Figure 2 – Left: Calibration sum spectrum in the region around the 2615 keV 208 Tl γ-ray line. The fit function
used to model the line shape includes the following terms: a triple-Gaussian main peak (a), a multi-Compton
continuum (b), a ∼ 30 keV Te X-ray escape peak (c), a continuum background (d) and a sum peak of two 208 Tl
gamma rays (e). The ratio between data and best-fit model is shown on the top. Right: the line shape modelled
from calibration data is used to fit the 2615 keV line in background data. The residuals in σs are shown on the
top.

In the final sum energy spectrum of the CUORE bolometers, the region around the Q-value
is blinded by randomly exchanging events with the nearby 208 Tl background line. This creates
an artificial peak at Qββ that hinders the true rate. Once the analysis procedures are fixed, data
are unblinded by exchanging back the events (see Fig. 3, left).
To search for the 0νββ decay of 130 Te, we perform a fit in the energy region from 2465 keV
to 2575 keV. The fit function is composed of a signal peak at Qββ , a peak at the sum energy
of the two 60 Co gamma lines, and a flat background. Peaks are modelled using the line shape
discussed above. All detectors are constrained to have the same 0νββ decay rate, which we let
vary freely in the fit. The background rate is a dataset-dependent free parameter and it is not
scaled by the event selection efficiency.
The result of the fit is shown in Fig. 3, right. Assuming zero signal, the best-fit background in
the ROI averaged over both datasets is (0.014±0.002) counts/(keV·kg·yr), which is in agreement
with our expectations 17 .
Including the systematic uncertainties, the 90% C.L. limit on the neutrinoless double beta
0ν > 1.3 × 1025 yr. We combine this result with those from the already
decay half-life is T1/2
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Figure 3 – Left: CUORE blinded (red) and unblinded (blue) energy spectrum in comparison. The grey area
shows the ROI where the 0νββ fit is performed. Right: Energy spectrum of 0νββ decay candidates in CUORE
and best-fit model (solid blue line). The dotted black line shows the continuum background component of the
best-fit model. The normalised residuals of the best-fit model and the data are shown on the top.

mentioned CUORE-0 (9.8 kg·yr of 130 Te) and Cuoricino (19.8 kg·yr of 130 Te) experiments. The
0ν > 1.5 × 1025 yr. When interpreting this as a limit on the
combined 90% C.L. limit is T1/2
effective Majorana neutrino mass (mββ ), in the framework of models where the 0νββ decay is
mediated by the exchange of a light Majorana neutrino, we obtain mββ < (110 − 520) eV. We
used phase-space factors from 18 and nuclear matrix elements from a broad range of models, as
quoted in 16 . We also assume the axial coupling constant gA ' 1.27.
In conclusion, CUORE is the first ton-scale cryogenic detector array in operation. In a few
months of data taking, it has demonstrated exceptional cryostat performance and a background
in line with the project goal. From the first 2 months of collected physics data, it observed no
evidence for 0νββ decay of 130 Te and placed the most stringent limit to date on the half-life.
After an optimisation campaign focused on energy resolution improvement, CUORE is now
taking data again.
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Results of CUPID-0
L. Gironi on behalf of the CUPID-0 collaboration
Dipartimento di Fisica, Università di Milano Bicocca, I-20126 Milano - Italy
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CUPID-0 is the first large array of enriched scintillating ZnSe cryogenic calorimeters implementing active particle identification. The detector consists of an array of 24 ZnSe crystals
95% enriched in 82 Se and two natural ZnSe crystals for a total mass of 10.5 kg. We report the first result of the search for neutrinoless double beta decay (0νDBD) in 82 Se based
on the data collected between June and November 2017. We find no evidence in a 1.83
kg·yr 82 Se exposure and we set the most stringent lower limit on the 0νDBD 82 Se half life
1/2
of T0ν > 2.4 · 1024 yr (90% C.I.) which corresponds to an effective Majorana neutrino mass
mββ < (376-770) meV. This excellent result was obtained also thanks to the heat-light readout
that provides a unique tool for α particle discrimination and allows to suppress the background
in the region of interest to an unprecedented level for a bolometric experiment.

1

Introduction

The double beta transition takes place between two even-even isobars. It is a second-order weak
process that explains its low rate and it has been observed for a dozen of nuclei, with lifetimes in
the range of 1018 - 1022 y. Besides the two-neutrino decay the so-called neutrinoless double beta
decay (0νDBD) is a much more intriguing process. In this case, the simultaneous transformation
of two neutrons into two protons is accompanied by the emission of two electrons and nothing
else. The main feature of 0νDBD is the violation of the lepton number. The observation of the
0νDBD would moreover establish the Majorana nature of the neutrino, i.e., that the neutrino
is its own antiparticle, and may provide insights on the neutrino mass scale and mass hierarchy,
depending on 0νDBD rate or rate limit.
Although there is no univocal strategy to explore deeply the inverted hierarchy region of the
neutrino mass pattern, cryogenic particle detectors gave excellent results in many years of use
for the 0νDBD search and CUPID (CUORE Upgrade with Particle IDentification) is the next
step of the evolution of these detectors. It is a proposed bolometric 0νDBD experiment which
aims at a sensitivity to the mββ on the order of 10 meV and then able to completelly cover the
inverted hierarchy of the masses. To fulfill this ambitious goal, several technical challenges must
be overcome:
• A detector mass in the range of several hundred kg to a ton of the isotope;
• A background close to zero at the ton·year exposure scale;
• An energy resolution of a few keV around the 0νDBD transition energy.
The place of CUPID-0 in this context is very clear: CUPID-0 is one of the demonstrators
of the new technologies that will be implemented in CUPID and, at the same time, it is also a
competitive 0νDBD search in its own right.
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2

Scintillating bolometers and the CUPID-0 detector array

A cryogenic bolometer is simply made of a suitable absorber and a thermometer coupled with it.
When a particle releases energy within the absorber, a tiny temperature rise can be measured
with an appropriate thermometer, provided that the heat capacity of the absorber is reasonably
small. This can be fulfilled even with a multi-kg absorber provided that it is made of a dielectric
crystal kept at cryogenic temperatures of the order of tens of mK. Bolometers offer a wide choice
of absorber materials, and at the same time, they are able to achieve excellent energy resolutions.
The freedom in the choice of the absorber provides the unique opportunity of selecting the most
promising candidates for the 0νDBD search. The CUORE experiment 1 represents the most
advanced stage in the use of bolometers for 0νDBD search. CUORE consists of an array of 988
crystals for a total mass of ∼1 ton of TeO2 . It is in data taking and its excellent performances
demonstrated the technological readiness of this technique on large scale masses.
Bolometers are almost equally sensitive to any kind of particle, despite the way energy is
released. In other words electrons, α particles, and nuclear recoils depositing the same amount
of energy in the detector produce a pulse with the same amplitude and shape. The CUORE predecessors (Cuoricino and CUORE-0) demonstrated that the background in the region of interest
is dominated by radioactive α contaminations on the surfaces facing the detectors. Scintillating
bolometers allow overcoming this disadvantage by providing the possibility to distinguish α interactions from β/γ interactions. A scintillating bolometer is obtained by coupling a scintillating
crystal, operating as a cryogenic bolometer, to a proper light detector (Figure 1). When a particle traverses the scintillating crystal, a large fraction of the deposited energy is converted into
heat, while the remaining small fraction is spent to produce scintillation light. The interesting
feature of scintillating bolometers is that the ratio between the two signals (light/heat) depends
on the particle type. Particles like βs and γs have the same light emission which is typically
different from the light emission of α particles or neutrons. Consequently, the simultaneous
readout of the heat and light signals allows particle discrimination 2,3 . If the scintillating crystal
contains a DBD candidate, the 0νDBD signal can be distinguished from an α signal, and only βs
and γs can give a sizable contribution to the background that limits the experimental sensitivity.

Figure 1 – Schematic view of a single module scintillating bolometer.
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2.1

CUPID-0

CUPID-0 employs enriched scintillating bolometers for the study of the 0νDBD decay of 82 Se
(Qββ =2997.9±0.3 keV ). The detector is anchored to the mixing chamber of a dilution refrigerator operating at a base temperature of about 10 mK, located in Hall A of the Laboratori
Nazionali del Gran Sasso. The detectors array consists of 24 Zn82 Se crystals 95% enriched in
82 Se and two natural ZnSe crystals for a total mass of 10.5 kg, corresponding to 5.68 kg of 82 Se.
The number of 82 Se nuclei under investigation is (3.41±0.03)·1025 taking into account that two
enriched crystals not properly functioning and the two natural crystals are not considered in
the current analysis. Each Zn82 Se is held in a copper frame by means of small PTFE supports,
surrounded by a plastic reflective foil to increase the light collection efficiency. The light detector (LD) is a 170 µm-thick Ge disk. Each device is equipped with a Neutron Trasmutation
Doped (NTD) Ge thermistor and a Si Joule heater that periodically injects a fixed amount of
energy to equalize the bolometer response. The heat and light signals are amplified, filtered by
a 6-pole anti-aliasing active Bessel filter (120 dB/decade) and at the end fed into a 18 bit ADC
board operating at 1(2) kSPS for the Zn82 Se (LD). A more detailed description of the CUPID-0
detector could be find in Azzolini et al 4 .

Figure 2 – Rendering of CUPID-0 detector and its single module.

The data we present here were collected between June and December 2017 and are divided
in four datasets 5 . For each bolometer (i.e. Zn82 Se or LD) we acquire the complete data stream.
We implement a software trigger on the Zn82 Se and search for a simultaneous signal on the LD.
For each Zn82 Se waveform we analyze four seconds after the trigger and one before (pre-trigger).
Typical trigger rates are 2 mHz per bolometer. Average rise and decay times are 10 ms and 40
ms respectively. We use the optimum filter technique to estimate pulse height and pulse shape
parameters. We evaluate the signal template averaging physical events with energy between
1800 and 2700 keV and compute the noise power spectrum on randomly chosen waveforms that
do not contain triggered pulses. We correct the filtered amplitude for the shift in thermal gain
due to temperature variations by using the constant heater pulse amplitude given every 400
sec and that is automatically flagged by the data acquisition. The intrinsic FWHM energy
resolution, determined by noise fluctuations at the filter output, is on average ∼ 5 keV.
At the beginning and at the end of each dataset we perform a calibration exposing the
detector to thoriated wires which provide γ lines up to 2615 keV. We use these calibration data

335

to derive the Zn82 Se amplitude-to-energy conversion and the detector response function. We use
the 2615 keV line from 208 Tl line as a proxy for the detector response function for the 0νDBD
event. We parametrize its line shape with a double gaussian. This is the simplest model which
well reproduces the detector response function of the observed peaks over the entire spectrum.
Similar models were already observed in other bolometric experiments 1,6 . We estimate the fit
parameters with an unbinned extended maximum likelihood fit (UEML), including a term to
model the multi-Compton continuum and a flat background (Fig. 3).

Figure 3 – 208 Tl γ line in calibration data summed over all ZnSe channels. The solid blue line is the result of the
fit while the dashed red line represents the double gaussian model for the γ peak while the dashed blue lines are
a flat and the multi-Compton terms.

We use this model to fit also the other prominent calibration peaks. The exposure-weighted
harmonic mean FWHM energy resolution linearly extrapolated at Qββ results to be (23.0±0.6)
keV. To evaluate the energy calibration function, we fit the positions of the most intense γ lines
in the range (511-2615) keV with a zero intercept parabolic function. The extrapolation of the
calibration function at the Qββ energy gives an uncertainty σQββ = 3 keV treated as a systematic
uncertainty.
To select 0νDBD candidates we first reject periods of detector instability (e.g. cryostat
malfunctions) reducing the exposure by less than 1%. We require for the Zn82 Se thermal pulses
only one pulse in a triggered window and we use six different pulse shape parameters to select
waveforms consistent with the signal template. To this end we use an AmBe neutron source in
a dedicated run that produce a continuum of γ’s up to several MeVs. We moreover required
anti-coincidence between crystals in a fixed time window to reduce the background from events
producing a signal in multiple crystals. We gauge the time window (20 ms) on a selected
sample of 208 Tl-induced double coincidence events whose summed energy is 2615 keV. We then
exploit the information of the LD. We estimate the LD signal amplitude at a fixed time delay
with respect to the Zn82 Se signal as described in Piperno et al 7 . We use a shape parameter
computed on the filtered light pulse to reject α particles. We select β/γ events with 100%
efficiency in the region of interest. The acceptance threshold and α discrimination capability
for single-hit events are shown in Fig. 4. We obtain an α misidentification probability lower
than 10−6 throgh a gaussian fit to the LD shape parameter distribution for events with energy
greater than 4500 keV.
We implement delayed coincidences to suppress the background induced by the internal
contaminations in 208 Tl. The 212 Bi α-decays (Qα =6207 keV) to 208 Tl which in turn β-decays
(Qβ =5001 keV) to 208 Pb with a half-life τ1/2 =3.01 min. We veto any event succeeding a primary
212 Bi α event in a window corresponding to three times the half-life. Thanks to the α identifi-
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Figure 4 – Single-hit events in the scatter plot Light Shape Parameter vs Energy. The α events are concentrated
in the right upper region; β/γ events populate the left lower corner. The red dotted line indicates the acceptance
threshold. The shaded vertical band represents the analysis window used for the background evaluation at Qββ .

cation on the LD shape parameter described above it is possible to identify also contaminations
close to the surface in which the α escapes the crystal and only part of the energy of the parent
decay is collected. The effect of the selection criteria on the energy spectrum in the analysis
window selected for the background evaluation are shown in Fig. 5.

Figure 5 – The energy spectrum in the analysis window. The open histogram is the spectrum obtained with the
selection on Zn82 Se thermal pulses. The filled orange histogram includes the α rejection through the LD pulse
shape. The filled blue histogram is the final spectrum after the delayed-coincidences veto is applied. The blue line
24
is the fitted spectrum together with a hypothetical signal corresponding to the 90% C.I. limit of T0ν
1/2 =2.4·10
yr.

The total signal efficiency take into account the probability that a 0νDBD event is confined inside a single crystal evaluated with a GEANT4 simulation (81.0±0.2%), the combined
efficiency that the event is triggered and its energy properly reconstructed (99.44±0.01%), and
finally that it survives the selection criteria (93±2)%. The total signal efficiency is, therefore,
(75±2)%.
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3

Results on the 0νDBD search

We estimate the number of 0νDBD candidates and the background index (BI) from a simultaneous UEML fit in the analysis window. For each dataset the fit includes a flat background
component and the double gaussian line shape for the 0νDBD signal. The decay rate Γ0ν and
the BI are treated as free parameters common to all the detectors and datasets. We find no
signal evidence in a total 82 Se exposure of 1.83 kg·yr and thanks to the simultaneous readout of
the heat and light signals we reach the lowest background level ever achieved with bolometric
−3
experiments: (3.6+1.9
−1.4 )·10 counts/(keV·kg·yr). It is worth stressing that we expect contribu−3
tions at the level of ∼ 10 counts/(keV·kg·yr) both from cosmic muon induced events and from
contaminations of the cryogenic setup which hosted CUORE-0 8 . A detailed discussion of the
background components is the subject of a dedicated future paper.
We estimate the systematics due to the uncertainty on the detector response function, the
exposure, the efficiency and the absolute energy scale. For each influence parameter we weight
the likelihood with a gaussian p.d.f. with mean and width fixed to the best estimated values and
uncertainties respectively. We then integrate the likelihood via numerical integration. We set a
90% credible interval (C.I.) Bayesian upper limit on Γ0ν using a uniform prior in the physical
region of Γ0ν and marginalizing over the BI nuisance parameter: Γ0ν < 0.285·10−24 yr−1 . This
corresponds to a lower limit on the half-life of
0ν > 2.4 · 1024 yr (90% C.I.).
T1/2

The CUPID-0 result surpasses by almost one order of magnitude the previous limit of T0ν
1/2 >
3.6·1023 yr obtained by NEMO9 with a larger 82 Se exposure (∼3.5 kg·yr).
The successful operation of CUPID-0 and the capability to reject the α induced background is
a key milestone for the next generation tonne-scale project CUPID.
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Recent highlights from the Pierre Auger Observatory
M. Bohacova on behalf of the Pierre Auger Collaboration a
Institute of Physics (FZU), Czech Academy of Sciences, Na Slovance 2, Prague, Czech Republic
Ultrahigh-energy cosmic rays are the most energetic particles observed, reaching orders of
magnitude above the LHC energy range. The Pierre Auger Observatory, located in Mendoza
province, Argentina, is the largest ultrahigh-energy cosmic ray observatory in the world. Since
the start of operation in 2004, the Observatory has reached unprecedented exposure and
the high-quality data set spans three orders of magnitude in energy, yielding a plethora of
scientific findings. A selection of recently published results on the large and intermediate
scale anisotropies in ultrahigh-energy cosmic ray arrival directions and search for neutrinos
correlated with GW170817 is being presented in this contribution. Implications for the future
operation and motivations for the Observatory upgrade are also briefly outlined.

1

Introduction

The idea of the Pierre Auger Observatory emerged in the early 1990’s. The insufficient detection
statistics of ultrahigh-energy cosmic rays (UHECRs) at that period provoked many questions
regarding the origin, mass composition and energy spectrum. A new and improved observatory
was needed with higher statistical power and also with the ability to lower the systematic
uncertainties.
The Pierre Auger Observatory design features a large detection area collecting unprecedented statistics and combines several detection techniques allowing us to lower the systematic
uncertainties of the results obtained. The Observatory has been providing useful scientific data
since 2004, constituting a continuous effort of more than 450 scientists from 16 countries. The
number of scientific results obtained significantly surpasses the original expectations.
2

Instrumentation of the Pierre Auger Observatory

The Observatory employs several detection techniques allowing a coverage of more than three orders of magnitude in energy. The surface detector (SD) array is formed by 1660 water Cherenkov
detectors (WCDs) placed mostly on a triangular grid with 1500 m spacing on an area of around
3000 km2 . The array is fully efficient above 3 × 1018 eV and continuously samples both the electromagnetic and muonic parts of the extensive air showers (EAS) with nearly 100% duty cycle.
WCDs are overlooked by 24 fluorescence telescopes located in four buildings on the boundary
of the array. The field of view (FOV) of each telescope is 30◦ by 30◦ starting 1.5◦ above the
horizon. Telescopes, formed by a spherical mirror and a 440 PMT camera in the focal plane, are
observing the longitudinal profile of the electromagnetic component of the shower via nitrogen
fluorescence. The amount of light detected corresponds to the primary energy and the atmospheric depth where the shower reaches its maximum development is connected to the primary
mass. Three additional telescopes with their FOV tilted to 30◦ – 60◦ (HEAT) and a small denser
a

Full author list: http://www.auger.org/archive/authors_2018_04.html.
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Figure 1 – Location of the instruments near the town of Malargüe, Argentina. Each dot represents one of the SD
stations. Fields of view of the FD telescopes including HEAT are shown as blue and orange pie slices, respectively,
towards the periphery of the array. The denser SD-750 m array and AERA are placed towards the left, near the
FD building Coihueco.

array with 750 m spacing between stations, located close to the FD building Coihueco (see
Figure 1), permit an extension of the energy range down to 1017 eV. The duty cycle of the FD
amounts to about 15% due to the fact that the operation is limited to clear, moonless nights.
The FD measurement depends heavily on atmospheric conditions, therefore the Observatory
includes several instruments for monitoring clouds and aerosols, such as a central laser facility
(CLF), an extreme laser facility (XLF), a robotic photometric telescope FRAM, lidars, etc. The
map in Figure 1 shows the layout of some of the Observatory devices. A detailed description of
the installations and their functionality can be found in a dedicated document.1
Two more detector types are employed within the Pierre Auger Observatory site. The Auger
Engineering Radio Array (AERA),2 formed by 153 antennas on 17 km2 , is exploiting the coherent
radiation in EAS (30 – 80 MHz), which is sensitive to the longitudinal development of the shower
and can be observed night and day, resulting in a much improved duty cycle compared to the
FD. The Auger Muon and Infill for the Ground Array (AMIGA)3 complements the techniques
mentioned by direct detection of the muon content of EAS. It consists of 3 scintillator panels of
10 m2 area buried besides 61 WCDs of the denser array and the data obtained is used in studies
of mass composition, hadronic interactions and so on.
3

Selected results

Since 2004, when the Observatory started to collect useful scientific data, a rich harvest of
results was gathered. The UHECR energy spectrum was measured with unprecedented statistics
combining four different data sets, spanning from 3 × 1017 eV to beyond 1020 eV from a total
exposure of 6.7 × 104 km2 sr yr. The energy derivation is free of model-dependent assumptions
about hadronic interactions since we use the calorimetric measurement from the FD to calibrate
the SD shower size estimator for the showers observed simultaneously in hybrid mode. Spectral
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Figure 2 – Sky map in equatorial coordinates (Hammer projection) showing the UHECR flux above 8 EeV smeared
by a 45◦ top-hat function. The dashed line represents the Galactic plane and the asterisk marks the Galactic
center.

features that can be identified are a change in slope known as “ankle” at Eankle = (5.08 ±
0.06(stat.)±0.8(syst.))×1018 eV and a flux suppression at Es = (39±2(stat.)±8(syst.))×1018 eV.
The origin of the suppression cannot be determined without the knowledge of mass composition
in this region.
The most direct observable connected with the primary mass composition is the atmospheric
depth of the shower maximum Xmax measured by the FD. The first two moments of the Xmax
distribution hXmax i and σ(Xmax ) indicate that the composition is getting lighter between 1017 eV
and 1018.3 eV and starts to grow heavier above 1018.3 eV. The shape of the Xmax distribution was
further analyzed:4 the data were fitted by various mass fractions for several hadronic interaction
models. The best fit was obtained with four components included, p, He, N, Fe and the relative
proportions appear to be evolving with energy. Protons are most abundant near the ankle
region, while helium dominates above 1019 eV and the fraction of iron nuclei is insignificant in
the whole energy range. The data do not cover the flux suppression region due to the limited
duty cycle of the FD.
A more comprehensive review of the results achieved by the Observatory can be found
elsewhere.5 Here we present the most recent papers connected with the arrival directions of
cosmic rays.
3.1

Large scale anisotropy

The observation of a large scale anisotropy in the arrival directions of UHECRs above 8 EeV
was reported in Science in 2017.6 Showers detected since January 2004 from a total exposure
of 76 800 km2 sr yr in a declination range of −90◦ < δ < +45◦ were included in the analysis
amounting to about 85% sky coverage. The events with energy above 4 EeV were selected
since the array is fully efficient above this energy. Events were divided into two energy bins
4 EeV < E < 8 EeV and E ≥ 8 EeV. The selection criteria were relaxed in this analysis to
include events with only five active stations around the one with largest signal, thus increasing
the number of events considered to 113 888.
Two Rayleigh analyses were performed, in right ascension and declination angles in the
two energy bins. While the lower energy bin does not show any significant departure from
isotropy of arrival directions, a dipole was found in the upper energy bin with an amplitude
◦
◦
0.065+0.013
−0.009 pointing to (αd , δd ) = (100 , −24 ). The result is also consistent when a quadrupolar
contribution is included. Figure 2 shows the flux in equatorial coordinates, smoothed using
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Figure 3 – Sky maps for the two prominent source samples considered: Active galactic nuclei (left), Starburst
galaxies (right). Observed excess maps are shown at the top, model excess maps below.

a 45◦ angular window. Non correlation with Galactic features suggests extragalactic origin of
the observed anisotropy. Further binning of the data is being analyzed and the amplitude of
the dipole as a function of energy will be reported in a forthcoming publication (Pierre Auger
Collaboration, in preparation 2018).
3.2

Intermediate scale anisotropy

In this recently published study7 a comparison of the measured arrival direction distribution
with the distribution of objects from selected catalogs was done. The UHECR data recorded
since January 2004 with energy above 20 EeV were used in the analysis. Including vertical as
well as inclined showers leads to a sky coverage of −90◦ < δ < +45◦ in declination and a total
exposure of 89 720 km2 sr yr. The two main sky models considered are the radio loud objects
within 250 Mpc extracted from the 2FHL catalog (hard Fermi -LAT sources) denoted here as
γAGN and starburst galaxies (SBGs) with a flux larger than 0.3 Jy within the same distance.
Previously used flux-limited samples were also included for comparison: the Swift-BAT catalog
and sources from the 2MASS redshift survey (2MRS catalog).
A maximum likelihood analysis was performed to maximize the test statistics while varying
two variables, the search radius and the anisotropic fraction. A scan in energy was done in order
to determine the threshold energy for maximum test statistics. The best significance is reached
when the test hypothesis of SBG plus isotropic distribution is tested against the null hypothesis:
isotropy. For the threshold energy of 39 EeV a significance of 4.0σ is achieved. Other three
considered models are favored against isotropy with a significance of 2.7σ – 3.2σ. The optimal
fit parameters are 10% of SBG correlated cosmic rays and 13◦ search radius. Sky maps of the
data and model excesses are presented in Figure 3.
3.3

Search for neutrinos correlated with GW170817

The Pierre Auger Observatory is sensitive to the detection of ultra-high energy neutrinos through
several channels, namely down-going showers at large zenith angles or Earth-skimming showers
induced by tau neutrinos. The signature of a neutrino being detected by SD stations is a young,
deeply interacting shower with a long irregular signal as opposed to a hadron induced inclined
shower, where the electromagnetic component was depleted resulting in sharp time traces in
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Figure 4 – Localization of GW170817 in equatorial coordinates together with the sensitive sky areas at the time
of the event for the three experiments - ANTARES, IceCube and Pierre Auger Observatory. The zenith angle of
NGC 4993 at the merger detection time was 91.9◦ for the Pierre Auger Observatory.

WCDs caused by surviving muons.
In August 2017 the Advanced LIGO and Advanced Virgo experiments discovered a gravitational wave from a binary neutron star merger, known as GW170817. A short gamma-ray burst
following the event was observed by the Fermi and INTEGRAL satellites. Subsequent optical
observations allowed the localization of the merger in the galaxy NGC 4993.
The Pierre Auger Observatory together with dedicated neutrino experiments ANTARES
and IceCube were searching for high-energy neutrinos correlated with this event.8 Figure 4
shows the sensitive regions and summarizes the results of the search. No neutrino candidates
directionally coincident with the merger were found within ±500 s or within the 14-day period
following the merger. This non-detection is consistent with model predictions of a short GRB
observed off-axis. Nevertheless, the main message is that the Pierre Auger Observatory joined
the common effort of numerous instruments and plays an active role in the new, multimessenger
era in astronomy and astrophysics.
4

Future prospects

The lack of clear correlation of UHECR arrival direction with astrophysical sources or structures
and the evidence of a dipole structure on a large scale suggest that the UHECRs are not formed
predominantly by protons as was commonly expected when Auger was first envisioned. The flux
suppression above 40 EeV has been observed with more than 20σ significance. Given the fact that
the composition is getting heavier with higher energy as seen in Xmax measurements, the question
arises whether the suppression is caused by propagation (GZK effect) or by the exhausted power
of the cosmic accelerators. Hadronic interaction models fail to describe sufficiently well all
aspects of air showers despite the great improvement in recent years, especially from LHC data.
Another mass sensitive observable effective especially in the flux suppression region would be
instrumental in answering the current burning questions.
The Observatory is undergoing a major upgrade in order to reflect these facts. Each WCD
is being equipped with a 4 m2 plastic scintillator mounted on the top. A prototype upgraded
station can be seen in Figure 5. The two detectors provide complementary information about
the electromagnetic and muonic components of the shower, so both particle contents can be
derived. An enlarged dynamic range will permit the study of signals closer to the shower core.
A more powerful, modernized electronics will allow the integration of the additional devices and
faster FADCs (120 MHz instead of 40 MHz) will make it possible to further study the temporal
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Figure 5 – Upgraded Auger surface detector stations with a scintillator panel on the top of each.

structure of the signals. The upgraded array is planned to be operational until 2025, to roughly
double the statistics collected so far and add the mass composition information in the region
unreachable by the FD. A comprehensive description of the Observatory upgrade can be found
in the Preliminary Design Report.9
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Theoretical interpretations of DAMPE first results: a critical review
Y. Genolini
Service de Physique Théorique, Université Libre de Bruxelles,
Boulevard du Triomphe, CP225, 1050 Brussels, Belgium
The Dampe experiment recently published its first results on the lepton (e+ + e− ) cosmic-ray
(CRs) flux. These results are of importance since they account for the first direct detection
of the lepton break around the energy of 1 TeV and confirm the discoveries of ground-based
Cherenkov detectors. Meanwhile they reveal a new high-energy feature in the spectrum which
triggered a lot of excitement on the theory side, when interpreted as the typical signature
of leptophilic dark-matter annihilation. In this proceeding I mainly focus on the theoretical
understanding of the lepton break. Then I quickly review the status of the more speculative
line-like DAMPE excess, whose astrophysical (pulsar) or exotic (dark matter) explanation is
strongly constrained by multi-messenger astronomy.

1

Introduction

This last decade, the multiplication of cosmic ray (CR) detectors brought a wealth of new data,
increasing the precision of CR flux measurements in the energy range [1 GeV- 10 TeV]. The
lepton flux is no exception. On the low energy side, the experiments Pamela, Fermi-LAT,
and Ams-02 successively achieved better accuracy, reaching up to the TeV energy. On the other
hand, on the high energy side, the ground-based Cherenkov telescopes such as Hess, Magic and
Veritas successfully probed the [500 GeV, 5 TeV] energy range, with high statistics but large
systematic uncertainties. While there was already a clear hint in the first results from Hess [1]
for a steepening in the lepton spectrum, no direct measurement of this feature had never been
reported so far.
Thanks to its large acceptance (0.3 m2 .sr at 10 GeV) and its deep calorimeter (32 radiation lengths), Dampe is the first experiment which bridges the energy gap between Cherenkov
telescopes and previous space missions. It is worth mentioning that the first publication of the
lepton flux by Dampe [2] was directly followed by the one of Calet [3], which is operating
aboard the ISS and probing a similar energy range. The main component of Dampe used for
electrons identification is the BGO imaging calorimeter capable to disentangle electrons from
protons thanks to the electromagnetic shower shape. This device can achieve a percent accuracy
in the energy reconstruction up to 100 GeV.
Three noticeable features are shown by Dampe data:
• A softening in the lepton flux at energies above 1 TeV.

• A slight systematic tension with Ams-02 and Calet data above 50 GeV.
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• A line-like signal around the energy of 1.4 TeV.

The second point is particularly intriguing, since the data do not seem to follow any energy trend previously reported by other experiments. Unfortunately this discrepancy is barely
addressed in a single sentence of the original paper [2], invoking potential uncertainties in the
absolute energy scale. In the following I comment upon the first and third points and their
theoretical understanding.
2

Confirmation of the break in the lepton flux

The main claim of Dampe results is undoubtedly the first direct measurement of the lepton
break. The statistical significance of the evidence for broken the power-law compare to a single
power-law spectrum is high and above 5 σ applying Wilk’s theorem [3]. A careful bayesian
analysis [4] leads to Bayes factor above 1010 .
Theoretically, a softening in the lepton is expected in the standard picture of CR propagation.
Indeed at TeV energies lepton are undergoing strong energy losses dominated by synchrotron
radiations in the galactic magnetic field, and by inverse compton emission (Klein-Nishina regime)
when scattering on CMB photons (see e.g. [5]). The typical time scale τloss of energy losses for
high-energy leptons to reach the TeV energy is [1.2, 2.0] 105 yr. Correspondingly the diffusion
length of such particle is
p
rdiff ∼ 4 K(E) τloss ∼ [0.8, 1.2] kpc ,
considering extreme values given by the B/C ratio for the diffusion coefficient K(E) ∝ E δ [6].
In the current paradigm, CRs are accelerated in supernovae remnants (SNRs) shocks with a
rate ν of about 3 SNRs/centuary a . Under the hypothesis of a homogeneous spread of the SNRs
in space-time, the number of sources enclosed in the diffusion space-time volume of TeV energy
positrons can be expressed as:

δ−2
ν
E
2
NSN Rs ∼
× 2πrdiff
h × τloss ∼ [6, 22]
sources ,
VGal
1 TeV
where h is the half height of the Galactic disk (∼ 0.1 kpc) and VGal its volume (∼ 250 kpc3 ).
Notice that the number of sources for TeV energy positrons is rather small (see also [8]),
which means that the flux is only dominated by few sources. Regarding the energy dependence
of this number, for typical values of δ (∼ [0.4-0.6]), the TeV energy is a turning point above
which the number of sources tends to zero in the following decade in energy. In the usual
computation of CR fluxes, where sources are considered as continuously spread (jelly-like) in
space time, we thus expect a softening in the lepton flux spectrum from the constraint that no
sources is shining nearby. For quantitative illustrations refer for instance to Fig.1 of [9] where it
is shown that 90% of the flux at TeV comes from region closer than 1 kpc from the Earth. Using
such a constraint, however, the shape of the flux does not exactly match the data shape within
current precision. Needless to say, taking into account local sources locations and ages, as well
as the injection spectra is unavoidable to interpret this feature. In particular, an exponential
high-energy cut-off of the injected spectrum around 2 TeV seems to be a key ingredient is to
account for the sharpness of the observed break [7].
Thus, the main difficulty in interpreting the break shape, and hopefully to increase or knowledge on CR sources, is to know precisely which lepton sources are dominating the flux at the
TeV energy. Catalogs such as the Green Catalog [10] or ATNF Catalog b have been stacking
a
Pulsar Wind Nebula (PWN) might also account for the lepton flux, for more extended discussion on the
differences with SNRs see [7]
b
http://www.atnf.csiro.au/people/pulsar/psrcat/
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the known sources and can be used in the computation of the lepton flux. Although, even for
the closest sources, their degree of completeness is questionable for the only reason that τloss is
about one order of magnitude above the activity timescale of a source which could be too dim
to be detected (other reasons are exposed in [11]). One alternative is to rely on a statistical
treatment, in which the sources location and age are considered as random variables [11, 12].
Obviously, fluctuations of the flux at those energies are large, and without other constraints, it
seems difficult to learn any generic source property.
Recently, Fermi-LAT published new upper bounds on the lepton dipole anisotropy [13].
Combined with radio data and the measured lepton flux around the TeV-energy, these bounds
are already constraining the emission from local sources [14]. Refinements of these bounds (and
hopefully detection of anisotropy) as well as a better understanding and modelling of CR local
propagation give hopes to be able to tackle sources properties and so to do astronomy thanks
to the lepton flux.
3

A peak in the lepton flux?

A much less expected feature in the lepton flux, although much more speculative, is hinted by
Dampe data [2]: a line-like signal shows up at 1.4 TeV. No comments on the significance of this
line can be found in the original paper, except that it should be confirmed or not by the next
release. An independent careful study of the significance of this peak [4] reports a frequentist
2.3 σ significance (taking into account the look elsewhere effect), and a Bayes factor of order
2. Although its significance is quite low, most of the excitement from the Dampe results are
related to the explanation of this excess.
The shape and the magnitude of the observed peak is actually quite constraining on its
origin. Firstly, the line shape involves quasi-monochromatic injection of leptons. Secondly, as
mentioned earlier, leptons are very sensitive to energy losses. This would have the effect to
broaden the peak if the source were too far. Thus, in order to neglect the energy losses for 1
TeV leptons, the source must be much closer than rdif f ∼ 1 kpc defined previously (see [15]).
The source must be local and so complies with all astrophysical constraints available.
As for the explanation of the so-called positron excess, the two preferred culprits of highenergy lepton production are DM annihilation or acceleration in pulsar environments.
3.1

Electrophilic Dark matter?

Counting the number of articles written on DAMPE interpetations, the annihilation of leptophilic DM is by far the most popular option. Proposed models correspond to extensions of
the SM model with additional symmetries, and new charges are chosen to make DM particles
annihilating exclusively into leptons. The new symmetries invoked are, U(1) symmetry (scalar
mediator: [16, 17], Z prime: [18, 19, 20, 21, 22, 23, 24], generic vector gauge boson [25, 26, 17],
Dark photon [27]), Z2 symmetry [28, 29, 30, 31], SU(2) [32]), or extra-dimension [33]. Most
models try to embed the proposed DM candidates in a more general framework, also tackling
some other open problems such as neutrino masses generation (radiatively or through type II
see-saw mechanism) and leptogenesis. Note that other papers were addressing the DM interpretation in a more model independent way [34, 35, 36, 37, 38]. The “electrophilic” nature of
the DM is a crucial ingredient to obtain the required peaked shape, since any sizable coupling
to other SM particle (even to other lepton flavors) would generate a much broader spectrum.
Moreover, in order to avoid the peak to be smeared out, the annihilation must take place
in our close environment. To get a sufficient luminosity, the DM over-density needs to be large,
and one can estimate the probability of such a fluctuation. In [38] the authors investigate two
scenarios corresponding to two extreme sizes of clump. Fixing the annihilation cross-section to
the thermal one, they conclude that a clump of typical size 10 pc and 100 pc requires overdensities of 1000 and [17-35] respectively. Such large values are excluded by N-body galactic
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simulations (see e.g. [39] or [40]).
Hence standard scenarios for structure formation are not likely to reproduce the require DM
density to explain Dampe data. Although one may consider more exotic mechanisms to obtain
such high densities (e.g. minispike DM clump [41] or Ultra-compact micro halos [42, 43]), or
to enhance DM annihilation rate (e.g. Sommerfeld enhacement [44]), the production of monoenergetic e+ e− pairs is associated with intrinsic radiations (internal bremstralung [38]), but also
secondary particles (i.e. inverse compton gamma-rays and radio emmision from synchrotron)
[15]. The latter are subject to very stringent constraints from gamma-rays telescope and radio
ones that must not be forgotten.
3.2

‘Naked’ pulsars?

The astrophysical alternative for DM involves rapidly rotating neutron stars, so-called pulsars,
which (at least in their surrounding nebula) can efficiently accelerate leptons to TeV-energies.
Numerous local pulsars are observed and could potentially explain Dampe signal (see for example
Table 4 of [45]). Contrary to the explanation of the well-known positron excess which can be
accounted for by a broad spectral emission, the peaked shape of Dampe signal requires some
astrophysical fine-tuning. Indeed the mono-energetic emission needs the pulsars wind to be cold
and not affected by the shock of the associated SNR [46, 47]. Assuming this scenario, in [38]
the authors show that Geminga or Vela are plausible candidates, and that the corresponding
gamma emissions seem to evade Fermi-LAT anisotropy constraints [13, 15].
4

Conclusion

Dampe, the first Chinese space probe devoted to high-energy astrophyisics, has provided a
confirmation that the break at 1 TeV is an intrinsic property of CR lepton flux, rather than
due to any atmospheric effect or detection systematics. In the standard CR picture, this break
is most likely a source effect and probably reflect the injection properties of one or few nearby
sources. The precise measurement of the lepton flux and anisotropy, and more crucially other
wavelength constraints are essential to pinpoint these prominent source(s) and hopefully help
to extract generic behavior of CRs production. Concerning the tentative line-like signal at 1.4
TeV, one has to keep in mind that its significance is low, and that such an excess is not reported
by Calet [3]. If it were confirmed, the shape of the signal is very restrictive on the usual
“DM versus pulsar” hypotheses invoked at the time of Pamela positron execess. As for that
controversy, a multimessenger approach is the most promising way to test these hypotheses
viability. Of course, among the ingredients involved in the puzzle solution, the community is
now eagerly waiting for Dampe next data releases as well.
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RESULTS OF LIGO–VIRGO
G. CELLA
Istituto Nazionale di Fisica Nucleare sez. Pisa, Largo B. Pontecorvo 3,
56127 Pisa, Italy

The first data taking periods for the second generation of earth-bound gravitational wave detectors have been very successful. In September 2015 LIGO obtained the first direct detection
of gravitational waves, generated by a coalescence of two black holes 2 . after that several other
events of the same kind where detected. Starting from the summer 2017 the Virgo detector
joined the network, giving important contributions to the source localization and participating to the first detection of a two neutron star coalescence. I give here a short review of
these LIGO-Virgo observations. I also discuss search results for stochastic gravitational wave
backgrounds, and future perspectives.

1

Binary black holes coalescences

Advanced LIGO and Virgo interferometric gravitational wave detectors have been designed in
order to get, in their final configuration, an increase of one order of magnitude in strain sensitivity
with respect to the first generation ones.
This will be possible thanks to several improvements. First of all, a relevant improvement
of the quality of the optics, with a residual rugosity of surfaces lower than 0.5 nm. Optical
properties of the coating of the mirror have been improved also, with absorption < 0.05 ppm
and scattering < 10 ppm. Diffused light mitigation and thermal control of optical aberrations
is also foreseen.
The mass of the mirrors has been doubled, and beams with larger sections (by a factor 2.5)
have been adopted, in such a way to obtain a better averaging of the fluctuations of the mirrors’
surface, thus reducing thermal noise.
Vacuum has been improved by two orders of magnitude, obtaining a residual gas pressure
of 10−9 mbar. In the final configuration the power of the laser will be increased, and signal
recycling techniques will be applied.
An extensive campaign of data taking periods for the LIGO-Virgo network, intermixed
by commissioning ones, has been planned (see 1 for up to date information) and a Japanese
interferometer (KAGRA) is expected to join after 2020.
The two scientific run O1 (from September 2015 to January 2016) and O2 (from November
2016 to August 2017) have been highly successful. In O1 the first direct detection of gravitational
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waves was obtained, from the observation of a coalescence of two black holes 2 with mass of about
30M each. The signal, which lasts less than 0.5 s in the sensitivity band, was detected by the
two LIGO interferometers 3 , as Virgo was not yet commissioned at the time. The event, named
GW150914, was quite evident with a false alarm probability of about 5 × 10−6 yr−1 and a
significativity greater than 5.3σ. Another event, GW151226 4 , was detected in the following. It
was interpreted once again as a BBH coalescence 5 .
Another BBH coalescence was detected by the two LIGO interferometers during the O2
run 6 . In all cases a detailed study of the signal shape allowed for an estimate of the parameters
of the systems 5 : the masses and the spins of the two progenitor black holes and of the final one,
the distance of the source and its position in the sky. The accuracy of these estimates depends
on the parameter considered. For example, the determination of the ”chirp mass”
M=

(m1 m2 )3/5
(m1 + m2 )1/5

(1)

which is the combination of the progenitor masses mi which dominates the signal’s shape was
+0.3
quite accurate, 28.1+1.8
−1.5 M for GW150914 and 8.3−0.3 M for GW151226. On the other hand
the accuracy on the mass ratio m1 /m2 , which contributes only at higher order in the post
Newtonian expansion, was lower (around 20% for GW150914) 5 .
With these events the possibility of testing general relativity in the strong coupling regime
started. Several investigation have been done 7 , and I will describe shortly only two of them.
1.1

Compatibility of inspiral and post-inspiral signal

The signal coming from a coalescence can be partitioned in three different phases. In the first
one, called inspiral, the two progenitors can be described as orbiting point masses, and the
evolution of the system can be evaluated with an accurate perturbative expansion including
general relativity effects of high enough order. The perturbative expansion is expected to be
accurate because the system is not yet really in the strong gravity regime.
In the second phase, called merger, the perturbative expansion breaks down, together with
the point mass approximation. The nonlinear general relativity effects become dominant and the
evolution of the system can be obtained by solving numerically the Einstein equations. During
this phase the two progenitor black holes merge together, radiating a significant fraction of their
mass (about 3.0M for GW150914) as gravitational waves.
In the third phase, called ringdown, the final compact object, which can be described as
a perturbed black hole, radiates its excitation energy evolving toward its final stationary Kerr
configuration.
An estimate of the mass and final spin of the source can be done using only the inspiral signal
(with a signal to noise ratio of about 19.5 for GW150914), or only the post-inspiral signal (with
SN R ' 16 for GW150914). The two probability distributions can be tested for compatibility.
In this way strong gravity effects not explained by the Einstein’s theory can be put in evidence.
Results show agreement with general relativity predictions 7 .
1.2

Quasi normal modes

In the ringdown phase the excitation of the final black hole can be described as a superposition of
quasi normal modes, namely harmonic damped oscillations, each parameterized by a frequency
ωm and a decay time τm . A relevant fact is that the values of ωm and Qm are expected to
depend only on the mass and spin of the black hole.
This prediction can be tested by comparing the measured values of ωm , τm with the ones
expected from the estimated final mass and spin. This is a non trivial procedure. If we analyze
the signal starting from a time t0 too near to the merger we can’t be sure that we entered the
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linear regime. Also if this is true, we expect a complicate expression
h(t) '

X

Am θ(t − t0 )e−(t−t0 )/τm cos[ωm (t − t0 ) + φm ]

(2)

m

with relevant contributions coming from several modes.
Moving the start time t0 far from the merger we expect only the contribution of the mode
with the largest τm to survive. But the amplitude of the signal will decay giving a low signal
to noise ratio. Anyway tests using only the dominant mode has been attempted 7 , obtaining
results consistent once again with general relativity.
1.3

Localization

Toward the end of O2 run Virgo was commissioned and it joined the network. Immediately
after, the first three interferometers detection of a BBH coalescence, GW170814, was obtained 8 .
The inclusion of Virgo produced a qualitative improvement for the accuracy of the localization of the source in the sky. This can be understood easily: the largest amount of information
about the direction of propagation of the gravitational wave signal is encoded in the relative
delays between the signal detected by the different interferometers in the network. With two
detectors, we have just a single delay. For example GW150914 was seen by the two LIGO
interferometers with a delay of about 7 ms, while the light time of flight between them was
10 ms. This gave a constraint for the angle between the propagation direction and the line
which connects the two detectors, which allowed for a determination of a ring shaped region in
the sky where the source must be. The width of the ring was determined by the accuracy on
the delay estimate and additional, weaker constraints about the compatibility of the two signal
shapes allowed for some reduction of the region.
With a three detector network three different delays can be used: in principle this allows for
a complete determination of the source position, modulo a reflection degeneracy. Once again
the final accuracy depends on the error on the delays and on additional constraint, but a large
improvement was expected and found 8 : the typical determination for the initial LIGO only
network was about 1160 deg2 , to be compared with about 60 deg2 for the LIGO-Virgo case.
This improvement was not really important for GW170814, as the only signal expected from
a BBH coalescence is a gravitational one 9 . But it was the demonstration that the era of multi
messenger observations could start.
2

GW170817

In the very final part of O2 run a different kind of coalescence was jointly detected by the
LIGO-Virgo collaboration, with a false alarm probability of about 10−5 yr−1 . While previous
observations remained inside the sensitivity window for less than two seconds, in this case the
signal last around a minute, and reached much higher frequencies.
The largest instantaneous frequency of the signal, and the time interval of the observation,
depends mainly on the dimension of progenitors. The frequency of emitted gravitational waves
are two times the orbital one, so the progenitors need to reach a small orbital period. This
is possible only (think about the third Kepler law for a rough estimate) if they can orbit one
very near to the other before merger. Black holes with reasonable mass can’t be compact
enough to allow for this, so the simplest interpretation is that the observed signal is the result
of a coalescence between two neutron stars 10 . This interpretation was confirmed by the detailed
determination of the parameters, which gives for the progenitor masses 1.36M < m1 < 1.60M
and 1.17M < m2 < 1.36M .
Another support to the hypothesis came from the observation of several electromagnetic
counterparts. Fermi/GBM detected a gamma radiation peak 1.7 s after the merger. The localization done with the gravitational detectors was consistent with the one provided by Fermi and

355

INTEGRAL, and the signal was interpreted as a short GRB (GRB 170817A) generated by the
merger 11 .
2.1

Nuclear matter equation of state

Looking at the gravitational signal only, it was possible for the first time to measure the tidal
deformability of the progenitors. Information about that are contained in the waveform: a high
deformability can enhance the production of gravitational radiation in the final inspiral phase,
and introduce a early cut off during the merger. The tidal deformability gives information
about the nuclear matter equation of state, and this open the possibility of ruling out some
of the existing models 12 . With the current sensitivity in the high frequency region which is
sensitive to tidal effects few model (with very low stiffness) have been excluded.
2.2

Hubble parameter determination

Another interesting result was the independent estimation of the Hubble parameter, using only
the gravitational signal. The constraint is currently not competitive with the ones from Planck
and SHoES 13 , but is conceptually important because it does not need the use of a distance
ladder. And in the future, when n similar events will be available, it will be possible to combine
√
the results of all the analysis reducing the error essentially by a factor n.
2.3

Electromagnetic counterparts

Beyond the mentioned gamma signal from Fermi, GW170817 was followed by an extensive
set of electromagnetic emissions in the X, UV, optical, infrared and radio band. These were
extensively observed by a large number of collaborations 14 , owing to the good localization
provided by LIGO-Virgo and Fermi+INTEGRAL.
An important results obtained in this way was the detailed observation of the evolution
of the spectra, which are consistent with the kilonova scenario 15 : matter ejected in the postmerger phase undergoes r-process in a neutron rich environment, providing a mechanism for the
production of elements heavier than iron.
3

Implications for stochastic background

The discussed events were not only the first direct detections of gravitational waves, but also the
first direct evidences of BBH and BNS coalescences. Their observation allows to put constraint
on their rates, and indirectly on black hole and neutron star populations. The gravitational
wave luminosity of a BNS event is much lower (about 0.025M for GW170817) compared with
the BBH one, so the range of detection is also smaller. Both for BBH and BNS coalescences
distant events can be too weak to be detected with a good enough statistical confidence. But if
we look far, we expect to see an increasing number of events.
An interesting possibility is that the statistical superposition of a large number of events,
too overlapped and weak to be resolvable, can generate a stochastic background of gravitational
waves. This could be detected in principle by looking at the correlations between outputs of
interferometers in the network.
Estimate based on the detected events and population models shows that in principle this
kind of background could be seen with the current generation of detectors, at their design
sensitivity 16 . Stochastic backgrounds of BBH and BNS coalescences are just a promising example
of a large set of astrophysical stochastic background.
A really exciting perspective is the one of detecting a stochastic background of cosmological
origin. A background of this kind can be produced in principle by a large number of mechanisms
in the primordial universe, such as parametric amplification during inflation, phase transitions,
cosmic string and others (see 17 for a short review). Their direct observation will allow to test for
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fundamental physics models, and is starting to give constraint for them in synergy with CMB
and pulsar timing array observations 18 .
In some cases there is no hope to see the expected background: for example the spectrum
produced by a standard slow roll inflationary scenario is several order of magnitude below the
current sensitivity and the one foreseen for third generation detectors.
Some models are more promising, for example inflationary ones with coupling to an axion
field, pre–big bang string motivated models, cosmic strings networks.
The LIGO-Virgo collaboration produced upper limits on gravitational wave stochastic background. The current one 19 is the best bound on the interferometric observation frequency
window.
4

Conclusions and future perspectives

In the last years the LIGO-Virgo collaboration obtained several important scientific discoveries,
such as the first direct detection of gravitational waves,the first evidences of BBH and BNS
coalescences, the first evidence of an association between a BNS coalescence, short GRB and
kilonova. The detection of a BNS coalescence opened the era of multi-messenger astronomy.
Several other sources are expected in the future, for example rotating neutron stars and
supernovae.
The next O3 scientific run is expected at the start of 2019, with three detectors in operation
with improved performances. As these will approach the design sensitivity the rate of events
will grow quite fast. Note that a sensitivity improvement of a factor γ (in strain) implies an
increase of the same factor of the maximum distance at which an event of a given kind can be
detected. The corresponding event rate ρ scales, as the accessible volume, by a factor γ 3 , at
least until the dependence of ρ from z can be neglected.
Event with a very high signal to noise ratio will become available, and will allow for better
parameter estimation. For example with an improved high frequency sensitivity it will be
possible to obtain severe constraint on the nuclear matter equation of state.
The detection of a cosmological stochastic background is probably something that we can
expect in third generation detectors, but in the meantime for sure several upper limits and
constraint on models will be obtained. A new way of looking at the universe is born.
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Gravitational wave (GW) astronomy can probe fundamental properties of gravity and provides
novel tests of dark energy (DE) models with dynamical fields. The recent measurement of the
GW speed following GW170817 is an excellent example of the immense potential available to
GWs tests of gravity. DE models in which the GW speed is different from the speed light
are now highly disfavored. This rules out, for instance, interesting DE candidates such as
Covariant Galileons. In order to avoid the anomalous propagation speed, derivative couplings
to the curvature must be suppressed. In the context of DE with a scalar field, this implies that
only the simplest models survive, for example quintessence, Brans-Dicke or Kinetic Gravity
Braiding. This result extends to other gravity theories with an additional vector field or
exhibiting Lorentz violation. Altogether, GW170817 sets a new landmark for DE research.

1

GW Astronomy can probe the Dark Universe

We are living an exciting beginning of Gravitational Wave (GW) Astronomy. An era that opens
a new window to the Cosmos to learn about Astrophysics, Cosmology and Fundamental Physics.
For me, the most exciting part is that we now have a new probe for the Dark Universe.
On the one hand, GW events from the coalescence of binary black-holes can teach us about
the Dark Matter (DM). This is because black-holes are natural DM candidates. They only
interact gravitationally, they move at non-relativistic speeds and they are basically collisionless
due to their small size. If these black-holes are abundant enough and if they originated early
enough in the history of the universe, they could constitute a significant fraction of the DM. There
are interesting proposals for the production of Primordial Black-Holes (PBH). Interestingly, these
models can be as well connected with particle physics as it is the case of Critical Higgs Inflation1 ,
where the PBH form from the large fluctuations of the Higgs during inflation near the critical
point of its renormalization group evolution.
On the other hand, GW events with an associated counterpart (either electromagnetic waves
or neutrinos) can be used to test Dark Energy (DE). The reason is that once the location of the
source is known, the GW event becomes a standard siren and can measure the rate of expansion
of the universe. The binary neutron star GW170817 2 was the first multi-messenger detection
and will be the focus of this contribution 3 .
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It is easy to understand how to do cosmology with GWs from their propagation equation in
General Relativity (GR) over a FRW background (written in conformal time)
h00ij + 2Hh0ij + c2 k 2 hij = 0 .

(1)

This is just a wave equation with a friction term due to the cosmic expansion. The amplitude
(or strain) of a compact binary GW is then given by, see for instance Maggiore’s book 4 ,
5/3

hGW =

Mz f 2/3
F (angles) cos Φ(η) .
dgw
L

(2)

The important point is that the amplitude is inversely proportional to the GW luminosity
distance dgw
L , which at the same time is proportional to the redshift z and depends on the
cosmic expansion H(z)
Z z
c
dgw
=
(1
+
z)
dz .
(3)
L
0 H(z)
Thus, once the redshift is known, one can extract from the amplitude the expansion history that
at low-redshift implies measuring the present Hubble rate H0 , i.e.
z  1 ⇒ dgw
L =

cz
+ ··· .
H0

(4)

After GW170817, the first independent measurement of H0 with GWs 5 was obtained H0 =
−1
−1
70.0+12.0
−8.0 km s Mpc . This result is consistent with CMB and local measurements of H0 but
still with large uncertainties.
Moreover, once the source is known, one can also probe the GW propagation itself and test
DE. In general, a modified GW propagation can be parametrized by
h00ij + (2 + ν)Hh0ij + (c2g k 2 + a2 m2g )hij = 0 ,

(5)

where we have introduced an additional friction term ν, an anomalous propagation speed cg and
an effective mass term mg . These new terms will modify the GW amplitude by
hGW ∼ hGR

1

R

e|− 2 {zνHdη} |eik

Effect amplitude

R

(αT +a2 m2 /k2 )1/2 dη

{z

Effect phase

}.

(6)

As schematically shown above, the friction term produces an extra damping of the GW signal.
On the other side, the anomalous GW speed, measured by the difference with respect to the
speed of light αT ≡ c2g − 1, and the effective mass can modify the phase of the signal. For this
contribution, I will focus on the effect of the anomalous speed which is the most constraining
and does not depend on the details of the binary, only on its location.
The relevant question at this point is what can kind of DE models can modify the propagation
of GW. The simplified answer is that this could happen if the DE is described by additional
dynamical fields that have interactions with the tensor modes.
2

Dark Energy with a scalar field

If we think about DE being constituted by additional fields, the simplest situation would be to
consider GR with just one additional degree of freedom, a scalar field. This kind of models has
been extensively studied in the literature since the properties of the scalar field give for free a
homogenous and isotropic expansion. The archetypical example of a scalar-tensor DE model is
Brans-Dicke theory or quintessence,
L=

1
1
R − (∂φ)2 − V (φ) ,
16πG(φ)
2
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Figure 1 – Evolution of the anomalous GW speed (αT ) as a function of redshift (left) and parameter space allowed
by Planck, BAO (1, 2 and 3σ) projected in the αT (z = 0) and αM (z = 0) (right) for different Galileon models.
See details in the original article 3 .

which are described respectively by a non-minimal coupling to the curvature, G(φ), and by a
given potential, V (φ).
Modern scalar-tensor theories are much richer in complexity and phenomenology. Most of
them (all with second-order equations of motion) can be encapsulated in Horndeski theory 6 ,
whose action is schematically given by
LH = G2 + G3 φ + G4 R − G4,X {∇∇φ}2 + G5 Gµν φ;µν − G5,X {∇∇φ}3 ,

(8)

where {∇∇φ}2 and {∇∇φ}3 denote specific combinations of quadratic and cubic powers of second derivative interactions. The new ingredients of these DE models w.r.t. the old-school scalartensor theories is that now there are derivative self-interactions and derivative non-minimal
coupling to the curvature.
Generically, Horndeski theory is described by four functions of space and time Gi (φ, (∂φ)2 ).
This simplifies for linear perturbations over cosmological backgrounds 7 . In that case the theory is described by only four functions of time αi and the evolutions of the tensor and scalar
perturbations follow
ḧij + (3 + αM )H ḣij + (1 + αT )k 2 hij = 0 ,
αK δ φ̈ + 3HαB Φ̈ + · · · = 0 .

(9)
(10)

For our interest here, we will focus only in the tensor equation, which precisely resembles the
modified propagation equation for GW described before. As mentioned, αT tracks the difference
of the GW speed w.r.t. the speed of light. Moreover, the additional friction arises from the
Planck mass run rate αM ≡ d ln Mp2 /d ln a.
An interesting example of a Horndeski model with a viable cosmology is Covariant Galileons.
This model has many theoretical motivations (massive gravity limit, non-renormalization theorems...) but we will focus on its cosmological predictions. The most relevantP
ones being 8 : 1)
explains DE without a cosmological constant Λ, 2) requires massive neutrinos
mν 6= 0 and 3)
alleviates the tension with the local measurement of H0 .
Unfortunately, when we studied the evolution of the anomalous GW speed αT as a function
of redshift, left panel of Fig. 1, we found that αT is different from 0 at present time, which
corresponds to cg = c at z = 0, for all realizations but a few fine-tuned cases. As we will see in
the next sections, this will have fatal consequences for Galileon cosmology.
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3

GW170817

On August 17th of 2017, the first binary neutron star (NS) merger was detected by the LIGOVirgo collaboration in GW. This event was followed-up by different electromagnetic (EM) counterparts ranging almost all the EM spectrum. The first of this signals was a short gamma-ray
burst that was detected only 1.74 ± 0.05s after the GW. Since the binary NS was located at a
distance of 40+8
−14 Mpc, GW170817 leads to the impressive constraint on the speed of GW
−3 · 10−15 ≤ cg /c − 1 ≤ 6 · 10−16 .

(11)

This implies that any DE model that induces an anomalous GW speed is now highly disfavored.
4

Anomalous GW speed

Due to GW170817 constraint on the speed of GWs, it is crucial to understand under which
circumstances an anomalous speed arises. In general, at small scales and for arbitrary backgrounds, we can describe the evolution of GWs in terms of the effective metric G αβ under which
they propagate 9


L ∝ hµν G αβ ∂α ∂β hµν = hµν C + Dαβ ∂α ∂β hµν .
(12)
This effective metric can be decomposed in a term proportional to the original metric C (conformal) and another that is not proportional Dαβ (disformal). Whenever the disformal term
is present, the light-cone and the GW-cone will be different producing a delay between both
signals. Therefore, the anomalous GW speed is generated by Dαβ . Such type of term will appear
if the following two conditions are satisfied:
i) There is a non-trivial scalar field configuration. If we want to explain DE, we typically
demand φ̇ ∼ H0 .
ii) There is a derivative coupling to the curvature. This highlights the presence of a modified
gravity coupling that will lead Dαβ ∼ ∂ α φ ∂ β φ.
Whenever these two conditions are satisfied, cg 6= c and a there would be a delay between
the GW and the EM counterpart. For instance, differences of 1%, cg /c ∼ 0.01, for sources at
100Mpc induce delays of ∆t ∼ 107 years. Clearly, such delays are beyond human timescales and
no GW with an associated counterpart could have ever been detected.
5

Dark Energy after GW170817

As a consequence, the constraint on the speed of GW from GW170817 sets a new landmark for
DE 3 (see also other references 10,11,12 with similar conclusions after GW170817).
5.1

Dead Ends

The case of Covariant Galileons exemplifies very well the dead ends after GW170817. When
we consider the parameter space compatible with cosmology, Planck and BAO, projected in
the plane of αT (z = 0) and αM (z = 0), right panel of Fig. 1, we find that the only subset
of the theory compatible with the GW measurement, cubic Galileons (red), is ruled out by
the Integrated Sach-Wolf (ISW) effect by more than 8.2σ (ISW exclusion represented by the
diagonal lines). This implies that Covariant Galileons are now ruled out as a DE candidate.
Similar conclusions will extend to many other Horndeski DE models as we will see next.
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Figure 2 – Tree diagram of extensions of General Relativity that are affected (lighter colors) by the constraint
on the speed of GW. Made in collaboration with M. Zumalacárregui. This diagram can be downloaded from
https://jmezquiagabravo.wixsite.com/mysite.

5.2

The road ahead

After GW170817, the road ahead is very clear: any DE model must predict cg = 1 on arbitrary
backgrounds. This means that we have to break one of the conditions required to have an
anomalous propagation speed. However, if we want to explain DE we cannot avoid the first condition since a trivial scalar field configuration will not lead any cosmological dynamics different
from Λ. Consequently, the only possibility is to break the second condition and eliminate the
derivative coupling to the curvature. In the context of Horndeski theory this implies
G4,X ≈ 0 ,

G5 ≈ constant .

(13)

Translating this result, only the simples models such as quintessence, Brans-Dicke or Kinetic
Gravity Braiding survive. On the contrary, models like Covariant Galileons, Fab Four, GaussBonnet or some sectors of beyond Horndeski are ruled out.
But the constraining power of GW170817 is not limited only to DE models with a scalar
field. GR can be extended in different ways and there are other alternative gravity theories
that predict an anomalous GW speed. In particular, one could add other type of fields such as
vectors or tensors. One could also give a mass to the graviton or break the initial assumptions
such as locality, Lorentz invariance or 4 space-time dimensions. In Fig. 2 we summarize these
possible extensions and highlight (by making the colors lighter) that besides DE models with
and additional scalar field, vector theories and Lorentz violating theories are also affected by
the constraint imposed by GW170817. This diagram shows very clearly the strength of the test
of gravity with the propagation of GWs.
6

Conclusions

We have seen in this contribution that GW astronomy opens an interesting window to probe the
Dark Universe. In particular, the constraint on the speed of GWs from the binary NS merger
GW170817 sets a new landmark for DE research. Only those models with the GW speed equal
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to the speed of light survive. This implies that interesting DE candidates, such as Covariant
Galileons, are now ruled out.
Looking to the future, since the propagation of GWs is such a powerful test of gravity, other
effects might be constrained. For instance, mixing between different modes or propagation over
non-trivial backgrounds could be relevant. Of course, searches for additional polarizations in
future runs of LIGO-VIRGO will be crucial. For that, the role of VIRGO is essential since it
can reduce the localization by an order of magnitude.
I cannot wait to see what we will learn from the next run O3 at the end of this year!
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CLOCKWORK/LINEAR DILATON: STRUCTURE AND PHENOMENOLOGY
RICCARDO TORRE
CERN, Theory Division, Geneva, Switzerland and INFN Sezione di Genova, Italy

I briefly discuss the main phenomenological features and constraints of the Clockwork/Linear
Dilaton (CW/LD) 5D geometry.
This contribution is based on the work of ref. [1], to which the reader is referred for an extensive
discussion of the subject and the full list of relevant references. The only original result of this
proceeding is adding the constraint arising from the CMS analysis [2] to the summary plot.

1

Introduction

Why is the Fermi constant GF ≈ 1.2 · 10−5 GeV−2 so much larger than the Newton constant
GN ≈ 6.7·10−39 GeV−2 is one of the biggest mysteries of Nature. This question can be considered
as a qualitative formulation of the electroweak Hierarchy Problem (HP), that is, why are weak
interactions so much stronger than gravitational interactions? Indeed there are three crucial
scales known in particle physics,a one of which, the QCD scale, is dynamically generated by
strong interactions.√The other two, the weak
scale, related
√
√ to the Higgs boson mass mH by the
coupling constant λ through 1/GF = 2v 2 = m2H /( 2λ) ≈ (300GeV)2 and the Planck scale
1/GN = MP2 ≈ (1019 GeV)2 , are unexpectedly far apart. In the absence of any symmetry and/or
dynamical mechanism responsible for the generation of these scales, these two parameters both
break scale invariance, and one would expect them to be roughly of the same order. This is what
Naive Dimensional Analysis (NDA) would suggest. For this reason many physicists believe that
some symmetry and/or dynamical mechanism should be responsible for this very large scale
separation. This could be Supersymmetry (SUSY), dimensional transmutation, localization
in extra-dimensional space-time, or any other mechanism that completely forbids, or makes
irrelevant in the ultraviolet (UV), the Higgs mass operator.
Extra-dimensions offer a useful and clean perspective on the HP [3]. The issue of the
weakness of gravity, or the stability of the Higgs potential under radiative corrections, is turned
into an issue of stability of a higher dimensional space-time geometry. In its simplest realization
the Standard Model (SM) fields are localized on a 4-dimensional hypersurface of a d > 4 higherdimensional space-time and the fundamental d-dimensional Planck scale is assumed to be of the
a
There is indication for other scales related to neutrino masses, gauge coupling unification, strong CP problem,
and so on, but there is no direct evidence of any of them at the time of this writing.
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(d)

order of the electroweak scale MP ∼ 1/GF , so that no hierarchy is present between the two
fundamental scales. The observed weakness of gravity, corresponding to a much larger value of
(d)
the 4D Planck scale MP  MP , could then be explained by “dilution” of the gravitational force
in a large extra-dimensional volume. This large volume can arise in two different ways: it could
correspond to very large extra-dimensions with fixed 4D volume along the extra coordinates,
that is flat and large extra-dimensions, or to small extra-dimensions where the 4D volume grows
along the extra-coordinates, referred to as warped extra-dimensions.
Both the mechanisms illustrated above give a simple solution to the weakness of gravity,
being a potential solution to the HP. However, one needs to explain the mechanism that generates
such higher dimensional geometries and make sure that it does not require a large fine-tuning.
The simplest example is a single, flat, and large extra-dimension [4–6]. It is well known from
the flatness problem of our universe that explaining a very flat geometry requires the tuning of
a very small Cosmological Constant (CC). Indeed, if we assume that the fundamental Planck
scale of an extra-dimensional flat space is of the order of the electroweak scale, then we naturally
expect a CC of the order of m2H /GF , which in turn would imply a geometry that is either de
Sitter (dS) or Anti-de Sitter (AdS). Getting a very flat extra-dimension would correspond to
finely tuning the bulk CC. This problem has nothing to do with the existing problem of tuning
the 4D CC to get 4D Poincaré invariance and is nothing but the translation of the electroweak
HP into a problem of stability, or naturalness, of the extra-dimensional geometry. Therefore,
to represent a solution to the HP, an extra-dimensional model needs a mechanism to stabilize
the extra-dimension, or in other words, to realize the required geometry without finely tuning
additional parameters. It turns out that it is generally harder to stabilize a flat (Poincaré)
rather than a warped (e.g. dS or AdS) extra-dimension. The flatness is strictly related to the
vanishing of the bulk CC, which is known to be possible only in the presence of SUSY (no other
symmetry is known to prevent the existence of a CC and be preserved by radiative corrections).
Moreover, a single, flat, large extra-dimension would need to have solar system size to explain
the observed hierarchy, and would be completely ruled out by observations. For this reason one
usually needs more than one flat extra-dimension and the model complicates further.
Naturally realizing warped extra-dimensions, of the Randall-Sundrum (RS) type [7], i.e.
inspired by the AdS/CFT correspondence, is usually simpler. The fine-tuning in realizing the
needed AdS 5D geometry corresponds to fixing the size of the extra-dimension, that is the
distance between the IR and UV branes. This distance corresponds to the vacuum expectation
value of a dynamical field in the bulk, the radion. If the distance is not fixed (stabilized), the
radion remains massless and mediates a long range force that leads to unacceptable modifications
of the gravitational potential. Generating dynamically a potential (a mass) for the radion fixes
the distance between the two branes. Being able to dynamically fix this distance at the value
required by naturalness without having to fine-tune 5D parameters gives a natural solution to
the HP. The so-called radius stabilization, which turns a rephrasing of the HP into an actual
solution of it, can be achieved with a simple mechanism, known as Goldberger-Wise (GW)
mechanism [8]. A new scalar is added to the model with mass terms both in the bulk m and
on the boundaries µi . A mild hierarchy between the bulk GW mass m and the inverse AdS
radius 1/R, mR ∼ 1/30 is sufficient to realize the observed electroweak-gravity hierarchy. In
the dual language of the CFT the bulk mass of the GW scalar corresponds to the dimension of
a nearly marginal deformation of the UV CFT. The RS geometry is only a prototype of warped
extra-dimensional solutions to the HP. One can construct different geometries that share the
same behavior of RS in the UV, but flow to different geometries in the IR. In this way the
holographic interpretation of radius stabilization is not lost, but the physics, that means the
spectrum and couplings of KK-modes, close to the IR brane where the SM fields live, can be
different.
Recently an extra-dimensional warped geometry called Linear Dilaton (LD), that is not
asymptotically AdS in the UV, has been singled out from different directions as a new candi-
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date extra-dimensional solution to the HP. On the UV side it has been shown to arise from a
duality different than AdS/CFT and much less understood: LD backgrounds emerge as the 7D
gravitational dual [9, 10] to Little String Theory (LST) [11, 12], that is a 6D strongly-coupled
non-local theory arising on a stack of NS5 branes. Explaining this duality is beyond any scope
of this proceeding, it is sufficient to notice that 5D deconstructions of these 7D LD setups have
been introduced inspired by this string theory construction [13]. On the IR side instead, the
same 5D geometry has been recently obtained as a particular continuum limit of a clockwork
model with infinite sites [14–16]. For this reason, this geometry has been recently renamed
Clockwork/Linear Dilaton (CW/LD). It is essential to notice that in both cases a bulk CC,
allowed by the symmetries of the model, has not been introduced. In the string theory inspired
construction this is due to the assumption of SUSY in the bulk, while in the CW construction
is due to the assumption of vanishing cosmological constants on the 4D sites. As it is extensively discussed in ref. [1] the bulk cosmological constant constitutes the main obstacle in the
stabilization of the extra-dimension: indeed it would make the model asymptotically AdS in the
UV, and it will very quickly change its salient features back to RS-like ones. This suggests that
SUSY may be a necessary ingredient in explaining the absence of a 5D CC (see ref. [17] for a
different proposal that avoids SUSY). It is likely that the mechanism of radius stabilization in
the CW/LD is related to the LD/LST duality, as it happens in the Randall-Sundrum theories,
and that a deeper understanding of one of these two dual theories, will shed light on the other.
Going beyond the stabilization mechanism, that is certainly crucial, but is also conceptually
more complicated than in the case of RS, and that still claims for a clear understanding, the
CW/LD geometry has singled out also for its radically different phenomenological features.
Studies of the CW/LD phenomenology can be found in refs. [1, 18–20]. The scope of the next
few pages is to briefly list the salient features of the phenomenology of the CW/LD model and
to summarize constraints on its parameter space.
2

The LD model

The full action of the model is given in ref. [1]. Einstein’s equations and the dilaton equation of
motion deriving from this action are solved by the metric
4





ds2 = e 3 k|y| ηµν dxµ dxν + dy 2 ,

S(y) = 2k|y| ,

(1)

which defines the CW/LD geometry. This metric implies the following relation between the
fundamental scale M5 , that defines the cut-off of the theory, and that is supposed to be not
much
√ larger than the electroweak scale, and the four-dimensional reduced Planck mass, MP ≡
1/ 8πG ≈ 2.4 × 1018 GeV:

M3 
MP2 = 5 e2πkR − 1 .
(2)
k
The required electroweak/gravity hierarchy is generated for
1
kR ' ln
π

MP
M5

s

k
M5

!

≈ 10 +

1
k
ln
2π
TeV




3
M5
ln
2π
10 TeV


−



.

(3)

The issue of the naturalness of this choice is related to the mechanism of radius stabilization,
and is extensively discussed in ref. [1].
The spectrum of Kaluza-Klein (KK) gravitons is given by
m0 = 0 ,

m2n = k 2 +

n2
,
R2

n ∈ Z,

(4)

so that the KK modes are separated from the zero mode, that is the massless graviton, by a mass
gap of order k. A peculiar feature of this model is that the KK modes form a narrowly-spaced
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Figure 1 – Left panel: KK graviton mass splittings as a function of the mode number. The behavior is shown
for M5 = 10 TeV, k = 200 GeV, however the result does not strongly depend on these parameters. The blue
band indicates the typical experimental resolution in the di-photon and di-electron channels (≈ 1%). Right panel:
exact partial width for the decay of a mode-n KK graviton into pairs of lighter KK gravitons relative to the
asymptotic expression given in eq. (7). Here we have fixed M5 = 10 TeV, k = 10 GeV, but the dependence on
these parameters is mild.

spectrum above the mass map. The left panel of figure 1 shows the relative mass splitting as
a function of the KK number n. This splitting drops below the di-photon and di-lepton mass
resolution of around 1% for n & 100.
In the CW/LD the SM fields are localized on the IR brane. Therefore KK gravitons couple
to the SM via T µν as
L⊃

1

µν
− (n) h̃(n)
µν T
ΛG

(0)2
ΛG

,

=

MP2

,

(n)2
ΛG

=

M53 πR

k 2 R2
1+
n2

!

=

M53 πR

k2
1− 2
mn

!−1

.

(5)
so that these couplings are not suppressed by MP , but by a much lower scale.
These interactions lead, for KK gravitons much heavier than the SM particles, to the following branching ratios for the KK gravitons decays:
gg
34%

P

i qi q̄i

38%

W +W −
9.2%

ZZ
4.6%

hh
0.35%

P + −
i `i `i

γγ
4.2%

P

i νi ν̄i
.
3.2%

6.4%

The detailed expressions, including phase space effects, which must be taken into account
for lighter KK gravitons, can be found in ref. [1]. The total decay rate of a mode-n KK graviton
into SM particles in the same limit is
ΓGn →SM

283 m3n
283 m3n
=
=
960π Λ(n)2
960π 2 RM53
G

k2
1− 2
mn

!

.

(6)

In the absence of other decay channels, KK graviton decays can be prompt, displaced, or even
stable at detector scale, especially for large values of M5 & 10 TeV. As a result, it is possible
that, within the same theory at a given M5 and k, some KK gravitons decay promptly, while
others lead to displaced vertices, which is a very peculiar signature of this model.
In the CW/LD model 5D graviton self-interactions lead in 4D to KK graviton decays into
pairs of lighter KK gravitons. Details on this process can be found in ref. [1]. Here we limit
ourselves to writing down their total rate in the limit n  kR  1:
7/2

ΓGn →P G` Gm '

595
mn
.
3 × 214 π 2 k 1/2 RM53

(7)

The deviation of this approximate formula from the exact result is shown in the right panel of
figure 1 as a function of the KK number n. This rate becomes large for large n and can even
become the dominant one:
r
ΓGn →P G` Gm
mn
≈ 4.1 × 10−2
.
(8)
ΓGn →SM
k
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Figure 2 – KK graviton branching fractions to photons (left) and to lighter KK gravitons (right) for k = 0.1, 10
and 1000 GeV, as a function of the KK graviton mass. In the left plot, the thick black curve shows the result
that would be obtained without accounting for decays to lighter KK modes.

This can have a big impact on the phenomenology: on the one hand, BRs into SM particles
are decreased, as shown for instance in the case of the di-photon channel in figure 2 (left); on
the other hand, decays to lighter KK gravitons can give important high multiplicity signatures,
since the branching fraction for such decays can be large, as shown in figure 2 (right).
Even in the presence of this additional contribution to the total width, all modes in the
range of validity of the theory (mn . M5 ) are narrow Γn  mn (see eq. (7)). Moreover, as long
as


M5
k & 1.5 × 10−6 M5 ≈ 15 MeV
,
(9)
10 TeV
the width is also smaller than the mass splitting between modes, allowing us to treat the KK
excitations as individual resonances. Finally notice that the additional contribution to the
decay rate coming from KK self interactions does not preclude displaced decays, since only
modes corresponding to large n are affected.
3

Results and conclusion

We have considered the CW/LD geometry and studied, among others, constraints from the
following existing and proposed searches:
• Continuum s-channel effects in the invariant mass spectrum of the di-lepton [21] and diphoton [22] channels;
• Continuum t-channel effects in the di-jet angular distribution [23];
• Resonant searches in the di-lepton [21] and di-photon [22, 24] channels;
• Fourier analysis of the di-photon invariant mass spectrum (for more details on this newly
proposed technique see ref. [1]);
• The new di-photon invariant mass spectrum analysis by CMS [2] appeared after ref. [1].
Our estimates of the sensitivity of these searches is summarized in figure 3. Other constraints
from e+ e− collisions at LEP, beam dump experiments, astrophysics, and BBN are not relevant in
the region of the parameter space that we consider [1]. Finally, notice how the new CMS analysis
of the continuum di-photon spectrum [2], whose constraint is represented by the rightmost black
line in figure 3, has already impressively overcome all other constraints, starting to test a more
fine-tuned region of the parameter space.
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Figure 3 – Summary of the constraints coming from the searches listed in the text. The black curves refer to the
new CMS analysis [2], with the dashed and solid ones being the expected and observed limits, respectively.
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EXPERIMENTAL SUMMARY

A. Ceccucci
CERN Experimental Physics Department, 1211 Geneva 23,
Switzerland

A yearly check-up of the Standard Model health and beyond seen through the new and recent
experimental results shown at the conference.

1

Introduction

There is a lot more than just electroweak physics at the eponymous Moriond session: the covered subjects span from the study of the rarest B meson decays to the novel multi-messenger
astronomy enabled by the discovery of gravitational waves, from the precise studies of the Higgs
Boson to the searches for dark matter. Usual disclaimers apply for this summary: it cannot be
exhaustive and no attempt is made to provide a detailed section of references. I hope that the
paper will at least transmit to the reader the spirit of the conference and the motivation to learn
more by reading the individual contributions. The structure of the summary mostly respects
the chronological order of the sessions. References to the presentations are given putting the
name of the speaker in square brackets.

2

Heavy Flavour

This is a very broad subject including quark mixing, CP-Violation and rare decays. B, D
and K mesons continue to be studied in ever greater detail. The determination of the CKM
parameters and the over-constraining of their unitarity relations is a central programme in
particle physics and will continue to deeply probe the Standard Model (SM) for the foreseeable
future. Inconsistencies on the determination of CKM elements from different measurements
could signal something profound. Some of the flavour transitions proceeding at loop level are
sensitive to very high energy scales, typically extending beyond those accessible by direct searches
performed at colliders.
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2.1

B Anomalies

If one may say so, one of the highlights was the lack of new results concerning the so called
”B anomalies” [Langenbruch, Dettori]. Since a few years there are tantalizing hints of lepton non-universality in B meson decays both in charged and flavor changing neutral currents
(FCNC). Some of the more significant hints are:
• RD(∗) =
• RK ∗ =
• RK =

Γ(B→D(∗) τ ν)
Γ(B→D(∗) µν)

4.1 σ

Γ(B→K ∗ µ+ µ− )
Γ(B→K ∗ e+ e− )

Γ(B→Kµ+ µ− )
Γ(B→Ke+ e− )

from SM,

2.1 − 2.5 σ
2.6 σ

from SM,

from SM.

These hints, seen by more than one experiment, have stimulated a rich phenomenological
production aiming to explain the experimental puzzles by means of beyond standard model
(BSM) physics. For instance, there is a renewed interest for models with lepto-quarks (LQ) with
different couplings for each generation of fermions. New LQ searches at high PT incorporating
these new theoretical development have achieved exclusion limits exceeding, in many cases, the
1 TeV mark [Takahashi].
2.2

CP-Violation in beauty at the LHC

When studying the CKM unitarity matrix, the main objective is not so much to know what the
precise values of α, β and γ (or λ, A, ρ and η) are but rather to over-constraint the determination
of the parameters to see whether measuring the same combination of parameters with different
methods or within different systems (e. g. K, Bd , Bs ) some inconsistencies are put in evidence.
This would presumably signal something important beyond the SM. The experimental situation
of CP-violation in B decays [Garcia Pardinas] shows steady progress. A new combination
◦
for the angle γ presented at the conference. A new combination of the angle γ = (76.8+5.1
−5.7 )
was presented by LHCb. This value, which is the best determination from a single experiment,
◦
shows a slight tension with the latest value from CKMfitter: γ = (65.3+1.0
−2.5 ) .
New results presented for the first time included a 4σ evidence of time-dependent CPviolation in Bs0 sector, time-independent CP-asymmetry of B + → Ds+ D̄0 (first result) and B + →
D+ D̄0 (most precise to date). In addition, triple-product asymmetries in Λ0b → pK + π − π − ,
Λ0b → pK + K − K − and Ξ0b → pK − K − π + decays were reported, all consistent with no CPviolation.
2.3

D0 − D̄0 mixing and CP-Violation

The vast amount of D mesons reconstructed by LHCb leads to effective tests of the mixing in
neutral D mesons [Marino]. This system is one of the most sensitive to SM extensions because
the CKM source of CP-violation and mixing is very suppressed. The flavour of the D0 is inferred
from the sign of the soft pion from the strong decay D∗± → D0 π ± . The Mixing is extracted
from the time dependent ratio of wrong sign over right sign decays:
R(t)± =

q
W S(t)±
(x0± )2 + (y 0± )2  t 2
±
± 0± t
' RD
+ RD
y
+
,
±
RS(t)
τ
4
τ

where:
x0± = x cos(δ ± φ) + y sin(δ ± φ)
y 0± = y cos(δ ± φ) − x sin(δ ± φ)
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φ = arg(qA(D̄0 → K + π − )/pA(D0 → K + π − )
and
x=

∆m
mH − mL
=
Γ
(ΓH + ΓL )/2

∆Γ
ΓH − ΓL
=
;
2Γ
ΓH + Γ L
H and L denotes the neutral D mesons of higher and lower mass respectively and δ is the
strong phase. No CP-violation is measured ( −1 < |q/p| < 1.35 at a CL of 68.1 %). Under the
assumption of no CP-violation, the mixing parameters are found to be:
y=

x02 = (0.39 ± 0.23 ± 0.14) × 10−3
y 0 = (5.28 ± 0.45 ± 0.27) × 10−3 .
Mixing is firmly established in the decay width difference y. Indications of mixing in the
mass difference are building up. Concerning the search for indirect CP-violation in D0 → h+ h−
decays, everything is compatible with no CP-violation with a precision of 0.3 per mille.
2.4

Rare decays with a lepton pair in the final state

The most recent LHCb results on rare decays with a pair of leptons in the final states [Van
Veghel] are reported in Table 1. From this table the LHCb potential is evident not only for B
decays but even for hyperons and KS0 .
Table 1: Most recent LHCb results concerning rare decays with a pair of muons in the final state.

Decay
B(B 0 → µ+ µ− ) < 3.4 × 10−10
−9
B(Bs0 → µ+ µ− ) = (3 ± 0.6+0.3
−0.2 ) × 10
B(B 0 → τ + τ − ) < 2.1 × 10−3
B(Bs0 → τ + τ − ) < 6.8 × 10−3
B(B 0 → e± µ∓ ) < 1.3 × 10−9
B(Bs0 → e± µ∓ ) < 6.3 × 10−9
B(Ks0 → µ+ µ− ) < 1.0 × 10−9
−8
B(Σ+ → pµ+ µ− ) = (2.1+1.6
−1.2 ) × 10
B(Σ+ → pX 0 (→ µ+ µ− )) < 1.8 × 10−8
+ −
−8
B(Λ+
c → pµ µ ) < 9.8 × 10
B(D0 → π + π − µ+ µ− ) = (9.64 ± 0.48 ± 0.51 ± 0.97) × 10−7
B(D0 → K + K − µ+ µ− ) = (1.54 ± 0.27 ± 0.09 ± 0.16) × 10−7

2.5

95% CL
95%
95%
95%
95%
95%

CL
CL
CL
CL
CL

95% CL
95% CL

Other B decays

Belle reported [Mohanti] the first evidence for isospin violation in b → s transitions with a
significance exceeding 3 σ. Belle also presented a 3.4σ evidence of B(B → µνµ ) = (6.46 ±
2.22) × 10−7 . These results indicates that definite measurements will be possible at Belle II.
2.6

D leptonic and semi-leptonic decays

Interesting results continue to come from BES III [Huijing Li ], and they are summarized in
Table 2:
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Table 2: Recent leptonic and semi-leptonic results frm BES III.

Decay
B(Ds+ → µ+ ν) = (5.28 ± 0.15 ± 0.14) × 10−3
B(D0 → π − µ+ νµ ) = 0.267 ± 0.007 ± 0.007
B(D+ → π 0 µ+ νµ ) = 0.342 ± 0.011 ± 0.010
B(D+ → K̄ 0 µ+ ν) = (8.72 ± 0.07 ± 0.18) × 10−2
B(D+ → K̄ 0 e+ ν) = (8.60 ± 0.06 ± 0.15) × 10−2
B(D+ → π 0 e+ ν) = (0.363 ± 0.008 ± 0.005) × 10−2
B(Ds+ → K (∗)0 e+ ν) = (3.25 ± 0.38 ± 0.14) × 10−3
B(Ds+ → K 0 e+ ν) = (2.38 ± 0.26 ± 0.12) × 10−3

2.7

New Result
New Result

K rare decays

First results of K + → π + ν ν̄ in-flight were reported [Marchevski] by NA62. Based on a sample
of data of about 1.2 × 1011 kaon decays collected in 2016 and corresponding to a single event
sensitivity of 3.15 × 10−10 , NA62 expected about 0.15 background events and 0.267 signal events
(SM). In Table 3 is reported the breakdown of the background contributions and the signal
expectation (SM) together with the corresponding errors).
Table 3: Summary of the expected signal background expectations for the 2016 πνν data.

Process
K + → π + ν ν̄
K + → π + π 0 (γ) IB
K + → µ+ ν(γ) IB
K + → π + π − e+ ν
K + → π+π+π−
Upstream Background
Total Background

Expected events in signal regions
0.267 ± 0.001stat ± 0.02syst ± 0.032ext
0.064 ± 0.007stat ± 0.006syst
0.020 ± 0.003stat ± 0.003syst
0.018+0.024
−0.017 |stat ± 0.009syst
0.002 ± 0.001stat ± 0.002syst
0.050+0.090
−0.030 |stat
0.15 ± 0.09stat ± 0.01syst

Opening of the signal boxes revealed one candidate event compatible with the SM expectation. From this one event a 95% CL upper limit is quoted: BR(K + → π + ν ν̄) < 14 × 10−10 .
This result is not yet competitive with those obtained by E787/E949 at BNL with decays at
rest, but NA62 has already 20 times more statistics on tape and with the data being collected
in 2018, one expects 20 SM events before the CERN long shutdown (LS2). Data taking will
continue after LS2 to achieve a 10% measurement (SM) of this important decay mode.
New results from the KOTO experiment [Nakagiri] on the the sister decay KL0 → π 0 ν ν̄ are
expected for the summer.

3

Electroweak and SM fits

The mass of the top is measured so precisely that its exact definition matters. The ATLAS
W mass measurement is published, while prospects to reach a 10 MeV precision with Tevatron
data seem realistic. SM fits are incredibly healthy. Only the long standing puzzle of forwardbackward asymmetries between LEP and SLD survives. Sensitivities to forward-background
asymmetries at the LHC is highly non-trivial to obtain but there is significant progress. The
indirect determination of the mass of the Higgs from electroweak fits is within one sigma of the
measured value.

376

3.1

Mass of the top

The phenomenological intricacies to measure the top mass were presented in detail [Deliot].
As we enter precision top physics, and given the importance of the top mass for the SM fit and
Higgs potential, there are several questions to be addressed:
• How is the top mass defined?
• Are the generators overtuned?
• Are the t-quark pT distributions understood?
• What about non-perturbative effects?
Recent determinations of the top mass from the LHC [Menke] and Tevatron [Brandt] are
shown in Table 4and 5 respectively. Direct methods employ templates or ideograms to fit the
top mass, while indirect methods extract the top mass from fits to the cross section.
Table 4: Determinations of the top mass at the LHC

Method
Direct
Direct
Direct
Indirect
Indirect
Indirect
Average

Channel
Leptons + Jets
Di-lepton
Full-Hadronic
tt̄ + 1 jet
Leptons + Jets
Di-lepton

ATLAS (GeV) (stat/syst/th)
172.08 ± 0.39 ± 0.82
172.99 ± 0.41 ± 0.94
173.72 ± 0.55 ± 1.01
173.7 ± 1.5 ± 1.4+1.0
−0.5
173.2 ± 0.9 ± 0.8 ± 1.2
172 ± 0.50

CMS (GeV) (stat/syst/th)
172.25 ± 0.08 ± 0.62
172.22 ± 0.18+0.89
−0.93
172.32 ± 0.25 ± 0.59
+3.6
169.1 ± 1.1+2.5
−3.1 −1.6
170.6 ± 2.7
172.44 ± 0.13 ± 0.47

Table 5: Determinations of the top mass at the Tevatron

Method
Template / matrix element
Cross Section

3.2

Tevatron Combinations (GeV)
174.98 ± 0.58 ± 0.49
169.1 ± 2.5

AF B and sin2 θef f

Forward/Backward and lepton asymmetries are the legacy puzzle from the LEP/SLD era and
still provide the largest discrepancy from SM in the electroweak sector. The measurement
of AF B at the LHC is complicated by the lack of a preferred top/anti-top direction and the
asymmetries are more complex to extract with respect to the pp̄ case. Nevertheless, the CMS
weak mixing angle measurement [Bendavid] is already competitive with the Tevatron ones.
ATLAS asymmetries were shown [Schott] and a measurement of the weak mixing angle shall
become available soon.
3.3

Mass of the W

The ATLAS measurement of MW = 80370 ± 19 MeV presented last year has been published
[Schott]. It is almost competitive with the Tevatron combination (16 MeV). Plans to reduce
the ultimate error to 10 MeV at the Tevatron were outlined [Hays].
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3.4

SM fits

The SM remains incredibly healthy [Kogler]. Logarithmic sensitivities allows one to predict
the Higgs Boson mass using W and top masses and other electroweak observables. The latest
version of the fit yields an indirect determination of the H mass which is within 1.7 standard
deviations of the measured one.

4

BEH Mechanism and Higgs Boson

A large number of results characterizes the progress on what we know about the Brout-EnglertHiggs (BEH) mechanism, and the Higgs Boson H. Its mass is precisely measured, and more
and more production and decay channels become established. The exploration of rare and
invisible/forbidden decays makes progress. The full power of the High Luminosity LHC (HLLHC) will be required to shed light of the Higgs self coupling. The overall strength of the Higgs
is now approaching a precision of 10% with a good match between statistical, theoretical and
other systematic errors.
4.1

tt̄H

√
The top Yukawa coupling, yt = 2mt /v ' 1, is a key parameter because it is the coupling
between the two heaviest known particles. The study of final states with a tt̄ pair and a Higgs
particle are complex and affected by irreducible backgrounds from tt̄V , where V is a vector boson
and reducible ones from tt̄ pairs. ATLAS presented [Zanzi] a combination of H to multilepton,
bb̄, γγ and 4` final states leading to a best fit of: µtt̄H = 1.17±0.19(stat)+0.27
−0.23 (syst) corresponding
to a 4.2σ evidence (3.8σ expected). CMS presented [Peruzzi] several new analyses with tt̄H
decays into bb with 0-,1- and 2-` and an overall combination (based on 35.9 fb−1 13 TeV data)
yielding µtt̄H = 1.18 ± 0.16(stat) ± 0.26(syst).
4.2

Higgs couplings

Progress has been remarkable on many fronts, with H → bb̄ significance building up for V H
production [Nielsen] and improved searches for cc̄. New results on H → W W ∗ based on Run 2
data were presented by ATLAS [Nomidis] with precision on the signal strength determination
as good or better than the Run 1 combination. The overall picture for the Higgs couplings
is consistent with the SM predictions with overall precisions obtained from the 13 TeV data
surpassing the 7 and 8 TeV data. Analyses are made in terms of overall strength, κ framework
with resolved and unresolved loops and template cross sections. A good match between statistical, theoretical and systematic errors is emerging [Sperka]. CMS has determined the global
strength to be µ = 1.17 ± 0.10 = 1.17 ± 0.06(stat.)+0.06
−0.06 (sig.th.) ± 0.06(othersyst.).
4.3

Higgs rare decays

In the mean while, significant progress is being made towards the measurement of rare Higgs
decays such as: H → µµ, H → γ ∗ γ → µµγ, and H → Zγ → ``γ. A bound on the invisible
branching fraction of the Higgs was presented by CMS [Marini]:
B(H → inv.) < 0.24 @ 95% CL.
The quest for the observation HH production is only a factor of 20 away from the SM
expectation [Kagan].
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4.4

Higgs mass

A free parameter in the SM, the Higgs Boson mass plays a crucial role in determining the stability
of the EW vacuum. We seem to live in a meta-stable vacuum, so a precise determination of the
Higgs mass is important to clarify the situation. ATLAS and CMS have improved [Sperka] the
determinations based on run 1 data. ATLAS combines the run 1 result with more recent data
for H → ZZ ∗ → 4` and H → γγ giving the result:
mH = 124.98 ± 0.28(±0.19stat. ± 0.21syst.) GeV

ATLAS,

while the CMS determination using H → 4µ, H → 2e2µ and H → 4e gives:
mH = 125.26 ± 0.21(±0.19stat. ± 0.08syst.) GeV
5

CMS.

BSM and SUSY

We are at a special moment in time, large samples of data collected at what will remain for
a long time the highest collision energy produced in accelerator-based experiments start to be
available, evidence of BSM physics is eagerly sought. Exclusion limits on SUSY particles keep
increasing, soon the progress will slow down and a large increase in luminosity will be needed
to explore the mass range. At the same time one starts to wonder whether new physics might
have escaped through the cuts of the analyses. A new chapter opened up by the discovery of
the H boson is to explore new physics through the properties of this new particles.
5.1

Search for extensions of the Higgs sector

There are various strategies for searches for an extended Higgs sector:
• look indirectly for non-standard properties of the 125 GeV Higgs (couplings, CP, etc.);
• directly search for new particles (BSM Higgses) decaying to SM particles;
• directly search for decays of the 125 GeV Higgs to BSM states such as light scalar or
pseudoscalars.
Direct searches for high mass scalars in ATLAS have reached cross section upper limits of
typically 10 fb for ≈ 1 TeV masses [Stark].
Searches for H decaying into pseudoscalars [Caillol] are used to explore next to minimal
SUSY models. CMS has searched for the decay of the Higgs boson into two pseudoscalars
decaying in bb̄ and τ τ̄ pairs using data from 13 TeV (new result). Assuming SM production
cross sections for the H, exclusion limits (95 % CL) for typical pseudoscalar masses of ≈ 35
GeV range from a few % to 30% depending on the type of model and values of tan β.
5.2

Search for heavy resonances

Searches for heavy resonances decaying into vector bosons profit from the increase of integrated
luminosity and are continuously updated. Techniques involving the study of sub jet structures
[Janski] are becoming well established. Particularly impressive was the CMS search for Z 0 →
e+ e− [Berry] which included the whole 2017 statistics (77.3 fb−1 for the ee final state and 36.3
fb−1 for the µµ final state) extending the Z 0 exclusion to 4.7 TeV. Vector like T quark masses
up to ≈ 1.2 - 1.4 TeV are excluded by ATLAS assuming 100 % BR to Zt, W b or Ht decays.
Vector like B quark masses up to 1.25 TeV are excluded assuming 100 % BR to W t. These
results [Nikiforou], based on 13 TeV data give ≈ 500 GeV improvements compared to previous
8 TeV ATLAS results.
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5.3

SUSY searches

In addition to extending searches towards higher and higher masses, one starts to wonder whether
some SUSY signals may have escaped through the cuts at smaller mass scales. Is there, perhaps,
some corner of phase space where SUSY is hiding? Compressed spectra may complicate life with
soft leptons [Botta] slipping between the cuts, or disappearing tracks due to long lived particles
escaping the detectors may create less straightforward scenarios. Ingenuity at the analysis level
leads to previously unthinkable improvements like extending the exclusion of Higgsinos beyond
the LEP limits [Mete]. Another possibility being pursued is recasting SUSY searches allowing
for a varying degree -generation specific- of R-Parity Violation [Seitz, Barberis]. The excellent
invariant mass resolution of the LHCb experiment enables one to place competitive limits on
long lived particles and dark photon (A0 ) [Borsato] decaying into µµ pairs. In particular, in
the region of mass mA0 > 10GeV , LHCb was able to place the first available exclusion limits.
6

Dark matter

The nature of dark matter is one of the outstanding mysteries in current particle physics research,
the quest for the discovery of dark matter (DM) has three main fronts:
• direct production
the poster-child of this class is the search of DM from heavy mediators at colliders. Here
the difficulty lies in the interpretation of exclusion limits as a function of DM mass;
• direct detection
in low noise experiments one looks for the recoil of a nucleus hit by a weak interacting
particle (WIMP). Techniques reviewed at the conference included liquified noble gases
(Xe and Ar), gaseous detectors. In addition to WIMPs, there is a large experimental
programme to look for axion like particles (ALPs) using radio-cavities and even data from
neutron electric dipole moment experiments (nEDM);
• indirect detection
looking from signal of DM decay in the form of electrons or positron at high energy
with competition from astrophysical sources like pulsars. The first CRE Spectra from the
DAMPE Collaboration were shown.
6.1

Direct production

Searches are typically looking for mono-objects (jet, γ, V or H ) produced in association with
DM which is escaping detection. These searches require a large amount of missing transverse
momentum recoiling against a known object (mono-X searches) [Lo Sterzo]. The method can
provide stringent limits on DM, especially in the region below 100 GeV where the experiments
looking for direct detection of WIMPs are less sensitive. One should be aware that there are
limitations residing in the fact that the LHC is not a DM collider and that a heavy mediator has
to be produced before it can decay into DM. Searches were reported for scalar and pseudoscalar
DM models with DM produced together with tt̄ pairs [Sung].
6.2

Direct detection

The assumption behind the direct detection of WIMPs is that they interact weakly with the
material of the detector producing a nucleus recoil which makes a ionization and/or scintillation
signal big enough to be detected. Therefore there is a correlation between the detection threshold
and the mass of the WIMP with the region of best sensitivity which depends on the mass of the
nucleus. State of the art detector include liquid xenon TPCs. The first results from XENON1T,
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based on 34 live days, were already published in 2017. The prospects for results from additional
247 days of exposure were presented at the conference [Coderre]. A new result is imminent,
sensitivities towards 10−47 cm2 for DM masses around 30 GeV are expected.
The DarkSide experiment [Franco] is pioneering the use of argon from underground wells
where 39 Ar is suppreseded by a factor more than 1000 with respect to standard Ar. Argon has
several advantages, including the sensitivity to lower WIMP masses and additional background
immunity provided by pulse shape differentiation. First results were presented from DarkSide50, a 50 kg prototype. Interestingly, they already provide the best results for WIMP masses at
about 2 GeV.
Direct DM searches are interesting because new techniques can have an impact already with
small exposures. An interesting technical development is the use of pressurized spherical proportional counters (NEWS-G). The low detector capacitance. The first physics results with the
NEWS-G technique [Katsioulas] were reported: the SEDINE detector at the LSM, which is installed in the underground laboratory at Modane) excludes cross sections above 4.4×10−37 cm 2
for a 0.5 GeV WIMP with a 90% CL.
As more and more impressive upper limits are placed on WIMP cross sections, the interest
to look for other type of DM candidates such us axions and axion like particles (ALPS) is
surging. The axion was posited to solve the absence of CP-violation in the strong interaction
which is naturally allowed in the QCD Lagrangian. The search for axions as DM is based on
the interaction of the axion with a virtual photon generated by an electromagnetic field:
LAγγ = −gAγγ E · BφA ,
where φA is the axion field and gAγγ the coupling of the axion to the photons. A second
generation of the Axion Dark Matter Experiment (ADMX2) will soon be able to explore meV
QCD axion mass ranges for both KSVZ and DFSZ axions [Woollett]. First laboratory limits
for axion like particles with masses between 10−24 − 10−17 eV were reported by the nEDM
experiments (ILL and PSI) from the analysis of the neutron precession frequency [Ayres].
7

Neutrinos

The field of neutrino research offer a lot of expectations. Target of the long baseline experiments
involve looking for CP-Violation in the mixing of the neutrinos and to the determination of the
mass hierarchy, while a puzzling reactor antineutrino anomaly (RAA) keeps the community focused. Neutrino-less double beta decay experiments are looking to uncover whether the neutrino
mass is of Majorana nature. Huge neutrino detectors in the South Pole ice and in sea water
provide results of great interest.
7.1

Neutrino Oscillations

The latest T2K data [Cao], which include runs from 1 to 8, show 240 (68) νµ (ν¯µ ) and 74 (7) νe
(ν¯e ) charged current quasi-elastic enriched muon (electron) ring events and 15 νe electron ring
events from charged currents from the 1 π enriched sample. Fitting as a function of the δCP
phase, T2K shows that the CP-conserving values (δCP = 0, π) fall outside of the 2 σ confidence
level intervals.
The NOνA results [Backhouse] for νµ disappearance yield oscillation parameters which are
in agreement with MINOS and T2K and give (for normal hierarchy):
∆m232 = (2.44 ± 0.08) × 10−3 eV2 ,
and
+0.04
sin2 θ23 = 0.56+0.04
−0.03 or 0.48−0.04 .
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Making a joint fit from the NOνA ν. µ and νe spectra and constraining θ13 to the reactor
average (sin2 2θ13 = 0.082 ± 0.005), leads to a disfavored inverted hierarchy (IH) and a favored
normal hierarchy (NH) and δCP ' 3π/2 at the 2 σ level.
It is well known that Daya Bay has made [Ling] the most precise measurement of sin2 2θ13 =
(8.41 ± 0.33) × 10−2 and of ∆m232 = (2.45 ± 0.08) × 10−3 ev2 (NH) [∆m232 = (−2.55 ± 0.08) ×
10−3 ev2 (IH)]. They are expected to reach a 3% on sin2 2θ13 precision by 2020. Recently Daya
Bay has made a precise measurement of the reactor antineutrino flux reporting a 5.4% deficit
with respect to the model predictions. The spectrum shows a clear deviation in the 4-6 MeV
energy region. Indications that the yield from 235 U differs from the model may point to a fuel
evolution issue.
The reactor antineutrino anomaly (RAA) will soon be tested by the STEREO detector
[Lhuillier], a six target cell detector to measure oscillation-driven modulations placed in the
proximity of the 58.3 MW core of the ILL research reactor. Preliminary results based on 66
days of exposure indicates the exclusion of the RAA best fit hypothesis with 98.8% CL.
ICECUBE reported [Larson] two new analyses looking for ντ appearance based on deep core
neutrino interactions. Analysis 1 was based on the selection developed for the νµ disappearance
measurement (41 k events / 3 years) while analysis 2 is more tailored to look for the appearance
measurement (61 k events / 3 years). Both analyses report a deficit of ντ with respect to
expectations:
• analysis 1:
NτN C+CC = 0.58+0.31
−0.25 ,
• analysis 2:
NτN C+CC = 0.73+0.31
−0.24 .
The two analyses are consistent within each other, unitarity oscillations and cross sections.
These are first results indicating Nτ < 1.
7.2

Neutrinos from decays at rest (DAR)

There is a renewed interest in decays at rest (DAR) for the study of neutrino properties. Positively charged mesons decays at rest (pions and kaons) provide a source of neutrino of well
defined characteristics: for positive pion decays one obtains mono-energetic prompt νµ and delayed νe and ν¯µ . From kaon decays, the main distinctive feature is the prompt mono-energetic
νµ of 236 MeV, but contamination from semi-leptonic kaon decays also give νe and νµ of lower
energies at the few % level.
An example of employing decays at rest given by the measurement of charged currents made
by the MiniBoone detector using mono-energetic neutrinos from decays at rest of kaons in the
NuMI dump [Spitz], where timing is employed to separate neutrinos from meson decays in flight
which occur before the meson reaches the dump.
Another nice example is provided by the measurement of the coherent elastic neutrino nucleus scattering (CEνNS) measured [Rich] by the COHERENT experiment done at the SNS
spallation source. Comparing beam off and beam on data the null hypothesis is disfavored at
the 6.7 σ level: The experiment measured 134 ± 22 events were measured with a SM expectation
of 173 ± 48.
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7.3

Searches for heavy neutral leptons

Heavy neutral leptons (HNL) have been extensively searched for because they are among the
possible candidates for dark matter and because they may hold the key to explain neutrino oscillations: they could be the right-handed counterparts needed by the see-saw mechanism to give
mass to the standard neutrinos. At masses below the pion and kaon, the searches can be made
looking for mono-energetic peaks in the leptonic decays of the mesons. Limits can be expressed
as a function of the mixing angle between the HNL and the standard neutrino produced in the
weak decay. New results from kaon decays were presented by NA62 [Parkinson], extending
the previous searches to the HNL masses up to 450 MeV. At higher masses, where the HNL are
much less constrained, CMS presented limits using trilepton final states and disappearing tracks
[Negro].
7.4

0ν2β Decays

Significant progress was reported on the search for neutrino-less double-β (0ν2β) decays. Existence of this decay would proof the Majorana nature of the neutrino because and would establish
lepton number violation. There are currently several competing experimental techniques used
to search for 0ν2β decays. At the conference we were given updates on the following ones:
• liquid Xe TPC’s (EXO-200) Der Mesrobian-Kabakian];
• cryogenic bolometers (CUORE) [Tomei];
• scintillating bolometers (CUPID) [Gironi].
Overall the state of the art is that we are starting to bite into the region were a signal could
appear for the inverted hierarchy.
7.5

Neutrino Astronomy

The ANTARES experiment [Bruijn] looks from neutrinos from the universe. Resolution is
enough to search for point like sources. The most significant cluster of events shows a 1.9 σ with
respect to a uniform distribution.
8

Astroparticle and Gravitation

This area is in full expansion and to some extent it is the triumph of combining particle physics
techniques to astronomical observations. Over the past twenty years, thanks mainly to Auger
[Bohacova] the study of cosmic ray has reached the capability to systematically study energies
up to multi-EeV. In the mean time, the highest energy cosmic rays have become a mature.
quantitative field of investigation. We are now capable of explore the extragalactic origin of the
high energy cosmic rays, while upgrades of the current setup will be able to definitely shed light
on the composition. The quest for the search of antimatter advances rapidly, and we saw the first
results from the DAMPE experiment [Xiang Li]. There is a puzzling high bin, but jumping
to conclusions seems premature. The birth of multi-messenger astronomy was announced by
the discovery of luminous counterparts of the gravitational waves from the collapse of a binary
neutron star [Cella].
Acknowledgments
I wish to thank the organizers for the opportunity to present the experimental summary of the
conference, it turned out to be a unique opportunity to learn a lot. I also thank all the speakers
for their clear presentations which made enjoyable to prepare the summary talk.

383

384

9.
Young Scientists Forum

385

386

Status of the Belle II experiment before the first beams
R. Cheaib
Department of Physics, University of Mississippi, P.O. Box 38677 , USA
The Belle II experiment has been preparing for its first e + e− collisions, scheduled in April
2018. With a target luminosity 40 times greater than the Belle experiment, the goal of Belle
II is to open the door to a panorama of measurements in heavy flavour physics and much
more. The initial beams and the commissioning of the SuperKEKB collider took place earlier
in 2016. After completing most of the detector assembly and performing test runs with cosmic
rays, the experiment is ready for initial collisions. Soon after in early 2019, data collection
with the full Belle II detector will commence and the largest B-factory data sample will be
collected.

1

Introduction

The SuperKEKB collider and the Belle II detector 1 comprise the next generation B-meson
factory, the Belle II experiment. Its predecessors Belle 2 and BaBar 3 have been very successful
in performing precision measurements in heavy flavour physics using a total data sample with an
integrated luminosity of about 424 and 711 fb−1 , respectively. Both Belle and BaBar confirmed
many Standard Model (SM) predictions and this success lead to the awarding of the 2008 Nobel
Prize in physics to M. Kobayashi and T. Maskawa 5 .
The focus of the Belle II experiment is to push the boundaries of new physics searches at the
intensity frontier in the relatively clean environment of e + e− collisions at the GeV scale. The
plan for the Belle II experiment is to collect a data sample with a total integrated luminosity of
50 ab−1 over the period of 7 years. The high statistics sample will allow for many interesting
measurements in the heavy flavour and lepton sector. Furthermore, many new physics searches
and anomalies will be unraveled and probed. To achieve this goal, the target luminosity of
the SuperKEKB collider will be 8.5 x 1035 s−1 cm−2 , which is 40 times higher than that of
KEKB. Furthermore, the Belle II detector must be upgraded such that it can accommodate
the anticipated increase in luminosity and control limiting factors such as the high levels of
beam-related backgrounds.
2

SuperKEKB and the Belle II detector

The SuperKEKB collider is the extension of KEKB to higher luminosities, based on the “nanobeam scheme proposed by P. Raimondi from Frascati 4 . In this scheme, the vertical size of the
beam is “squished“ such that vertical beta function βy at the interaction point (IP) is decreased
by a factor of 20. This is done by minimizing the longitudinal size of the overlap region of
the two beams and results in a factor of 20 improvement in the luminosity. Furthermore, the
intensity of the beam currents is also doubled to achieve the luminosity goal of SuperKEKB.
The Belle II detector has been upgraded to ensure its performance will be maintained with
the higher background and physics event rates that accompany the increase in luminosity. In-
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heriting from the Belle detector design 2 , the inner part of the Belle II detector consists of two
layers of high granularity pixel sensors (VXD) in the inner side and four layers of double-sided
silicon strip detectors (SVD) in the outer radii. The Belle II central drift chamber (CDC) surrounds the SVD and has smaller cells as well as fast readout electronics to provide improved
measurements of dE/dx, momenta, and particle trajectories. A new time-of-propagation (TOP)
Cherenkov counter is installed in the barrel region and can yield better separation between kaons
and pions. Another ring-imaging Cherenkov detector with aerogel radiators (A-RICH) is also
placed in the end-caps to maintain the charged particle identification performance. The electromagnetic calorimeter uses the same scintillator crystals of the Belle detector, while providing an
improved signal-to-background separation due to waveform sampling. Finally, the resistive plate
chambers in the end-cap region of the KL and muon detector are replaced with scintillators to
tolerate the high background rates in the Belle II environment. Overall, the Belle II detector has
better performance than Belle, despite the higher background rates and harsher environment.
3

Phase I: Commissioning and the BEAST detector

The first phase of the commissioning of the Belle II detector was completed in June 2016. During
phase I, high positron and electron currents were circulated with the SuperKEKB collider without any collisions. The goal of the first phase was to clean the beam pipe, tune the accelerator
optics and monitor the beam conditions in real time. The latter was done using a system of
radiation detectors, referred to as BEAST II, which are placed on the beam line and are used to
collect beam background data in the detector. The main sources of beam backgrounds, in the
absence of collisions, are Touschek scattering and beam-gas scattering. The former results from
Coulomb scattering between two particles in the same bunch, while the latter is due to scattering
off residual gas atoms in the the beam pipe. A full report on the results of the measurements
with the BEAST II detectors will be published soon 7 .
After collecting 5 months of data with the BEAST II detectors, phase I was complete.
Shortly after, the TOP was installed in May 2016, followed by the drift chamber in October and
the A-RICH in August, 2017. The final focusing magnets were also installed around the same
time. Finally, in April 2017, the Belle II detector was rolled in to the beam line. Global cosmic
runs took place with the 1.5 T magnetic field throughout July and August 2017 and tested the
integration of all the installed sub-detectors as well as the data acquisition system.
4

Phase II: Initial Beams

The plan for phase II is to run collisions with the final focusing magnets installed and the detector
in place. At this point, however, the VXD is not yet installed. Phase II recently started and
the plan is to collect a data sample with a total integrated luminosity of 20 fb−1 . Without the
VXD, phase II studies should rely mainly on tracking from the CDC, as well as calorimeterreliant measurements from the ECL. The list of early physics topics include: Bottomonium-like
searches below and above the Υ(4S) , dark sector and light Higgs searches, and tau lepton decays.
Various topics of quarkonia can be examined with a relatively small dataset at an energy other
than the Υ(4S). For instance, there are four predicted Bottomonium states that are yet to be
identified below the Υ(3S), such as ηb (3S). Furthermore, many important parameters related
to known states are yet to be measured with accuracy and Belle II is expected to have improved
sensitivity to the related channels. In addition, interesting searches in the dark sector can be done
with the phase II dataset. For example, the search for a dark photon in the decay e+ e− → γA0 ,
where A’ decays invisibly into a pair of light dark matter candidates, can be done using Phase
II data. The search requires a trigger to record events in which the final state consists of only
a single photon. Because the phase II luminosity is low, the triggers could be configured to be
looser, thus allowing for an interesting measurement. With the improved performance of the
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Belle II detector, the sensitivity to many of the dark sector channels will be competitive, as
shown for the case of the dark photon search in Fig 1.

Figure 1 – Predicted sensitivity of the Belle II data samples for a given light dark matter mass mχ as a function
of the mixing parameter  and the mass of the dark photon mA0 .

5

Phase III

At the beginning of 2019, the first full physics run of the Belle II experiment is expected.
Collisions at the nominal energy will take place with the full detector installed, including the
VXD. With a target integrated luminosity of 50 ab−1 , the physics agenda for Belle II is vast
and covers a wide range of topics. This includes CP violation studies, rare B decays, lepton
flavour violation, charm physics, D-mixing, and much more. One of the highly anticipated Belle
II results on the radar is the measurement of R(D(∗) ). R(D(∗) ) is given by the equation below:
R(D(∗) ) =

B(B → D(∗) τ ντ )
B(B → D(∗) `ν` )

(1)

As shown in Fig 2, previous measurements by BaBar, Belle, and LHCb reveal a combined
4.1 σ deviation from the SM expectation 8 .
The goal of the Belle II experiment is to unravel this B-anomaly by pushing the significance
of the R(D) and R(D*) measurements to the boundaries of discovery. Belle II is planning to use
a novel technique, called the Full Event Interpretation, where one B meson, referred to as Btag
can be reconstructed exclusively via hadronic modes. The search for the signal, Bsig → D(∗) τ ντ
is then done using information in the rest of the event, as shown in Fig 3. The FEI approach
is ideal for decays with neutrinos, since any missing energy in the event will be attributed to
Bsig . Furthermore, with the novel FEI, it is possible to first search for the signal decay before
reconstructing the Btag in the event. This implies using a FEI approach that is optimized to a
specific signal decay and thus increase the signal efficiency. With this approach, observation of
new physics, if it exists, can be expected after collecting about 5ab−1 of data, only two years
after the start of Phase III.
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Figure 2 – Recent measurements of R(D) and R(D*) by Belle, BaBar, and LHCb.

Figure 3 – Schematic of the Full Event Interpretation approach.

6

Summary

The Belle II experiment has recently started phase II with the detector in place, except for the
VXD. A data sample of 20fb−1 will be collected, possibly at energies other than the Υ(4S), and
a comprehensive early physics program has been developed. Soon after, the Belle II experiment
will start collecting data with the full detector intact and phase III will start. A wide range
of physics topics will be covered and the upcoming era will be filled with anticipation and
excitement as many new results will potentially unfold. Stay tuned!
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tt PRODUCTION IN THE FORWARD REGION AT LHCb
M. VIEITES DÍAZ, on behalf of the LHCb Collaboration
Departamento de Fı́sica de Partı́culas, Edificio Monte da Condesa,
15706 Santiago de Compostela, A Coruña, Spain
Despite having an optimised design for b-physics, the LHCb spectrometer may be used as a
general purpose detector in the forward region, covering the pseudorapidity (η) range from 2
to 5. Its outstanding vertexing and particle identification performances allow for an efficient
tagging of heavy flavoured jets, and the separation of jets originating from b and c quarks.
This document summarises the first Run 2 measurement of top pair production in the dilepton
channel at 13 TeV, along with a previous Run 1 result, where events with a lepton and two b
or c-jets in the final state were analysed. All the cross-section measurements reported in this
document are in agreement with predictions calculated at next-to-leading order in perturbative
QCD.

1

Introduction

The LHCb detector 1 is a single-arm forward spectrometer offering an η coverage from 2 to 5.
Fully instrumenting this range allows measurements to be performed in an acceptance region
complementary to that covered by other general purpose detectors. LHCb was originally designed as a b-physics experiment, and consequently its vertex detector, momentum resolution
and particle identification capabilities provide the accuracy needed to perform flavour physics
precision measurements. LHCb targets a lower instantaneous luminosity than ATLAS or CMS,
which allows the beam parameters to be adjusted to increase the focus (see Figure 1), thus
counteracting the normal beam degradation after collisions. These features of the detector design and operation mode have a great impact in the LHCb ability to reconstruct final states
containing jets.
The top quark is the heaviest known fundamental particle and precise knowledge of its
mass and its production rates represent very important tests of the Standard Model of particle
physics. In proton-proton (pp) collisions the top quarks are mostly produced in pairs (tt) from
gluon or quark fusion processes, while they decay most of the time into a b quark and a W

Figure 1 – Evolution of the instantaneous luminosity over a typical long run (>12h).
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boson. Therefore tt events can be categorised into three channels according to the decay of the
W boson (leptonically or hadronically): the lepton+jet channel, the dilepton channel and the
fully hadronic channel. For the dilepton channel, the presence of the two leptons in the final
state results in a high purity selection, resulting in the final channel with the largest signal-tobackground ratio. The purity of this sample is further increased if the two leptons are required
to have different flavour, as the Drell-Yan events are no longer mimicking the signal candidates.
1.1

Jet reconstruction and tagging at LHCb

In LHCb, jets are reconstructed using a particle flow approach, recovering the neutral particles
in the event, and clustered using the anti-kT algorithm with the distance parameter R = 0.5.
The jet energy and resolution are calibrated in data using dedicated samples of Z → µµ+ jets
events. As shown in the left side of Figure 2, the reconstruction efficiency 2 measured in the
official LHCb simulation samples is greater than 90% for jets having a transverse momentum
(pT ) above 20 GeV/c.
Jets at LHCb can be flavour tagged, namely, as originating from a b or a c quark; by using
the tracks in the event to reconstruct displaced secondary vertexes. This tagging algorithm
uses two boosted decision trees (BDT) to further categorise jets: the first BDT separates heavy
flavour (bc) from light-parton jets (udsg) and the second provides the separation between the
two flavours present in the aforementioned heavy-flavour category (b|c). The efficiency 3 for
identifying a b(c)-jet is about 65%(25%) with a probability for misidentifying a light-parton jet
of 0.3%. An example of the classification power obtained in real data events with heavy flavour
jet tagging is shown in the right side of Figure 2.

Figure 2 – Jet reconstruction efficiency as a function of its transverse momentum (left) and illustration of the
classification power obtained in real data events with heavy flavour jet tagging (right).

2

Run 1 result: tt, W + bb and W + cc

This analysis 4 uses 2 fb−1 of pp collision data recorded during the second half of the LHCb
Run 1 period at a centre of mass energy of 8 TeV/c2 . In order to be selected, signal candidates
must contain a high pT lepton (muon or electron) and two heavy-flavour tagged jets in the final
state. This signal topology proves to be a good signature to search for tt, W + bb and W + cc
processes where the involved W mesons decay leptonically to `ν (` stands for muon or electron)
and the b and c quarks are reconstructed as jets.
The most relevant background processes that leak into the signal sample can be associated
with Z + bb and Z + cc events, where the Z boson decays to a pair of oppositely charged leptons
(electrons or muons) and one of them is not reconstructed. Z boson decays to τ τ with consequent
decay from one of the τ to an electron or muon are also considered within this category. Other
significant background sources are W (→ `ν)+jets events, where the jets are not b-jets; collisions
where a single top was produced or events containing several jets produced from QCD mediated
effects (QCD multi-jet background). Cross-sections computed at next-to-leading-order (NLO)
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precision are used to compute the background yields, except for the QCD multi-jet component,
whose contribution is determined using a data driven method.
The signal yields used to compute the final cross-section results are obtained from a simultaneous four-dimensional fit to the data sample. The output of the BDT(b|c) for both selected
jets, their invariant mass and the output from another multivariate discriminant (uGB) are the
four uncorrelated variables used in the fit. The data sample is divided according to the flavour
and charge of the final state lepton, which gives rise to the four categories over which the fit
is performed simultaneously. Figure 3 (right) shows the projections over each of the four fit
dimensions for the µ+ sub-sample together with the summary of the cross-section results for the
considered processes.

Figure 3 – The projections over each of the four fit dimensions (output of BDT(b|c) for both jets, their invariant
mass and uGB output) for the µ+ fit category are shown (left) together with the summary of the cross-section
results for the considered processes (right).

3

Run 2 result: tt in the dilepton final state

As stated in the introduction section, reconstructing tt events in the dilepton channel allows a
high purity sample to be isolated. The signal-to-background ratio is further improved by requiring the two final state leptons, resulting from the decay of the two W bosons, to have different
flavours. In this analysis 5 , tt events are partially reconstructed by selecting objects which contain a muon and electron of the opposite charge, and a b-jet in the final state. Jet reconstruction
and tagging strategy follow the same approach which was described in the previous sections,
although the selection requirements on jet pT and distance to the lepton tracks were optimised
for this decay channel.
Despite the large background rejection achieved using the eµ final state, a few physics
processes other than tt production contribute to the selected data sample. There are three
particular types of processes which need to be accounted for in the fit:
QCD multijet production, where the leptons might be produced either in semileptonic decays of heavy flavour hadrons or by misidentifying other hadrons in the event.
Associated production of Z+jet, to which the three possible decays of the Z boson to
charged leptons contribute, either via misidentification between µ ↔ e in Z → µ+ µ−
or Z → e+ e− decays, or by genuinely selecting a muon and electron in the final state
which originated in the decays of the τ leptons subsequent to the Z → τ + τ − process.
Associated production of tW ± , that contributes with an identical final state.
The QCD background processes are expected to equally contribute regardless of the charges
of both final state leptons. Therefore, their yield is estimated using real data and requiring both
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leptons to have same sign charges. The yields for the other two background components are
obtained from simulation, scaling or correcting for data/simulation differences where required.
The cross-section, σtt , is computed with the formula
N − Nbkg
· Fres .
(1)
L·ε
Where N represents the total number of candidates in data, and the signal yield is obtained
by subtracting the expected background contribution from N . Event migrations in to and out of
the fiducial region are accounted for with the resolution factor denoted by Fres in the equation
above. Finally, ε stands for the overall event reconstruction and selection efficiency and L
represents the integrated luminosity of the data sample. The results obtained for the case where
the three final state objects (e, µ,b-jet) are inside the fiducial region are shown together with
the extrapolation to the top quark fiducial region, in the right side of Figure 4. On the left part
of the same figure, the invariant mass spectrum of the eµb-jet system is presented as a control
plot. The statistical uncertainty currently dominates the overall precision of the result.
σtt =

Figure 4 – Invariant mass spectrum (left) of the µ + e+jet system, where the high purity of tt events in the
selected data sample can be seen. On the right, the graphical comparison of the measured cross-sections with the
predictions from the aMC@NLO, POWHEG and MCFM generators is shown. The prediction is shown (above)
for the muon, electron and jet fiducial, and (below) for the top fiducial region.

4

Conclusions

The LHCb detector has proven to be able to cope with jets and perform competitive measurements in the forward region. Its highly performant vertex reconstruction and its ability
to identify different flavours of particles allow for the tagging of heavy-flavoured jets, also providing b− versus c−jet separation power. With these tools and techniques, LHCb will soon
be able to perform precision measurements of tt and electroweak production processes, offering
complementary studies to those possible at the other general purpose detectors.
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ELECTRIC DIPOLE MOMENTS AND NEUTRINO MASS MODELS
SELIM TOUATI
Laboratoire de Physique Subatomique et de Cosmologie, Université Grenoble-Alpes, CNRS/IN2P3,
53 avenue des Martyrs,
38026 Grenoble Cedex, France
While Jarlskog-like flavor invariants are adequate for estimating CP-violation from closed
fermion loops, non-invariant structures arise from rainbow-like processes. For the CKM contributions to the quark electric dipole moments (EDMs), or the PMNS contributions to lepton EDMs, the dominant diagrams have a rainbow topology whose flavor structure does not
collapse to flavor invariants. Numerically, they are found typically much larger, and not
necessarily correlated with, Jarlskog-like invariants. The flavor structures in the quark and
lepton sectors are systematically studied, assuming different mechanisms for generating neutrino masses. In addition, the combined study of both Jarlskog-like and rainbow-like flavor
structures shed new lights on the possible correlations between quark and lepton EDMs. ?

1

EDMs generated by the CKM phase

In the standard model (SM), the only source of weak CP-violation is the complex phase of the
CKM matrix. In order to measure the strength of CP-violation, one can construct a flavor
invariant (basis-independent) which is sensitive to this phase, called the Jarlskog invariant ? . A
non-vanishing Jarlskog invariant is a necessary condition for having CP-violation. In the SM,
all CP-violating effects are proportional to this invariant. However, this invariant is adequate
for estimating CP-violation from closed fermion loops. For example, let us consider the CKMinduced lepton EDMs. Because the leptons cannot feel directly the complex phase of the CKM
matrix, we need to go through a closed quark loop. The dominant diagram is:

Figure 1 – CKM-induced lepton EDM

This EDM is tuned by the Jarlskog invariant det[Yu† Yu , Yd† Yd ] which is proportional to the
∗ V ∗ ). As for the quarks, they can feel directly the
imaginary part of a quartet Im(Vus Vcb Vub
cs
complex phase of the CKM matrix and then there are non-invariants structures which arise
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from rainbow-like processes. Indeed, the dominant diagrams for the CKM-induced quark EDMs
have a rainbow topology. For instance, for the d-quark EDM:

Figure 2 – CKM-induced d-quark EDM

This EDM is tuned by the imaginary part of the 1-1 entry of a non-invariant commutator
Im(Xdd
q ), where:
Xq = [Y†u Yu , Yu† Yu Yd† Yd Yu† Yu ],

(1)

∗ V ∗ ) as for the lepton EDMs (because we are in the
which is also proportional to Im(Vus Vcb Vub
cs
SM), but not with the same proportionality factor. It turns out to be much larger by 10 orders
of magnitude:
Im[Y†u Yu , Yu† Yu Yd† Yd Yu† Yu ]dd  det[Yu† Yu , Yd† Yd ].
(2)

In the SM, the rainbow-like flavor structures are typically much larger than the invariant determinants and they are correlated (strictly proportional). Now, let us turn on neutrino masses
(beyond the SM) and check whether this behavior is confirmed or not. As we do not know
yet the nature of the neutrino (Dirac or Majorana particle), we will consider both scenarios for
generating neutrino masses.
2
2.1

EDMs in the presence of neutrino masses
Dirac neutrino masses

The simplest way of including neutrino masses to the SM is to extend its particles content by
adding three right-handed (RH) fully neutral neutrinos (one for each generation). They belong
†
to the trivial representation of the SM gauge group: N = νR
∼ (1, 1)0 . We add to the SM
Yukawa Lagrangian an extra Yukawa interaction for the neutrinos:
I IJ J †C
LY ukawa = LSM
+ h.c.
Y ukawa − N Yν L H

(3)

We have a new neutrinos-related flavor structure Yν (3×3 matrix in flavor space). In the presence
of neutrino masses, we get an additional source of weak CP-violation coming from the complex
phase of the PMNS matrix. In complete analogy with the quark sector, we can construct new
CP-violating flavor structures which tune the PMNS-induced quark and lepton EDMs. In this
case, quark EDMs have a bubble topology whereas lepton EDMs have a rainbow topology. For
instance, the dominant diagrams for the PMNS-induced quark and lepton EDMs are shown in
Dirac and Im(XDirac )11 , where
figure ??. They are tuned respectively by JCP
e
Dirac
JCP
=

h
i
1
det Yν† Yν , Ye† Ye
2i
h

(4)
i

XDirac
= Yν† Yν , Yν† Yν Ye† Ye Yν† Yν .
e

(5)

Dirac and they are correIn this scenario, Im(XDirac
)11 is 11 orders of magnitude larger than JCP
e
lated (strictly proportional).
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Figure 3 – PMNS-induced quark (on the left) and lepton (on the right) EDMs

2.2

Majorana neutrino masses

Another way for generating neutrino masses is possible if we consider Majorana masses. In this
mechanism, there is no additional RH neutrinos, we get directly a gauge-invariant but leptonnumber violating mass term for the left-handed (LH) neutrinos. Indeed, we add to the SM
Yukawa Lagrangian the effective dimension-five Weinberg operator:
1 I
(L H)(Υν )IJ (LJ H) + h.c,
(6)
2v
which after spontaneous symmetry breaking collapses to a Majorana mass term for the LH
neutrinos:
LY ukawa = LSM
Y ukawa −

1 I
SSB v
(L H)(Υν )IJ (LJ H) −→ (Υν )IJ νLI νLJ .
(7)
2v
2
Υν (3×3 matrix in flavor space) is a new flavor structure purely of the Majorana type. In this
model, we must redefine the PMNS matrix in order to add two new CP-violating phases, called
Majorana phases,
UP M N S → UP M N S · diag(1, eiαM , eiβM ).
(8)
Let us consider the PMNS-induced quark and lepton EDMs in this scenario. The dominant
diagrams are:

Figure 4 – PMNS-induced quark (on the left) and lepton (on the right) EDMs
Majo ?
The CP-violating flavor structures which tune these EDMs are JCP
and Im(XMajo
)11 ,
e
where:

1
T r[Υ†ν Υν · Ye† Ye · Υ†ν (Ye† Ye )T Υν − Υ†ν (Ye† Ye )T Υν · Ye† Ye · Υ†ν Υν ]
2i
=[Υ†ν Υν , Υ†ν (Ye† Ye )T Υν ].

Majo
JCP
=

XMajo
e

(9)
(10)

M ajo
ajo 11
We find that Im(XM
) is 4 orders of magnitude larger than JCP
but in this scenario they
e
are not correlated. In figure ??, we can see the values that can take the PMNS-induced quark
M ajo
ajo 11
and lepton EDMs (tuned respectively by JCP
and Im(XM
) ). The lightest neutrino mass
e
mν1 is set to 1eV and the CP-violating phases (PMNS phase δ13 and the Majorana phases αM
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M ajo
ajo 11
Figure 5 – Area spanned by JCP
and Im(XM
)
e

and βM ) are allowed to take on any values. The lines show the strict correlation occuring when
only one phase is non-zero. When the three phases are into action, because the flavor structures
have different dependences in these phases, the result is that the quark and lepton EDMs become
decorrelated.
3

Conclusion

In the paper ? , we developped a systematic method to study the flavor structure behind the
quark and lepton EDMs which can be extended easily to other more complicated models (Sterile neutrinos, SUSY etc...). The rainbow-like non-invariant flavor structures are found to be
typically much larger than the Jarlskog-like flavor invariants. Interestingly, we find a different
behavior for Dirac and Majorana neutrinos. Quark and lepton EDMs are proportional in the
former case whereas they are completely independent in the latter case. Indeed, quark and
lepton EDMs have different dependences on Majorana phases. Finally, by studying the flavor
structures behind the quark and lepton EDMs, we get the relations shown in table ?? between
EDMs of different generations. For example, the CKM-induced quark EDMs and the PMNSTable 1: Sum rules

CKM-induced EDMs
Quarks
Leptons

dd
md

+

de
me

ds
ms

=

+

dµ
mµ

db
mb

=

=0
dτ
mτ

PMNS-induced EDMs
dd
md
de
me

+

=

ds
ms

dµ
mµ

+

=
dτ
mτ

db
mb

=0

induced lepton EDMs are tuned by the non-invariant commutators ?? and ?? and because a
commutator is traceless, we get these sum rules.
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MEASUREMENT OF FIDUCIAL, DIFFERENTIAL AND PRODUCTION
CROSS SECTIONS IN THE H → γγ DECAY CHANNEL WITH ATLAS
STEPHEN MENARY on behalf of the ATLAS collaboration a
School of Physics and Astronomy, University of Manchester, M13 9PL, United Kingdom
Measurements of differential (in the fiducial phase space) and production mode cross sections
are presented in the H → γγ decay channel using 36 fb−1 data collected by the ATLAS
√
detector at the LHC with a centre of mass energy of s = 13 TeV. These characterise
pp → H → γγ processes in a variety of ways; production mode cross sections directly test
the compatibility of the data with the Standard Model (SM), whereas fiducial measurements
make minimal SM assumptions and can thus be re-interpreted in order to constrain new
physics models which change event topologies and kinematic distributions. The sensitivity is
√
approximately double that of the s = 8 TeV dataset. Five differential distributions are used
to constrain Wilson coefficients using the effective field theory approach.

1

Introduction

In 2012, the ATLAS1 and CMS experiments observed a new particle with2 J P = 0+ and a
mass3 of 125.09 ± 0.24 GeV with evidence of decays into electroweak boson and fermion pairs4 .
√
These measurements were based on proton collisions at centre-of-mass energies of s = 7, 8 TeV
provided by Run 1 of the Large Hadron Collider (LHC). These properties are consistent with
a Standard Model (SM) Higgs boson, H. However, the properties of the events which contain
the Higgs boson are not well constrained with the Run 1 dataset due to limited statistical
precision. Precise measurements of event rates, kinematic distributions and final state topologies
are important in elucidating the nature of the interactions between the Higgs and other particles,
providing a test of the SM and a window through which new physics may be observed.
√
Run 2 of the LHC provides proton collisions at s = 13 TeV which gives access to previously
inaccessible regions of phase space, boosts the rate of processes with high partonic centre-of-mass
energy and leads to an overall doubling of Higgs production rate5 . The measurements presented
here6 utilise 36 fb−1 data collected in 2015 and 2016, approximately twice the size of the Run 1
dataset. These lead to an approximate doubling of the statistical precision.
The dominant SM Higgs production mechanisms5 are gluon-fusion (ggH, 87 %), vector boson
fusion (VBF, 7 %) and associated production (VH, 4 %) which are sensitive to direct or effective
ggH and V V H vertices. Since no direct ggH coupling exists in the SM, this process may be
particularly sensitive to loop contributions from new particles. Observations of the Higgs are
additionally dependent on the interactions present in its decay. It is important to perform
measurements in as many decay channels as possible in order to (i) maximise the available
statistical precision and (ii) decouple the effects of production and decay.
The diphoton channel has a low branching ratio, BR = 0.23 %5 because the process H → γγ
is mediated by massive charged particle loops at tree level in the SM. However, the excellent
photon energy resolution and reconstruction efficiency (∼ 80 % for fiducial events) of ATLAS
a
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Events / GeV

allow one to reconstruct an invariant mass peak with a width of 1.8 GeV on top of a monotonically falling background as shown in Fig. 1. Approximately 1700 Higgs events are expected
following the SM prediction.
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Figure 1 – Fit of the H → γγ invariant mass peak using selected events.6

Three distinct classes of measurement with a range of SM dependence are presented in order
to characterise the H → γγ sector. These are couplings, simplified template cross sections
(STXS) and differential cross sections. An effective field theory (EFT) re-interpretation of
differential spectra is then performed. The following sections summarise a selection of results.
2

Couplings

Sensitive measurements of SM production process rates are obtained by separating the data into
31 orthogonal regions of phase space defined by object kinematics and event topologies. Templates are constructed for the SM processes using Monte Carlo simulations. A likelihood ratio
test statistic is then optimised in order to constrain the template normalisations. Various parameters of interest (PoIs) are studied including signal strengths, µ defined as the ratio between
the measured and expected SM cross sections using Eq. 1 where µSM = 1 by construction.
µ (process) =

σ meas (process)
σ SM (process)

(1)

Signal strengths for the dominant production processes are shown in Fig. 2 (left). The
combined signal strength is 0.99+0.15
−0.14 which is dominated by a 12 % statistical uncertainty and
represents a factor ∼ 2 improvement in sensitivity compared with the Run 1 measurement in
this channel. The fluctuations of gluon fusion and VBF are 1σ (down) and 2σ (up) respectively.
These can be compared with the Run 1 combination of channels and experiments4 for which
the SM compatibility was within 1σ for both production mechanisms. Many more PoIs are
presented in the paper including vertex strengths using the κ-framework.
3

Simplified template cross sections (STXS)

STXS measurements use templates in order to extract the cross sections of production processes
in simplified regions of phase space defined by stable Higgs, vector bosons, top quarks and jets.
Such region definitions are decay mode agnostic which aids in the combination of channels.
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Figure 2 – Signal strength (left) and STXS (right) measurements using the H → γγ channel.6

Dependence on the SM is reduced since production modes are not assumed to vary uniformly
across the entire phase space. These cross sections are extracted from the same event categories
as used in Sec. 2. STXS measurements are shown normalised to the SM in Fig. 2 (right).
Several stage-1 STXS regions have been merged due to the limited dataset size. On top of the
information provided by the signal strengths, these results also display the distribution of gluon
fusion with respect to the Higgs transverse momentum and jet multiplicity as well as the cross
section in a BSM-like phase space in which events have a leading jet transverse momentum of
at least 200 GeV. No significant deviations from the SM are observed with statistical precision
of O (30 − 100 %). Including the data collected in 2017 and 2018 will allow multiple production
processes to be separated into their own regions of phase space.
4

Differential cross sections

The previous two sections relied on the assumption of SM templates and did not fully characterise
the properties of events with respect to all observables which could provide sensitivity to new
physics. This is done by measuring differential cross sections. These encode both the rate and
shape of pp → H → γγ with respect to observable quantities defined by final state objects and
are measured in the fiducial phase space in order to minimise any modelling assumptions in the
correction for detector effects. This approach allows the measurements to be re-interpreted afterthe-fact. Differential cross sections are measured with respect to 18 observables including the
diphoton kinematics, the number of jets produced in association with the Higgs, the kinematics
of associated jets and the kinematics of an associated dijet system (when present). The diphoton
transverse momentum, pγγ
T and the azimuthal dijet spread, ∆φjj are shown in Fig. 3. These are
sensitive to modified SM couplings, BSM loop contributions and tensor couplings. No clear
deviations are observed when overlaying SM predictions.
5

Effective field theory (EFT)

Effective field theories parameterise the impact of new physics as effective operators with mass
dimension greater than 4 as discussed elsewhere within this conference. The leading order
operators relating to Higgs interactions are mass dimension 6 and are suppressed by factors of
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Δσfid/ σfid

~c
HW

1
where Λ is the scale of new physics. Since the covariances between differential measurements
Λ2
are provided, they can simultaneously be used to constrain BSM models. Templates for five
j1
differential observables (pγγ
T , Njets , mjj , |∆φjj | and pT ) are used to constrain several operators
7
in the Strongly Interacting Light Higgs (SILH) basis . An example contour is shown in Fig. 4
where c̄HW is the strength of a CP -even coupling between the Higgs and electroweak bosons,
and c̃HW is the CP -odd case. The improvement in sensitivity compared with Run 1 is shown.
Compatibility with the SM is ∼ 1σ.
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RESONANT pp → W + Zjj EVENTS AT THE LHC
FROM A UNITARIZED STUDY OF THE ECHL
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We present a study of the production of vector resonances at the LHC via W + Z vector boson
scattering and explore the sensitivities to these resonances for expected LHC luminosities.
We work in the framework of the electroweak chiral Lagrangian, where these resonances can
be generated dynamically by unitarizing the scattering amplitudes. We implement all these
features into a model adapted for MonteCarlo, the IAM-MC, that allows us to give predictions
for the sensitivity to these resonances and to the relevant parameters involved for pp →
− +
W + Zjj, pp → `+
1 `1 `2 νjj, and pp → JJjj.

1

Introduction

The Higgs boson was found at the LHC completing the Standard Model (SM), but its discovery
posed a lot of new questions, such as if the electroweak symmetry breaking sector (EWSBS)
is really as described in the SM. The answers are not yet clear, but one possibility is that the
Higgs boson is a composite state, instead of a fundamental particle.
Composite Higgs models are characterized by the existence of a scale much above the EW
scale where some new strong interactions trigger the dynamical breaking of a global symmetry.
The Goldstone bosons that appear provide the longitudinal degrees of freedom of the weak gauge
bosons, while the Higgs boson would be one of the leftover Goldstone bosons.
Along this work we will not assume an specific model for this strong dynamics, but will
work instead within an effective theory approach. We will rely on the electroweak chiral
Lagrangian1,2,3,4 with a light Higgs5,6,7 (EChL) that implements the generic and minimal assumptions for the above global group and the spontaneous symmetry breaking pattern given by
SU (2)L × SU (2)R → SU (2)L+R as well as the same EW gauge symmetries as the SM.
Strongly interacting dynamics lead typically to the appearance of resonances in the spectrum.
In the present work, these resonances, of masses naturally at the TeV scale, are generated
dynamically from the EChL. We use the inverse amplitud method (IAM) to impose the unitarity
of the EW gauge boson scattering amplitudes, leading to the generation of resonances that might
emerge in vector boson scattering (VBS). The disadvantage of this method is that it relies on a
partial waves analysis, which makes very difficult its implementation in a MonteCarlo.
a

IFT-UAM/CSIC-18-046 FTUAM-18-11 LPT-Orsay-18-64
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In this work, we develop a model, the IAM-MC, that mimics the IAM vector resonances and
that is suitable for MonteCarlo analysis. With this tool, we study the sensitivity of the LHC
to these resonances when they are produced via VBS. In particular, we focus on charged vector
resonances that mediate W Z → W Z scattering. We perform a careful analysis of signal and
backgrounds for the full process pp → W Zjj, discussing also on the potential of the hadronic
and semileptonic decays of the final W Z and giving more accurate predictions for the purely
leptonic channel.
All computations and details, as well as numerical results can be found in our main paper 8 .
2

The EChL and the inverse amplitud method for MonteCarlo: the IAM-MC

The EChL is a EW gauged and chiral effective field theory coupled to a singlet scalar particle
in which the EW Goldstones bosons are introduced in a non linear representation of the global
group SU (2)L × SU (2)R . This allows us to organize operators by their ‘chiral dimension’ in a
power momentum expansion. In this work, we include terms with chiral dimension up to O(p4 )
and work under the assumption that custodial symmetry is preserved. With this consideration,
the relevant terms for this study8 of the leading order and the next to leading order Lagrangians
read, respectively:
"

L2 =
h

LW,Z,γ,H
kin

#



v2
H
H2
+
1 + 2a + b 2 Tr Vµ V µ + . . . ,
4
v
v

ih

i

h

ih

i

L4 = a4 Tr(Vµ Vν ) Tr(V µ V ν ) + a5 Tr(Vµ V µ ) Tr(Vν V ν ) + . . . ,

(1)
(2)

where the parameters a, b, a4 , a5 are known as chiral coefficients and correspond to low energy
constants encoding the information about the underlying microscopic theory.
The EW gauge boson scattering amplitudes computed within this framework typically violate
unitarity. Because of this, we use the inverse amplitude method to make unitary predictions for
these amplitudes profiting from the fact that this method is able to generate dynamically the
vector resonances that we are interested in.
The properties of these resonances, such as mass MV and width ΓV , depend on the chiral
coefficients8 . In order to have resonances with masses in the TeV range, we will work with
values of the chiral couplings in the experimentally allowed intervals8 a ∈ [0.9, 1(SM)] and
a4,5 ∈ [10−3 , 10−4 ], setting b = a2 as it is a well motivated relation in several models.
Within this set of resonances we choose to explore further the isotriplet of vector resonances
V = V 0 , V ± . To perform our study, we select fifteen benchmark points of phenomenological
interest with different values of the chiral parameters that lead to resonances with masses of 1.5,
2 and 2.5 TeV. In particular, for each mass value we select five points that differ in their value
of a, ranging from 0.9 to 1.
Once we have characterized our vector resonances, we need a tool to implement them in a
MonteCarlo to conduct a realistic analysis of the events of our interest. We choose MadGraph5
and use a chiral invariant Lagrangian8,9,10 to mimic the IAM vector resonances. To obtain
unitary amplitudes from this Lagrangian, we promote to a form factor the coupling between the
resonance V and the EW gauge bosons, W, Z. This way we can get unitary resonant amplitudes
in a Lagrangian language that reproduce those of the IAM, and that can be easily implemented
in a MonteCarlo generator. We call this model IAM-MC, adapted for MonteCarlo8 .
3

Sensitivity to vector resonances in W + Z vector boson scattering at the LHC

With our IAM-MC model, we simulate events to obtain predictions for pp → W + Zjj resonant
distributions. As we are interested mainly in W Z scattering subprocess where V + resonates,
we impose a set of cuts, based on the fact that VBS processes produce two opposite-sided
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large pseudorapidity jets, that allows us to select these configurations and reduce the possible
backgrounds8 . We also make predictions for the two main irreducible backgrounds, that we call
SM-QCDEW and SM-EW and that correspond, respectively, to amplitudes in the SM that are
2
of order αS αEW and of order αEW
. In the upper panels of Fig.(1), we display the cross section
for pp → W + Zjj resonant events vs the invariant mass of the W Z system for six of the selected
benchmark points, as well as for the two backgrounds. We can see that the resonances emerge
clearly on top of the SM background and that there are many events available if we assume
luminosities of ∼ 100 fb−1 .
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Figure 1 – Predictions of the σ(pp → W + Zjj) distributions with the invariant mass of the W Z pair, MW Z , (upper
− +
T
panels) and for the σ(pp → `+
1 `1 `2 νjj) distributions with the transverse invariant mass, M```ν (lower panels)
for six benchmark points of the IAM-MC model8 (blue, green and gray), and of the two main SM backgrounds,
SM-QCDEW (yellow) and SM-EW (purple). VBS selection cuts have been applied.

However, reconstructing completely the final gauge bosons is a difficult task. To make a
realistic analysis one has to study events in which the W and the Z are detected through their
decay products. This is why we also simulate the purely leptonic decay mode of the process.
To this end, we impose again the VBS cuts, along with other kinematical cuts on the final
state leptons, to ensure VBS selection and efficient background rejection. The cross section for
− +
pp → `+
1 `1 `2 νjj vs the transverse invariant mass of the four leptons for the same six benchmark
points can be seen in the lower panels of Fig.(1), together with the main backgrounds. It is
interesting to see that some scenarios are still visible above the background, although for this
case higher luminosities will be required to observe these resonances.
Finally, we perform a dedicated analysis giving predictions for the statistical significance of
− +
the observation of these resonances in the W Zjj case and in the `+
1 `1 `2 νjj one. We also make
estimates for the process in which the gauge bosons decay to fat jets, leading to a final state
of JJjj scaling adequately the events for the W Zjj final state. The specific prescriptions for
summing events and computing the significance are as described in the main paper 8 .
In Fig.(2) we present the statistical significances for L = 3000 fb−1 of our IAM generated
vector resonances as a function of the parameter a for the three types of events that we have
studied. We can see that if the gauge bosons could be detected, for L = 300 fb−1 already, the
LHC could be sensitive to the whole allowed interval of a. The case with W, Z fat jets in the
final state seems very promising, as already for L = 300 fb−1 (trivially scaled from Fig.(2)) all
the mentioned parameter space could be probed through resonances with masses of 1.5 TeV.
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Values of a that differ from the SM could be tested even relying on the heaviest resonances.
The leptonic case requires more luminosity to be observed, but with L = 3000 fb−1 the lighter
resonances will make possible to explore the entire allowed interval of a, and those with masses
of 2 TeV could be used to probe deviations from the SM.
9
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Figure 2 – Predictions for the statistical significance of W + Zjj with events summed over different intervals (left),
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stat
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(middle) and JJjj with two reconstruction efficiencies (right) as a function of the
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parameter a for L = 3000 fb−1 .

4

Conclusions

In this work we have explored the production and sensitivity to vector resonances at the LHC
in the VBS process pp → W + Zjj. We have worked under the framework of the EChL supplemented by another effective chiral Lagrangian to describe the vector resonances that are
dynamically generated with the use of the IAM and that is suitable for a MonteCarlo analysis.
We have given predictions for the statistical significances of theses resonances in pp →
− +
W + Zjj, pp → `+
1 `1 `2 νjj and pp → JJjj events. We have concluded that, for expected LHC
luminosities, the study of these resonances, with masses in the TeV range, would be possible and
could let us probe the whole allowed interval for some of the chiral parameters. In particular, the
parameter a could be tested at LHC at L = 300 fb−1 in the W Z final state though resonances
with masses between 1.5 and 2.5 TeV and in the JJjj final state through the lightest resonances
(although heavier ones would allow to probe values of a that differ from 1). The leptonic case
requires higher luminosities to be observed, but for the High Luminosity LHC, resonances with
masses of 1.5 TeV will allow to test a ∈ [0.9, 1] and heavier resonances could give us information
of whether a 6= 1.
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Higgs boson production in association with a top quark pair
√
at s = 13 TeV with the ATLAS detector
Robert Wolff on behalf of the ATLAS Collaboration
CPPM, Aix-Marseille Université and CNRS/IN2P3,
163, avenue de Luminy - Case 902 - 13288 Marseille, France
A search for the associated production of the Higgs boson with a top quark pair (tt̄H) is
performed in multileptonic final states using a dataset corresponding to an integrated luminosity of 36.1 fb1 of proton-proton collision data recorded by the ATLAS experiment at a
√
center-of-mass energy of s = 13 TeV at the Large Hadron Collider. Higgs boson decays to
W W ∗ , τ τ and ZZ ∗ are targeted. Seven final states, categorized by the number and flavour
of charged-lepton candidates, are examined for the presence of the Standard Model Higgs
boson with a mass close to 125 GeV and a pair of top quarks. An excess of events over the
expected background from Standard Model processes is found with an observed significance of
4.1 standard deviations, compared to an expectation of 2.8 standard deviations. Furthermore,
the combination of this result with other tt̄H searches from the ATLAS experiment using the
Higgs boson decay modes to bb̄, γγ and ZZ ∗ → 4` is briefly reported.

1

Top quark Yukawa coupling at the LHC

The Higgs boson has been discovered by the ATLAS and CMS experiments at the Run 1 of the
Large Hadron Collider (LHC) with a mass close to 125 GeV1,2 . Its measured properties like spin
and interactions are consistent with those predicted for a Higgs boson by the Standard Model
(SM) of particle physics. The coupling of the Higgs boson with the heaviest SM particle, the
top quark, is of particular interest. The value of this top Yukawa coupling
√ λt is predicted by
the SM from the top quark mass mt = 173 GeV via the formula λt = 2mt /v ≈ 1 with the
vacuum expectation value (VEV) of the Brout-Englert-Higgs field v = 246 GeV. Any deviation
from the SM value might be a hint for new physics. Fig. 1 shows the Feynman diagrams for the
decay and production channels in the measurement of λt . The indirect measurement uses the
Higgs boson production by gluon-gluon fusion (gg → H) and the Higgs boson decays to pairs
of photons (H → γγ), where λt enters via top quark loops. The tree-level process of associated
Higgs boson production with a pair of top quarks (tt̄H) allows the direct measurement.
g

γ
t,b •

H

H

g
λt •

• t,b,W

g

t

γ

g

H
t̄

Figure 1 – Feynman diagrams for (left) gg → H production, (centre) H → γγ decays and (right) tt̄H production.
The top quark Yukawa coupling (entering via loops in gg → H and H → γγ) is indicated by a black circle.
c CERN for the benefit of the ATLAS Collaboration. This work is licensed under the CC-BY-4.0 license.
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In Run 1 the ATLAS and CMS experiments performed a combined measurement of Higgs
boson properties3 . The measured ratio of observed over expected tt̄H production cross section,
+0.7
called signal strength, is µtt̄H = σtt̄H /σtSM
t̄H = 2.3−0.6 . This excess of events over SM background
corresponds to an observed significance of 4.4 standard deviations (σ), compared to an expectation of 2.0σ. Assuming no contributions from new physics the combination of all measured
Higgs boson decay and production channels observed a top Yukawa coupling of 0.87 ± 0.15 times
the SM prediction, consistent with the SM.
2

tt̄H in multileptonic final states at the ATLAS experiment with

2.1

√

s = 13 TeV

Introduction

2

Signal Fraction [%]

Number of τhad

In the Run 2 of the LHC searches for tt̄H production profit from the increase of center-of-mass
√
energy from s = 8 TeV to 13 TeV because the tt̄H production cross-section is enhanced by
almost a factor of 4. The presented analysis considers proton-proton collisions data with an
integrated luminosity of 36.1 fb−1 recorded by the ATLAS detector4 in 2015 and 2016. The
search for tt̄H production in multileptonic final states5 considers only final states with at least
two same-sign leptons (SS) to suppress the dominant background from tt̄ events with oppositely
charged leptons. Due to this selection in the tt̄H signal event topology both the Higgs boson and
one of the top quarks need to have at least one lepton in the decay chain. The final states are
categorised in seven orthogonal channels by multiplicities of light leptons (`) and hadronically
decaying tau leptons (τhad ). Each channel has one signal region (SR), apart from 4` where two
SRs are separated by the presence or absence of same-flavour, oppositely charged lepton pairs.
The categorisation and the Higgs boson decay modes are demonstrated in Fig. 2.
The light lepton channels with no τhad (2`SS, 3` and 4`) target mainly H → W W ∗ and
H → τ τ decays with leptonically decaying tau leptons, while the other channels are more
sensitive to the H → τ τ decays, where at least one tau lepton decays hadronically.
Because the top quarks from the tt̄H production decay into W bosons and bottom quarks, all
channels require at least one b-tagged jet. To suppress backgrounds with low jet multiplicities the
basic cut on number of jets is Njet ≥ 2. On top of that, the 2`SS and 2`SS+1τhad (2`OS+1τhad
and 1`+2τhad ) channels require at least four (three) jets.
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Figure 2 – (left) the categorisation of the seven analysis channels by multiplicities of light leptons and hadronically
decaying tau leptons5 and (right) the contribution of the Higgs boson decay modes in the eight signal regions5 .

2.2

Backgrounds

The composition of the backgrounds in the eight SRs is shown in Fig. 3. There are two kinds
of dominant backgrounds in the analysis. The irreducible backgrounds are SM backgrounds
coming from prompt leptons. The main irreducible backgrounds are associated W or Z boson
production with a top quark pair (tt̄W , tt̄Z) and di-boson production (V V ) with similar final
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Figure 3 – Background composition in the eight signal regions5 .
3ℓ ̅ W CR

3ℓ ̅ Z CR

3ℓ VV CR

3ℓ ̅ CR

states. Their estimates rely on Monte Carlo (MC) simulation and are validated in 3` control
regions (CRs). Further rare backgrounds of tt̄W W , tH, tZ, tt̄tt̄, V V V and W tZ production
are estimated from MC simulation, too.
The reducible backgrounds have at least one fake, non-prompt or charge mis-reconstructed
lepton. Non-prompt light leptons come mainly from b-hadron decays in tt̄, single-top and tW
production or photon conversions. They are dominant in the 2`SS, 2`SS+1τhad and 3` SRs. The
2`OS tt̄ events with an electron of mis-identified charge enter mainly in the 2`SS SR. The channels
with τhad have big contributions of fake τhad from light flavour jets and mis-identified electrons.
The estimate of these backgrounds is using different data-driven techniques. Dedicated boosted
decision trees (BDTs) using lepton properties are designed to reduce these backgrounds.
2.3

Multivariate analysis in the 2`SS channel

As shown in Fig. 3 top left, the dominant backgrounds in the 2`SS channel are tt̄V production
and non-prompt light leptons. Two independent event BDTs are trained to discriminate the
tt̄H signal against these backgrounds. The input variables to the BDTs are lepton properties like
transverse momenta of the leptons, jet and b-tagged jet multiplicities, angular distances between
the leptons and closest jets and the missing transverse momentum. The final BDT output is
the combination of the two BDTs with a maximised signal significance. Its distribution of data
agrees well with the post-fit prediction as shown in Fig. 4 (left).
2.4

Statistical model and results

A maximum-likelihood fit with the tt̄H signal strength µtt̄H as parameter of interest is performed
in 8 SRs and 4 CRs simultaneously. The BDT shape is used in five of the SRs, e.g. in the
2`SS SR. The 4 CRs and the 3`+1τhad and 4` SRs with low statistics enter the fit as single
event counts. The total number of bins is 32. The systematic uncertainties are described
by nuisance parameters (NPs). The total number of NPs is 315 with 191 experimental NPs,
83 NPs from data-driven reducible background estimates and 41 NPs related to signal and
background modelling. To decrease the processing time of the fit, NPs are dropped if the size of
the corresponding systematic uncertainty is less than 1 %. To reduce local statistical fluctuations
of the estimate templates they are smoothed by redistributing bin contents. It has been checked,
that the impact of these procedures is negligible on the expected tt̄H signal significance. Some
NPs need some special attention, e.g. the tt̄W cross section uncertainty is fully anti-correlated
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Figure 4 – (left) the distribution of the final BDT output in the 2`SS SR5 and (right) the best-fit signal strength
µtt̄H in single channels and their combination in the tt̄H → multilepton analysis5 .

with the uncertainty on tt̄W subtraction in the CR of the fake lepton efficiency measurement
for the non-prompt light lepton estimate in the 2`SS and 3` channels.
The results for the best-fit signal strength µtt̄H are shown in Fig. 4 (right) for the single
channels and their combination. All results are compatible with each other and with the SM
expectation of µtt̄H = 1. Combining all channels, a value of µtt̄H = 1.6+0.5
−0.4 with a significance of
4.1σ has been observed, while 2.8σ is expected. The systematic uncertainties with the largest
impact on this measurement are tt̄H signal cross section from QCD scale and PDF variations,
jet energy scale and resolution and non-prompt light lepton estimate with a large impact of CR
statistics. The measured cross-section for the tt̄H production is σtt̄H = 790+230
−210 fb compared to
+35
the expectation of σtSM
=
507
fb.
−50
t̄H
3

Combination with other searches for tt̄H production at the ATLAS experiment

The results of this analysis have been combined with the measurements of tt̄H production
√
searches in other Higgs boson decay channels with the 36.1 fb−1 of pp collisions at s = 13 TeV.
6
The search with the Higgs boson decaying to b-quark pair observed a value of µtt̄H = 0.8 ± 0.6;
the di-photon decay channel7 found µtt̄H = 0.6+0.7
−0.6 ; and the search with H → ZZ → 4` in
a 10 GeV mass window around the Higgs boson mass8 observed a 68% confidence level upper
limit on µtt̄H of 1.9. The search for tt̄H production in multileptonic final states has a major
impact on the combination results. The combined best-fit value is µtt̄H = 1.2 ± 0.3. The observed (expected) significance of this excess over the background-only hypothesis is 4.2 (3.8)σ.
In conclusion, the ATLAS experiment found evidence for the tt̄H production at 13 TeV5 .
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SIMPLIFIED GAUGINO-HIGGSINO MODELS IN THE MSSM
M.P.A. SUNDER
Institut für Theoretische Physik, Westfälische Wilhelms-Universität Münster,
Wilhelm-Klemm-Straße 9, 48149 Münster, Germany

We present a tool to produce benchmarks with realistic mass spectra and realistic mixing in
the gaugino-higgsino sector of the MSSM. We suggest as a next-to-minimal approach the use of
benchmarks, whose mass spectra and mixing matrix elements are the result of a proper matrix
diagonalisation at treelevel. We scan over the four relevant parameters {µ, tan β, M1 , M2 } for
a specific grid of neutralino and chargino masses. We demonstrate how to define a measure
for the quality of a fit, including a method to maximise properties such as the gaugino or
higgsino content.

1

The gaugino-higgsino sector

The gauginos and higgsinos are the fermionic superpartners of the electroweak gauge-bosons
and the two SU (2)-valued complex scalar Higgs doublets that appear in the Minimal Supersymmetric Standard Model (MSSM). Through electroweak symmetry breaking (EWSB) these
fermionic states mix to form either neutral neutralinos χ
e0i or electrically charged charginos χ
e±
i .
e 0 , wino W
f 0 and higgsino fields H
e 0,
The neutralinos are mixed states of neutral bino B
3



e0 W
f0 H
e0 H
e0
B
3
1
2

T

EWSB

e01 χ
e02 χ
e03 χ
e04
−−−−→ χ

i

T

.

(1)

f ± and higgsino fields H
e ±,
The charginos are mixed states of charged winos W
i
i
(

f−
W
e−
H
1

!

f+
W
, e+
H2

!)
EWSB

−−−−→

 −   + 
χ1
χ1
,
.
χ−
χ+
2
2

(2)

The other particles in the MSSM, such as the gluino and the squarks, are decoupled at values
of around 1-1.5 TeV, in accordance with the current mass limits from supersymmetry (SUSY)
searches [1–6]. We shall focus on simplified MSSM models that have neutralinos and charginos
as their lightest supersymmetric particles, considered in experimental studies such as [7–9].
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These simplified gaugino-higgsino models are governed by only four additional MSSM parameters, which gives them some predictive value. These parameters are,
WMSSM EWSB
z }| {

{

SSB

z }| {
z}|{
µ , tan β, M1 , M2 } ,

(3)

where µ is the effective higgsino mass parameter originating from the superpotential WMSSM ,
tan β is the ratio of the two scalar Higgs vacuum expectation values (vevs) H20 and H10 , whilst M1
and M2 are the gaugino mass parameters that originate from the soft supersymmetry breaking
(SSB).
2

The minimal vs. non-minimal approach

The minimal approach for SUSY searches in this sector, e.g. as used by [9–12], is to set a mass
spectrum without any actual mixing among the gauginos and between gauginos and higgsinos.
This approach is applicable in three different scenarios, namely in case of:
• a bino lightest supersymmetric particle (LSP) with mass Mχe01 = M1 and an additional doun
o
blet of degenerate wino next-to lightest supersymmetric particles (nLSPs) at Mχe02 , Mχe± =
1
M2 , which requires M1 < M2 and µ → ∞.
n
o
• a doublet of degenerate wino LSPs with masses Mχe01 , Mχe± = M2 and an additional
1
bino nLSP at Mχe02 = M1 , which requires M2 < M1 and µ → ∞.
n
o
• a triplet of degenerate higgsino LSPs with masses Mχe01 , Mχe02 , Mχe± = µ, which requires
1
that {M1 , M2 } → ∞.
Independently of tan β these three scenarios are applicable
in two regions of the parameter space spanned by {µ, M1 , M2 }
as depicted in Fig. 1. We suggest a next-to-minimal approach
in [13] to obtain benchmarks that are applicable in cases where
gaugino and higgsino states mix, as demonstrated in [14]. This
method is applicable in the whole parameter space depicted in
Fig. 1.
Instead of setting the mass spectrum, we scan over the parameters in Eq. 3 and compute the mass spectrum by proper Figure 1 – Here, we visualise the
diagonalisation of the mass matrices at tree-level. In this way, regions of parameter space wherein
the minimal approach is valid, these
benchmarks that are extremely fine-tuned or unphysical will are the shaded areas correspondnot be found, one can explore the relationships between mass- ing to either µ → ∞ or both
splittings and coupling strengths by using the appropriate mix- {M1 , M2 } → ∞.
ing matrix elements and constrain certain regions in the MSSM
parameter space more directly.
The search region must be defined, whilst taking into account approximate relations and
parameter transformations that do not affect the mass spectra or particle content.
3

Case-Study: Higgsino-like benchmarks with equidistant mass splitting

We present an example scenario of higgsino-like benchmarks with equidistant mass splitting to
clarify how one sets up a parameter scan for a specific scenario.
The chosen scenario of an equidistant mass-splitting between the chargino χ
e±
1 and the two
0
0
neutralinos χ
e1 and χ
e2 motivates a parametrisation of the mass spectrum in terms of Mχe± , the
1
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Table 1: The targeted chargino masses and mass-splitting in the parameter scan for the scenario of higgsino-like
benchmarks with equidistant mass-splittings. The ∆ (. . .) column refers to the used grid-spacing of either Mχe±
1
or ∆M21 .

Targeted mass(-splitting)
Mχe±
1
∆M21

Min.
90 GeV
1 GeV

Max.
400 GeV
100 GeV

∆ (. . .)
3.1 GeV
1 GeV

mass of χ
e±
e01
1 at the intermediate scale, and ∆M21 , the total size of the mass-splitting between χ
0
and χ
e2 . The neutralino masses are then given by,
Mχe01 = Mχe± −

∆M21
2

and Mχe02 = Mχe± +

∆M21
.
2

(4)

This parametrisation was used to define a grid from which we sampled O 104 benchmarks
in a region that would be accessible for LHC searches given in Tab. 1. The targeted spectra
in Tab. 1 and the general parameter dependencies of the mass spectrum motivate an initial
scan-range given by,
1

1

|µ| ∈ [min(Mχe± ) − O(MW ), max(Mχe± ) + O(MW )] ,
1
1
{|M1 |, M2 } ∈ [min(Mχe± ) − O(MW ), 5 TeV] , tan β ∈ [0, 100] ,

(5)

1

where either sign of the µ-parameter yields equally good benchmarks, though with a lower
higgsino content once ∆M21 & 25 GeV.
The randomly selected benchmarks were scored using three dimensionless selection criteria,
as shown in Eq. 6. The deviation between found and targeted benchmarks was constrained by
an upper limit on the benchmark’s score at scoremax = 0.1.

r
d1 ∆Mχ± =
δMχ±


1
1
d21 + d22 + d23
d2 ∆(∆M21 ) = 2δ(Mχ02 − Mχ± ) ⇒ score =
< 0.1
(6)
1 
3
acceptable
d3 ∆(∆M21 ) = 2δ(Mχ± − Mχ01 )
1
 0 ± 0
The average higgsino content fe of χ
e1 , χ
e1 , χ
e2 was maximised by reweighting the score with
scorenew

feold
< scoreold ,
fenew

(7)

which preferentially selects the benchmark with the higher higgsino content in case of a comparable agreement with the targeted mass spectrum. A redefinition of fe is usable to maximise
other benchmark properties.
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Figure 2 – This figure shows the average higgsino content of χ
e1 , χ
e1 , χ
e2 of and a fine-tuning measure of the
benchmarks that were found for the subscenario wherein µ > 0. If the fine-tuning fe for two benchmarks relates
as fe(b2 ) − fe(b1 ) = 5 then the number of found acceptable benchmarks for b2 is a factor 105 less than for b1 .
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In Fig. 2 we demonstrate the feasibility of finding benchmarks for the subscenario with
µ > 0. We succeeded in finding benchmarks with reasonable higgsino contents of & 0.7 for
∆M21 . MW independent of the targeted Mχe± . Although, from ∆M21 & 40 GeV the amount
1
of fine-tuning made it increasingly more difficult to find these benchmarks, which can be seen by
the absence of benchmarks or the poor maximisation of the higgsino content. The fine-tuning
measure was chosen as the logarithms of the product of the allowed acceptable variation of the
benchmark parameters divided by the total search range for each of those parameters.
4

Conclusions

We argue that the discussed minimal approach has only a limited applicability and does not constrain directly the parameter space of the MSSM in the gaugino-higgsino sector. We suggested
here and in [13] a next-to-minimal approach wherein the whole parameter space in the gauginohiggsino sector can be explored by scanning over the MSSM parameters {µ, tan β, M1 , M2 }. Use
of this approach constrains the MSSM parameter space more directly and guarantees that the
used benchmark is representative of a true non-simplified MSSM benchmark. We demonstrate
that this approach is feasible in finding a high resolution grid of benchmarks for the particular scenario of higgsino-like benchmarks with equidistant mass-splitting, which would not be
treatable in the minimal approach.
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Observation of the decay Z → ψ `+ `− → µ+ µ− `+ `− with the CMS detector
S. Leontsinis,
on behalf of the CMS collaboration
University of Colorado Boulder,
Department of Physics, Duane Physics E1B32,
2000 Colorado Ave, Boulder, CO 80309-0390, USA
The observation of the Z boson rare decay to a ψ meson and two oppositely charged sameflavour leptons, `+ `− , where ψ represents the sum of J/ψ and ψ(2S) → J/ψ X, and ` = µ, e,
is presented. The data sample used corresponds to an integrated luminosity of 35.9 fb−1
of proton-proton collisions at a center-of-mass energy of 13 TeV accumulated by the CMS
experiment at the LHC. The signal is observed with a significance in excess of 5 standard
deviations. Removing contributions from ψ(2S) decays to J/ψ, the signal is interpreted as
being entirely from Z → J/ψ `+ `− , with its fiducial branching fraction relative to that of the
decay Z → µ+ µ− µ+ µ− measured to be
B(Z → J/ψ `+ `− )
= 0.70 ± 0.18 (stat) ± 0.05 (syst).
B(Z → µ+ µ− µ+ µ− )
This result is obtained with the assumption of no J/ψ polarisation, where extreme polarisation
scenarios can create −24% to +22% variations.

1

Introduction

The amazing performance of the LHC 1 provides CMS with a large sample of Z bosons. With
such a large amount of data, the CMS collaboration can now probe rare decay channels, such
as Z → V`+ `− , where V is a vector meson. Such decays where consider by various theory
groups 2,3,4 during the LEP era. Theoretical calculations of this process, illustrated in figure 1
for the case where V = J/ψ predict a branching fraction of (6.7–7.7) × 10−7 .

Figure 1 – Leading-order diagrams for the Z → J/ψ`+ `− process. The diagram on the left is the dominant
production mechanism5 .

Although there are many searches for the Z boson to decay in the J/ψγ final state 5,6 , the
J/ψ`+ `− decay mode provides a cleaner experimental signature and larger branching fraction 4 .
This is because the lepton propagator in the diagram shown in figure 1 left is of the order of
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2 , while on the one on the right is of the order of 1/M 2 . This boosts the diagram on
1/MJ/ψ
Z
2
figure 1 left by a factor MZ2 /MJ/ψ
making it the dominant J/ψ meson production mechanism in
electromagnetic Z decays.
In this article, the first observation of Z → ψ`+ `− is presented 7 , where ψ sums over J/ψ
and ψ(2S) → J/ψ X, and ` = µ, e. The data sample used is 35.9 fb−1 of proton-proton collisions
√
recorded by the CMS experiment 8 at the LHC at s = 13 TeV center-of-mass energy. After
removing contributions from ψ(2S) → J/ψ X, the branching fraction ratio (RJ/ψ`+ `− ) of B(Z →
J/ψ`+ `− ) relative to B(Z → µ+ µ− µ+ µ− ) is measured in the fiducial phase-space of the CMS
detector.

2

Selections

This analysis follows closely the Z → `+ `− `+ `− analysis from CMS 9 . An ensemble of high-pT
single, dilepton and lower-pT three-lepton triggers is used. The selection criteria for the signal
and reference channels are summarised in table 1.
Table 1: Selection criteria for signal and reference channels. Here, ` refers to a prompt muon or electron from the
signal decay, or to either of the two leading muons from the reference decay. Subscripts give the lepton pT rank
in decreasing order.

Selection requirement
Signal (reference) sample: 0 (40) < m`+ `− < 80 GeV
Reference sample: 4 < mµ± µ∓ < 80 GeV
3 4
|mµ+ µ− `+ `− − 91.2 GeV| < 25 GeV
|η(electrons)| < 2.5, |η(muons)| < 2.4
pT (`1 , `2 , µ3 , µ4 ) > (30, 15, 3.5, 3.5) GeV
J/ψ
Signal sample: pT > 8.5 GeV
In addition, the four leptons, and the two muons coming from the ψ decay, are required to
be fitted to a common vertex with a χ2 probability greater than 5%. Finally, all leptons are
required to be isolated and have an impact parameter significance IP/σIP < 4, where IP is the
distance of closest approach of the lepton track to the event vertex and σIP is its associated
uncertainty.
After applying the selection criteria, 29 Z → ψµ+ µ− and 18 Z → ψe+ e− candidate events
are found. The ψ → µ+ µ− and Z → ψ`+ `− invariant mass distributions of these events are
shown in figure 2, where four contributions can be seen. First, the signal Z → ψ`+ `− decay
populating the centre of the two-dimensional (2D) plot, second the Z → µ+ µ− `+ `− decay, where
the mµ+ µ− is non-resonant, third the ψ → µ+ µ− decay with two additional non-resonant leptons
and fourth, two muons and two leptons coming from combinatorial background.
3

Observation of the Z → ψ`+ `− decay

An extended 2D unbinned maximum likelihood fit is used to determine the signal yield in the
mZ→ψ`+ `− and mψ→µ+ µ− variables. The one-dimensional projections of the fit are shown in
figure 3. The number of signal events found are NZ→ψµ+ µ− = 13.0 ± 3.9 and NZ→ψe+ e− =
11.2 ± 3.4.
The signal significance for the Z → ψµ+ µ− and Z → ψe+ e− decay channels is 4.0 σ and
4.3 σ, respectively. The combined significance is 5.7 σ.
For the selection of the Z → µ+ µ− µ+ µ− reference channel, the same selection criteria as
for Z → ψ(→ µ+ µ− )µ+ µ− are applied, with the exception of the vertexing of the ψ muons and
+ − + −
the pψ
T requirement. The Z → µ µ µ µ signal is extracted using the same parameterisation
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Figure 2 – Distribution of invariant masses mµ+ µ− vs. mZ→ψ`+ `− for selected candidates5 .

Figure 3 – Invariant mass distributions for the ψ muon pairs (left) and for Z → ψ`+ `− (right), for Z → ψµ+ µ−
(upper) and Z → ψe+ e− (lower) candidates. Data are represented with filled circles, the solid blue line is the
overall fit to the data, the green filled region corresponds to the signal yield, while the dashed blue lines are the
ψ signal from the Z background (left) and the Z signal extracted from the ψ background (right)5 .

used for Z modelling on the Z → ψµ+ µ− signal model, which results in a signal yield of 250 ± 20
events.
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4

Fiducial branching fraction measurement

The fiducial branching fraction of Z → J/ψ `+ `− relative to the Z → µ+ µ− µ+ µ− decay mode is
calculated using the formula:


RJ/ψ`+ `−



`

X 1 NZ→J/ψ`+ `− Z→µ+ µ− µ+ µ−
B(Z → J/ψ`+ `− )
1


≡
=
, ` = µ, e,
`
B(Z → µ+ µ− µ+ µ− )
2
N
B(J/ψ
→
µ + µ− )
+
−
+
−

Z→µ µ µ µ
Z→J/ψ`+ `−
`

`
+ − events, after removing ψ(2S) → J/ψ X
where NZ→J/ψ`
+ `− is the number of Z → J/ψ` `
contributions. Using the branching fraction ratio B[Z → J/ψ`+ `− ]/B[Z → ψ(2S)`+ `− ] from
Ref 3 , 1.9 events from NZ→ψµ+ µ− and 1.7 events from NZ→ψe+ e− are subtracted, leaving 11.1
NZ→J/ψµ+ µ− and 9.5 NZ→J/ψµ+ µ− signal events. The efficiencies are evaluated using MC in the
fiducial region defined in table 1 and are found to be Z→µ+ µ− µ+ µ− = 81.1%, Z→J/ψµ+ µ− = 80.8%
and Z→J/ψe+ e− = 79.6%. Using these values, the branching fraction ratio is measured to be:
RJ/ψ`+ `− = 0.70 ± 0.18 (stat) ± 0.05 (syst).
This result assumes that the J/ψ mesons are produced unpolarised. Comparing the results
obtained using the unpolarised and the longitudinally polarised and the three transversely polarised scenarios, ‘transverse 0’, ‘transverse −’ and ‘transverse +’ 10 , a variation from −24 to
+22% is observed.
Extrapolating from the fiducial region to the full space and assuming that the extrapolations
of the signal and reference channels cancel in the ratio a qualitative estimate of the B(Z →
J/ψ `+ `− ) can be extracted. Using B(Z → µ+ µ− µ+ µ− ) = (1.20 ± 0.08) × 10−6 for mµ+ µ− >
4 GeV 9 , B(Z → J/ψ `+ `− ) ≈ 8 × 10−7 , which is consistent with (6.7 ± 0.7) × 10−7 and 7.7 × 10−7
as calculated in Ref. 2 and Ref. 3 , respectively.
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SEARCH FOR A HEAVY RESONANCE DECAYING TO A PAIR OF VECTOR
√
BOSONS IN THE LEPTON PLUS MERGED JET FINAL STATE AT s =
13TeV
HUANG HUANG
On behalf of the CMS collaboration
State Key Laboratory of nuclear Physics and Technology, Peking University
100871 Beijing, China

A search for a new heavy particle decaying to a pair of vector bosons (WW or WZ) is presented
using data from the CMS detector corresponding to an integrated luminosity of 35.9 fb−1
collected in proton-proton collisions at a centre-of-mass energy of 13 TeV in 2016. One of the
bosons is required to be a W boson decaying to eν or µν, while the other boson is required to
be reconstructed as a single massive jet with substructure compatible with that of a highlyenergetic quark pair from a W or Z boson decay. The search is performed in the resonance
mass range between 1.0 and 4.4. The largest deviation from the background-only hypothesis
is observed for a mass near 1.4 TeV and corresponds to a local significance of 2.5 standard
deviations. The result is interpreted as an upper bound on the resonance production cross
section. Comparing the excluded cross section values and the expectations from theoretical
calculations in the bulk graviton and heavy vector triplet models, spin-2 WW resonances with
mass smaller than 1.07 TeV and spin-1 WZ resonances lighter than 3.05 TeV, respectively,
are excluded at 95% confidence level. 1

1

Introduction

There are several theoretical models that motivate the existence of heavy particles that decay to
pairs of bosons. These models usually aim to answer open questions of the Standard Model (SM)
such as the integration of gravity into the SM using extra dimensions. Popular examples of such
models include the bulk scenario 2 of the Randall-Sundrum Warped Extra Dimensions model 3 ,
and the composite heavy vector triplet (HVT) model 4 . The composite HVT generalizes a large
number of explicit models predicting spin-1 resonances, which can be described by a rather small
set of parameters.
In this paper, we describe a search for a heavy resonance decaying to a pair of vector bosons,
one being a W boson decaying to an electron or muon and a neutrino, the other being a vector
0
boson decaying to a q q̄ ( ) pair. The analysis is based on the proton-proton collision data set
collected by the CMS experiment at the LHC in 2016, at a centre-of-mass energy of 13 TeV.
The collected data correspond to an integrated luminosity of 35.9 fb−1 .
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2

CMS Detector

The central feature of the CMS apparatus is a superconducting solenoid of 6m internal diameter,
providing a magnetic field of 3.8T. Contained within the superconducting solenoid volume are a
silicon pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and
a brass and scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap
sections. Muons are measured in gas-ionization detectors embedded in the steel flux-return yoke
outside the solenoid. Extensive forward calorimetry complements the coverage provided by the
barrel and endcap detectors. A more detailed description of the CMS detector, together with a
definition of the coordinate system used and the relevant kinematic variables, can be found in
Ref. 5 .
3

Signal extraction and Background estimation

For this analysis, a novel signal extraction method based on a 2D maximum likelihood fit is
introduced. The main challenge in this signal extraction is due to the very large correlations
between the mass of the jet and its transverse momentum which have to be encoded by the fit.
The signal and background yields are determined through a maximum likelihood fit. The fit
is performed using 2D templates for signal and background processes, starting from simulation
and introducing shape uncertainties that model the difference between data and simulation in
the full search range.
Two classes of background events are considered:
1. A W+jets background, consisting of a lepton and at least one jet arising from a quark or
gluon mistagged as a V jet. In addition to W → lν+jets, this background also includes tt̄
production where the leptonically decaying W boson was reconstructed, but the merged
jet corresponds to a random combination of jets in the event and not to a W boson or a
top quark decay.
2. A W +V t background, peaking in mjet while smoothly falling in mW V . This background
is dominated by tt̄ production while sub-dominant contributions include SM diboson and
single top production.
Each background is modelled by a separate shape pdf based on its properties.
3.1

Signal

The probability density function (pdf) of X → W V events in the (mW V , mjet ) plane is modelled
as:
Psig (mW V , mjet |mX ) = PW V (mW V |mX , θ1 ) Pj (mjet |mX , θ2 ).
(1)
The pdfs PW V and Pj are represented by double Crystal Ball 6,7 functions, and an additional
exponential function is used in the jet mass dimension in LP events to model the tails of the
soft-drop jet mass distribution. The parameters of the functions are described by uncorrelated
polynomial interpolations, obtained by fitting the simulated signal sample distributions with
the pdfs for different values of the resonance mass mX . The experimental resolution for mjet is
around 10%, and for mW V it ranges from 6% at 1 TeV to 4% at 4 TeV.
3.2

Non-resonant background: W+jets

The W +jets background shape is described as a conditional probability of mW V as a function
of mjet :
PW +jets (mW V , mjet ) = PW V (mW V |mjet , θ1 ) Pj (mjet |θ2 ).
(2)
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The conditional probability is essential to take into account the large correlations between mjet
and mW V . Those correlations arise from the strong dependence of the jet mass on the jet pT
during the hadronization process. The 2D conditional templates, PW V , are constructed from
simulated events, starting before the detector simulation stage. For each event in the background
samples, jets are clustered from stable particles using the same substructure algorithms as during
event reconstruction. Consequently, a scale and resolution model is derived for both mjet and
mW V as a function of generated jet pT by comparing the reconstructed and generated variables.
Smooth templates are then populated as sums of 2D Gaussian distributions, where the mean
values of the Gaussians correspond to the true value of mjet and mW V , shifted by the derived
scale model, and the 2D covariance matrix is given by the resolution model. This technique is
similar to the kernel-estimation procedure given in Ref. 8 but uses the simulation and the exact
resolution model instead of starting from reconstructed events. The final step is to smooth the
tails for high values of mW V ensuring there are no empty bins in the templates. The smoothing
is performed by fitting events in each mjet bin with mW V > 2.0 using an exponential function
and then using the function values to populate the tails for mW V > 2.5 TeV. The Pj shapes
are one-dimensional (1D) histograms derived directly from reconstructed simulated events, in
contrast to the PW V shapes discussed above.
CMS

muon, high-purity
Data
W+V/t
W+jets
Bkg. shape unc.
GBulk (2 TeV)→WW
W'(2 TeV)→WZ

500
400
300

35.9 fb-1 (13 TeV)

Events / 25 GeV

Events / 2 GeV

35.9 fb-1 (13 TeV)

600

CMS

muon, high-purity
Data
W+jets
W+V/t
Bkg. shape unc.
GBulk (2 TeV)→WW
W'(2 TeV)→WZ

103
102

(σ × Β = 0.5 pb)

(σ × Β = 0.05 pb)

10

200
100

1

0

Data/fit

Data/fit

104

1.4
1.2
1
0.8
0.6

40

60

80

100 120 140

160 180
200
mjet (GeV)

1.4
1.2
1
0.8
0.6

1000

mjet (GeV)

1500

2000

2500

3000

3500 m
4000
4500
WV (GeV)

mWV (GeV)

Figure 1 – Comparison between the fit result and data distributions of mjet (left) and mW V (right) in the muon
HP category. The background shape uncertainty is shown as a shaded band, and the statistical uncertainties of
the data are shown as vertical bars. No events are observed with mW V > 4.5 TeV. Example signal distributions
are overlaid, using an arbitrary normalization that is different in the upper and lower plots.

3.3

Resonant background: W+V

The W +V t background is modelled as :
PW +V t (mW V , mjet ) = PW V (mW V |θ1 ) Pj (mjet |mW V , θ2 ).

(3)

In this case, PW V is a 1D template constructed in the same way as for the W +jets background,
and the smoothing of its tail with an exponential function is performed for mW V > 1.2 TeV.
Pj is described by two peaks: a peak around the W boson mass dominated by top quark events
where only the W → q q̄ 0 was reconstructed inside the large-radius jet, and a peak around
the top quark mass where the W boson and the b quark decays are merged. These peaks
are modelled by two double Crystal Ball plus one exponential function, whose parameters are
described by uncorrelated polynomial functions of mW V . The presence of both jet peaks allows
additional scrutiny, since the relative fraction of the two peaks as a function of the resonance
mass provides a robust validation of the top quark pT spectrum convolved with effects from jet
grooming. Different shapes are used in the individual event categories to account for differences
in the event kinematic distributions.
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4

Results and Summary

The results are interpreted in terms of exclusion limits for the benchmark signal models of
BulkGraviton and W 0 . We provide model-independent limits, which are not coupled to the
relative normalizations of the benchmark models. We expect any model-dependent effects on
the acceptance and selection efficiency to be covered by the PDF and scale uncertainties. Figure 2
shows the upper exclusion limits on the product of the resonance production cross section and
the branching fraction to W W or W Z as a function of the resonance mass.
By comparing these limits to the expected cross sections from the benchmark theoretical
models, W W resonances lighter than 1.07 TeV and W Z resonances lighter than 3.05 TeV are
excluded at 95% confidence level (CL), using the asymptotic approximation of the CLs method
.
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Figure 2 – Exclusion limits on the product of the production cross section and the branching fraction for a new
spin-2 resonance decaying to W W (left) and for a new spin-1 resonance decaying to W Z (right), as a function of
the resonance mass hypothesis. Signal cross section uncertainties are shown as red cross-hatched bands.
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The prevalent Dark Matter (DM) candidate of the (B − L) Supersymmetric Standard Model
(BLSSM) is the Right Handed (RH) sneutrino. In this work we assess the ability of ground
and space based experiments to establish the nature of this particle, through indirect and
collider detection.

1

Introduction

Low scale Supersymmetry (SUSY) offers a solution to many of the major flaws of the Standard
Model (SM), such as the hierarchy problem, the absence of gauge coupling unification and
several others. In addition, SUSY provides a candidate for DM, when R−parity conservation
is imposed, which in turn requires the Lightest Supersymmetric Particle (LSP) to be stable. In
the Minimally Supersymmetric Standard Model (MSSM), a possible DM candidate is the LSP
neutralino, which can be bino, wino or higgsino-like. In the Constrained MSSM (CMSSM) case,
the most prevalent candidate is a bino-like neutralino. In this work we adopt a similar framework
for an extension of the MSSM with a gauged (B-L) symmetry, the BLSSM. By extending the
SM gauge group to SU (3)c × SU (2)L × U (1)Y × U (1)B−L , one finds many more DM candidates
in addition to the bino-like LSP 2,3,4 . This extension requires three RH neutrinos be added and
their SUSY partners to cancel the U (1)B−L anomalies. One may solve an additional problem in
the SM, of light non-vanishing neutrino masses, by implementing a Type-I see-saw mechanism.
Unlike the usual case with very heavy RH neutrinos, we use a low (TeV)-scale see-saw, where
the mass of the RH is set by the U (1)B−L breaking scale ∼ TeV. Consequently, one requires
small Yukawa couplings, Yν ∼ O(10−6 ) to explain the light neutrino masses.
The superpartner of these neutrinos, the RH sneutrinos, provide another DM candidate,
which can easily comply with direct detection and relic abundance requirements 1 . In this
work, we investigate the feasibility to detect such a DM candidate. We begin by studying the
annihilation properties of the sneutrino in section 2. Then we consider indirect detection in
section 3. Finally we move to the collider signatures in section 4 and then conclude.
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2

Annihilation Properties

Due to a lepton number violating operator, the RH sneutrino and anti-sneutrino are no longer
the mass eigenstates. The LSP can either be the CP even sneutrino, ν̃1Re , or a CP odd sneutrino,
ν̃1Im . This has important consequences for phenomenology, and forbids the annihilation of two
LSPs into Z 0 . The relic abundance of the sneutrino DM is a direct consequence of the strength of
the DM annihilations, and the type of allowed interaction will determine what collider signatures
this DM candidate may provide. The main interactions which
contribute to the

 annihilations
(R,I) (R,I)
of the sneutrino DM are given by four-point interaction ν̃1 ν̃1
→ hi hj and processes


(R,I) (R,I)
mediated by the CP-even Higgs sector ν̃1 ν̃1
→ hi → hi hj or W + W − .
When kinematically allowed, the dominant annihilation channel for the sneutrino LSP is
(R,I) (R,I)
into the lightest (B-L) Higgs state, ie ν̃1 ν̃1
→ h2 h2 . When this is disallowed (Mν̃ < Mh2 ),
the dominant channel is to decay to a W + W − pair. The existence of this channel is crucial
to indirect detection, as we will discuss in the next section. The value of these annihilation
cross sections determine the relic abundance. In this work we consider a standard cosmological
scenario, where the DM particles were in thermal equilibrium with the SM ones in the early
Universe and decoupled when the temperature fell below their relativistic energy. The relic
density of our sneutrino species is written as 5 :
Ωh2ν̃ R,I
1


1
2
2.1 × 10−27 cm3 s−1  xF 
100
=
,
hσ ann
20
g∗ (TF )
R,I vi

(1)

ν̃1

where hσ ann
R,I vi is a thermal average for the total cross section of annihilation to SM objects
ν̃1

multiplied by the relative sneutrino velocity, TF is the freeze out temperature, xF ≡ mν̃ R,I /TF '
1
O(20) and g∗ (TF ) ' O(100) is the number of degrees of freedom at freeze-out.
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Figure 1 – Relic density of CP-even and CP-odd sneutrinos versus their mass in GeV, where horizontal lines
correspond to the Planck limits for the relic abundance.

Fig. 1 shows the thermal relic abundance for sneutrinos. This has been computed by
micrOMEGAs 6,7 and one can see that both CP-even and CP-odd candidates are allowed by
current limits of 0.09 < Ωh2 < 0.14, which is the 2σ allowed region by the Planck collaboration 8 .
3

Indirect Searches

When two sneutrinos annihilate in the galactic centre, they may produce charged W + W − pairs,
which may radiate off high energy gamma rays, which can be observed by the Fermi-LAT
experiment 9 . In Fig. 2, we plot the sneutrino annihilation cross section in the W + W − channel.
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We choose to split populations of CP-odd, ν̃Im and CP-even, ν̃Re , to demonstrate that both
sectors may be viably explored. The existence of a spectrum point which may be observed in
the projected 15 years data sample, shows that the experiment is just now beginning to touch
the relevant parameter space.
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Figure 2 – Thermal cross section for DM DM → W + W − annihilation as predicted by theory as a function of the
DM mass, for CP-even (blue) and CP-odd (orange) sneutrinos. Also shown are the Fermi-LAT limit from dSphs
at present (solid black) and as projection for 15 years from now (dashed black). All points obey the relic density
upper limit, for which rescaling, where necessary, has been applied.

4

Collider Signatures

In searching for these direct DM signals, we have scanned over several benchmark CP-even and
CP-odd sneutrino LSPs and used MadGraph 10 for the computation of the LHC cross sections.
One may search for the sneutrino LSP through typical DM searches, such as mono-jet or VBF
with invisible Higgs decays, but these do not uniquely identify the model. Production via
pp → Z 0 → ν̃1I ν̃iR , ν̃1R ν̃iI would provide an interesting signature, but due to the mass limit on the
Z 0 , MZ 0 > 4TeV, the cross section is at most σ ' 0.025, so a signal would not be observable in
the near future.
A promising signature of the sneutrino LSP could be done indirectly, via slepton pair production. We have found benchmark points with a cross section σ ∼ O(0.1) fb’s. In scenarios
with light sleptons, one may find that the ˜l → W ± ν̃LSP channel is the only available decay
mode despite a width suppressed by the small Dirac Yukawa coupling, and this would yield a
di-lepton signature.
For a different mass hierarchy, one can have ˜l → χ̃0 l with χ̃0 → νh ν̃LSP , where νh is the
heavy neutrino. The latter will mainly undergo νh → W ± l∓ or νh → Zνl decay, thus providing
fully or semi-leptonic signatures (again, accompanied by missing transverse energy). Finally,
one may observe DM signatures from the pair production of squarks, which can have large
cross sections, σ ∼ O(1)fb’s. One may find sneutrinos through a squark decay chain t̃ → χ̃0 t,
with a large branching fraction ∼ 80% for the lightest squark with a neutralino decay pattern
χ̃0 → νh ν̃LSP , as before. Here, one would have a variety of jet plus multi-lepton final states
recoiling against missing transverse energy.
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5

Conclusion

We have discussed the possibility to observe RH sneutrino DM in the BLSSM, a candidate
notably different from the MSSM neutralino. It has been shown before that the sneutrino offers
much larger regions of parameter space where the LSP complies with relic density limits in
comparison to the MSSM’s neutralino. We have explored the ability of ground and space based
experiments to detect this candidate. We have found that indirect detection, namely the FermiLAT experiment, is beginning to touch the parameter space and a signal may be visible in the
next 15 years. We have also seen there are several possible collider signatures, which would be
strong hints of this non-minimal SUSY extension. The BLSSM has several features which are
distinguishable from the MSSM scenario, and we advocate a more thorough investigation of DM
phenomenology in this non-minimal SUSY scenario.
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The cosmic-ray flux of antiprotons is measured with unprecedented accuracy by the spaceborne particle spectrometers AMS-02. Its interpretation requires a correct description of
the dominant production process for antiprotons in our Galaxy, namely, the interaction of
cosmic-ray proton and helium with the interstellar medium. In the light of new cross section
measurements by the NA61 experiment of p + p → p̄ + X and the first ever measurement of
p + He → p̄ + X by the LHCb experiment, we update the parametrization of proton-proton
and proton-nucleon cross sections.
By using pp, pHe and pC data we estimate the uncertainty on the Lorentz invariant cross
section for all relevant antiproton production channels in the Galaxy. We use these new cross
section parametrizations to compute the antiproton source term. The uncertainties on the
total source term are up to ±20% at low energies. Since this exceeds the uncertainties on the
antiproton flux which is measured by AMS-02 at an accuracy of 5%, we finally quantify the
necessity of new data on antiproton production cross sections, and pin down the kinematic
parameter space which should be covered by future data.

1

Introduction

Cosmic-ray (CR) physics has become a precision discipline in the last decade due to ever increasing precision of flux measurements by the space-based experiments Pamela and AMS-02. The
latest and most precise determination of CR antiprotons is provided by AMS-02 and reaches an
accuracy as good as 5% in the energy range between 1 and 400 GeV 1 . The precise data has
stimulated various analyses on CR propagation as well as on searches and constraints of dark
matter 2,3,4,5 . However, the bulk of CR antiprotons in our Galaxy is produced in an astrophysical
process: CRs collide with the interstellar medium (ISM) in the Galactic disc (CR+ISM → p̄+X).
The dominant CR-ISM antiproton production channels are proton-proton (pp) at about 50%,
and proton-helium (pHe) and helium-proton (Hep) at 15% to 20% each.
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Figure 1 – Source term of prompt antiprotons originating from pp collisions and its uncertainty induced
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Figure 2 – Source terms of CR antiprotons and separate CR-ISM contributions. The shaded bands report
the 2σ uncertainty due to prompt p̄ production cross
sections as derived in KDD18. In the bottom panel
we show the relative uncertainty on the total source
term. The grey band refers to the prompt p̄’s only,
while the outer lines quantify the additional uncertainty due to isospin violation and to hyperons decay.

The antiproton production cross sections are an important ingredient to calculate the antiproton source term of all relevant CR-ISM interactions. If we do not want to be limited in
the interpretation of CR antiproton data by cross section uncertainties their accuracy should be
at least as good as the one of the antiproton flux measurement. Particle physics experiments
determine data on the fully-differential antiproton production cross sections σ which is usually
stated in the Lorentz invariant form Ep̄ d3 σ/dp3p̄ , where Ep̄ and pp̄ are the total energy and
momentum of the produced antiproton, respectively. The cross section enters in the calculation
of the antiproton source term q produced by a collision of a CR i with an ISM component j
through a convolution integral with the CR flux φ:
Z∞

qij (Tp̄ ) =

dTi 4π nISM,j φi (Ti )
Tth

dσij
(Ti , Tp̄ ).
dTp̄

(1)

Here T denotes kinetic energy and nISM the density of the ISM. The energy-differential cross
section dσ/dT is obtained from the fully-differential cross section by a Lorenz transformation
to the frame where the ISM particles are at rest and a subsequent angular integration. More
details are given in KDD186 .
2

Results

In KDD18 we fit the fully-differential cross section data separately to the pp and pA (protonnucleus) channelsa . We use the two parametrizations suggested by Di Mauro, et al. 8 (Param. I)
and Winkler 9 (Param. II). In the pp channel we include the most recent data provided by the
√
NA49 10 and NA61 11 experiments. They cover a range from s = 7.7 to 17.3 GeV and their
a
An alternative approach to obtain the cross sections is to exploit Monte Carlo generators as for example in
(KMO) 7 . A summary of recent works and the current status is given in KDD18.
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data are properly corrected for antiprotons produced by intermediate decays of antihyperons. At
√
lower s we use data by Dekkers, et al. 12 to constrain the cross section, which however involves
large (systematic) uncertainties. The fits result in a quality showing that both parametrizations
match well the cross section data, details are given in KDD18. Then we use our results to
calculate the CR source term of the pp channel as shown in Fig. 1. Its uncertainty is about 8%
at the 2σ confidence level and increases up to 15% below Tp̄ = 5 GeV . Finally, we note that the
two parametrizations agree very well between Tp̄ = 10 and 300 GeV, while at 1 GeV and 1 TeV
Param. I is 10% below Param. II, but within uncertainties.
In a second step, we determine the cross section for p̄ production in the pA channels, concentrating on light nuclei, A, since they are most relevant in CRs. Data in the pA production
channels are very scarce, in particular, for the helium where the first-ever determination of antiproton production in the pHe channel was provided very recently by the LHCb collaboration 13 .
LHCb used a 6.5 TeV proton beam on fix-target helium. As discussed in KDD18, this data are
not sufficient for a stand-alone cross section parametrization of the pHe channel. Therefore, we
√
complement the LHCb data with data from NA49 in the pC channel taken at s = 17.3 GeV 14
and use the Ansatz that the pA channels are given by a rescaling from the pp channel. Then the
fits are performed separately either including or excluding the LHCb data to determine their
impact on the results. In summary, we find that the NA49 pC data is compatible with both
parametrizations while the LHCb data is in much better agreement with Param. II. Hence, we
a have a clear preference for Param. II, although, the impact on the source term is small. In
all fits, both parametrizations agree within their uncertainties. Figure 2 comprises all relevant
antiproton source terms. In contrast to Fig. 1 it displays the total production which includes
also antiprotons from intermediate decay of antineutrons and antihyperons (see discussion in
KDD18). Apart from the pp, pHe, and Hep channels, we find that the HeHe channel and the
group of CR C, N, or O on ISM p or He contribute at the percent level.
Given the fact that the cross section uncertainties exceed the AMS-02 uncertainties, especially at energies below Tp̄ = 5 GeV, we determine the kinematic parameter space which
should be covered in cross section measurements by future high-energy experiments 15 (DKD17
in the following). The Lorentz invariant cross section depends on three variables. A common
√
choice are the center-of-mass energy s, the transverse momentum of the antiproton pT , and
√
the Feynman variable xf = 2p∗L / sb . Notice that the production cross section in the pp channel
b

The superscript

∗

denotes that the quantity is taken in the center-of-mass frame.
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is by definition symmetric under inversion along the beam direction. In this case xf is often
replaced by xR , which is the antiproton energy divided by in the maximal antiproton energy in
the center-of-mass frame. In DKD17 we determine the most relevant parameter space for CR
antiprotons in the AMS-02 energy range. We provide results in the LAB frame which is suitable
for fix-target experiments and in the center-of-mass frame suitable for colliders. They are stated
√
in terms of the kinematic variables {Tp , Tp̄ , η} and { s, pT , xR }, respectively. The variable set
of the center-of-mass frame implicitly (by using xR ) assumes a symmetry along the beam axis.
But in pA collisions we observe that this symmetry is broken. Hence, we extend the work of
√
DKDK17 in KDD18 using the kinematic variables { s, pT , xf }, consequently, obtaining results
which apply to any pA channel. Figure 3 shows contours in the pT -xf plane of the relevant
√
parameter space for different values of s. The interpretation of these contours is as follows:
If the cross sections are determined with 3% accuracy inside of the contours and with 30% everywhere else the cross section uncertainty imposed on the antiproton source term matches the
accuracy of AMS-02 flux measurements.
3

Conclusion

We have determined the antiproton production cross section in proton-proton and proton-nucleus
collisions by updating the most recent parametrizations from Di Mauro et al. (Param. I) and
Winkler (Param. II). Therefore, we exploited recent new data by NA61 in the pp channel and
the first-ever determination of the pHe channel by LHCb. We find that the LHCb data constrain
the shape of the cross section at high energies by preferring Param. II. Furthermore, they show
for the first time that the rescaling from the pp channel applies well to a helium target. Then,
we used our results to calculate the antiproton source terms for all relevant CR-ISM channels in
the Galaxy. The source terms derived from Param. I and II are compatible within uncertainties,
which are ±8% at the 2σ level and increase to ±15% below Tp̄ = 5 GeV. Antineutron- and
hyperon-induced production increases the uncertainty by an additional 5%, such that the total
secondary antiproton source spectrum is affected by an uncertainty of up to ±20%. Since
this exceeds the uncertainties of the antiproton flux measured by AMS-02, we finally quantify
the necessity of new cross section data. In particular, future experiments should investigate
√
antiproton production at energies below s = 7 GeV which covers a range in pT from 0.1 to
1 GeV and in xf from −0.3 to 0.5.
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Search for heavy neutral leptons with the CMS detector
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The smallness of neutrino masses provides a tantalizing allusion to physics beyond the standard
model. Heavy neutral leptons (N ), such as hypothetical sterile neutrinos, accommodate a way
to explain this observation, through the see-saw mechanism. If they exist, N could also provide
answers about the nature of dark matter, and the baryon asymmetry of the universe. A search
for the production of N at the LHC, originating from leptonic W boson decays through the
mixing of N with SM neutrinos, is presented. The search focuses on signatures with three
leptons, providing a clean signal for probing the production of N in a wide mass range never
explored before at the LHC: down to 1 GeV, and up to 1.2 TeV. The sample of proton-proton
collisions collected by the CMS detector throughout 2016 is used, amounting to a volume of
35.9 fb−1 . The results are presented in the plane of the mixing parameter of N to their SM
counterparts, versus their mass, and are the first such result at a hadron collider for masses
below 40 GeV and the first direct result for masses above 500 GeV, more than doubling the
probed mass range.

1

Heavy neutral leptons

Through the observation of neutrino oscillations, it has been established that neutrinos have
non-zero, albeit very small, masses. This finding, and other unexplained phenomena, such as
dark matter and the baryon asymmetry of the universe, strongly hint at the existence of physics
beyond the standard model (SM). The introduction of heavy neutral leptons (N ), otherwise
known as sterile neutrinos, could solve several of these outstanding problems. Through the seesaw mechanism their presence could explain the smallness of neutrino masses, while a lighter
N might be a dark matter candidate, and heavier N could simultaneously provide enough CP
violation to explain the observed matter-antimatter asymmetry [1, 2].
A search for N production is performed using the CMS detector at the LHC [3]. The data
were collected in proton-proton collisions at a center of mass energy of 13 TeV, and correspond
to an integrated luminosity of 35.9 fb−1 [4].
2

Search in the trilepton final state

This search focuses on the production of N through the leptonic decay of W bosons, W (∗) → N `
(` = e, µ), where N promptly decays to W (∗) `. With a subsequent decay of the last vector boson
to `ν, this leads to a final state with three leptons and a neutrino, as depicted in Fig. 1. The
presence of the neutrino makes it impossible to reconstruct the full N mass, and thus to hunt
for a mass peak. While reconstructing the N mass is possible in final states where the last W
decays hadronically, the trilepton final state has the distinct advantage that it facilitates the
probing of very low N masses, through the possibility to reconstruct soft leptons, down to 5
(10) GeV in pT for muons (electrons).
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When V`N and mN become very low, the N will start getting a significant lifetime, leading
to the two leptons from the N decay being displaced w.r.t. the primary interaction vertex. In
this analysis the focus lies on prompt N decays, requiring the presence of leptons compatible
with the primary interaction vertex.

Figure 1 – Feynman diagram of N production in a leptonic W decay, leading to a final state with three charged
leptons and a neutrino.

3

Analysis strategy

Mirroring the signal topology, events containing exactly 3 well identified electrons or muons
are retained for analysis. The SM backgrounds in this final state consists of events in which
there are three genuine (prompt) leptons, and events in which one or more leptons come from
jet-fragmentation or misidentified particles in the detector (nonprompt). The search looks at
events without b-tagged jets, so the former category consists mainly of the W Z, W γ (∗) , ZZ, and
Zγ (∗) processes. The latter category is dominated by tt and Drell-Yan events with an additional
nonprompt lepton.
Most of the aforementioned backgrounds have the trait that they tend to contain a pair of
leptons with opposite sign and same flavor (OSSF), with background yields being more than
two orders of magnitude larger for events containing an OSSF pair than for events without such
a pair. Because of the Majorana nature of N , its decay can violate lepton number, enabling
the possibility of events without an OSSF pair. To exploit this peculiarity of the signal, events
with- and without an OSSF pair are analyzed separately.
To be sensitive to mN both above- and below mW the analysis is divided in two orthogonal
categories, dubbed the low- and high-mass regions.
The low-mass region is defined by values of the trilepton invariant mass (M3` ) below mW ,
miss ). In
and relatively low values of the leading lepton pT and missing transverse energy (ET
this region leptons with pT as low as allowed by the online triggers used to record the data
are reconstructed. Because of the prodigious W γ (∗) background in this kinematic region, only
events without an OSSF pair are retained here.
The high-mass region is characterized by high values of the leading lepton pT , and higher
pT thresholds on all leptons. At higher mN , the kinematic shapes of N decays become easier to
distinguish from SM processes, so significant sensitivity can be won by retaining, and separately
analyzing, events with an OSSF pair. In order to suppress the WZ, ZZ and Zγ (∗) backgrounds
in these events, those in which M3` , or the mass of any OSSF pair, is compatible with mZ , are
vetoed.
min ), is strongly correlated
The minimum mass out of all lepton pairs of opposite charge (M2`OS
with mN in signal events, and on that account, both low- and high-mass regions are divided
min bins, sensitive to different m
into multiple M2`OS
N ranges. At high mN , the transverse mass
min , and the E miss , tends to be much
(MT ) of the lepton not present in the pair forming M2`OS
T
min bins in the high-mass
larger in signal events than in SM processes. Therefore each of the M2`OS
region is further subdivided into bins of MT . To achieve enhanced distinction between signal
and background, events having M3` smaller than 100 GeV are evaluated independently in the
high-mass region.
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4

Results
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excess above the SM expectation is observed, and upper limits at the 95% confidence level on
VeN and VµN , displayed in Fig. 3, are set as a function of mN .
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Figure 2 – Observed and expected yields in the search regions, for events with at least 2 electrons (top), and
events with at least 2 muons (bottom). The first 8 bins of each plot correspond to the low-mass region, while the
rest depict the high-mass region [4].

The limits attained with this search can be seen to surpass those from DELPHI [5] for masses
above about 15 GeV, the first improvement since the LEP era, and the first time this range is
probed at a hadron collider. At high masses, the results improve upon the 8 TeV results from
CMS [6, 7] and ATLAS [8], and limits are set up to mN = 1.2 TeV, more than doubling the
mass range that directly probed before this result. The limits at very low mN deteriorate as mN
decreases, because the lifetime of N becomes significant in this region, and the analysis starts
losing efficiency in the reconstruction of signal leptons.
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Figure 3 – 95% confidence upper limits on VeN and VµN as a function of mN [4].

5

Outlook

An analysis probing the production of N in the trilepton final state was carried out, using the
proton-proton collision data recorded by CMS in 2016, corresponding to an integrated luminosity
of 35.9 fb−1 [4]. The analysis improves upon the state of the art upper limits in a large mN range,
and explores extensive previously uncharted phase space. As of now, the statistical uncertainty
is the dominant source of uncertainty across the entire search. In 2017 CMS collected a datavolume larger than what was accumulated in 2016, and in 2018 a similar volume of data is
expected to be recorded. In addition searches for N can be performed in several other final
states, each optimal in a different region of phase space. The prompt same-sign dilepton + jets
final state, which due to its large branching fraction is very sensitive at high masses, has recently
been analyzed [9], while the final states with displaced leptons and jets, targeting low mN and
V`N , remain open for inspection. With this wealth of both new data and final states, ready to
be exploited, the sensitivity of searches for N at the LHC is expected to considerably increase
over the next few years.
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Right handed neutrinos with masses below the electroweak scale can simultaneously explain
the lightness of the neutrino masses via the seesaw mechanism and the baryon asymmetry of
the universe via leptogenesis. We study how their properties, such as the mass spectrum and
flavour mixing patterns are constrained based on the requirement to explain both phenomena.
If any heavy neutral leptons are discovered in the future, it will be possible to use these
constraints to assess whether these particles are the common origin of the light neutrino
masses and the baryon asymmetry of the universe.

1

Introduction

Almost all observed phenomena in nature can at a fundamental level be explained by the standard model (SM) of particle physics. The only well established laboratory-based evidence of
physics beyond the SM is the observation of non-zero neutrino masses. Beside the laboratory
experiments there are also several compelling signals of new physics coming from cosmology,
one of them being the baryon asymmetry of the universe (BAU), which is commonly expressed
in terms of the baryon-to-photon ratio ηB = nB /nγ = 6 × 10−10 1 .
Both of these problems can be solved by extending the SM with right handed neutrinos
(RHN). The problem of the neutrino masses is then resolved via the type-I seesaw mechanism, 2
while the BAU can be generated through leptogenesis 3 . b
2

The low-scale seesaw mechanism

The minimal extension of the SM Lagrangian by RHN takes the form:

1
∗¯
L = LSM + N̄i i∂/ − M ij Nj − Yαi
`α εφPR Ni − Yiα N̄i PL φ† ε† `α ,
2

(1)

where LSM is the SM Lagrangian, and ε is the antisymmetric SU(2) invariant tensor with ε12 = 1.
The four-component spinors Ni satisfy the Majorana condition Nic = Ni . The eigenvalues of
a
b

Speaker
For a recent review see 4 .
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the mass matrix M , which are in this case free parameters, to a good approximations give the
physical masses of the Ni particles.
The allowed range of the Majorana masses Mi spans many orders of magnitude, and is often
considered to be much larger than the electroweak scale.c We consider here the case where Mi
are below the electroweak scale, which is phenomenologically interesting, as it may allow for an
experimental discovery of the particles Ni , and avoid destabilizing radiative corrections 5 .
After the electroweak symmetry breaking, the Higgs field obtains the expectation value
hφi = (v, 0)T , and we can obtain the physical states by diagonalizing the full mass matrix
of both the left- and right-handed neutrinos. After block-diagonalizing, we obtain two mass
matrices,
mν ≈ v 2 Y † M −1 Y ∗ , and MN ≈ M +

v2
2





M −1 Y Y † + Y ∗ Y T M −1 ,

(2)

mν for the light neutrinos, and MN for the heavy neutrinos. Another consequence of this is that
the heavy states obtain weak interactions suppressed by the mixing angle
θ ≈ vY † M −1 ,

(3)

which leads to an overall suppression of a processes between a heavy neutrino Ni and a lepton of
2 ≡ |θ |2 , U 2 = P U 2 when summing over the light flavours, and U 2 = P U 2
flavour α by Uαi
αi
α αi
αi αi
i
when summing over the heavy flavours as well. From Equation (2) one might expect that the
2 is determined by the naive seesaw relation
size of the mixing angles Uαi
q

2
Uαi
∼ 2 m2atm + m2lightest /(M1 + M2 ) .

(4)

2
Uαi

However, as the Y and M are matrices, the
can in principle be much larger due to possible
cancellations in Equation (2). These cancellations may be tuned, but they can also be motivated
by symmetry protected scenarios, in which they are related to small parameters quantifying the
breaking of an approximate B − L symmetry 6 .
For mixing angles of the heavy neutrino much larger than the value implied by the naive
seesaw relation (4), there is another interesting phenomenological consequence. In the minimal
2 /U 2 can
scenario with two heavy neutrinos, the relative mixing to each of the lepton flavours Uαi
i
almost completely be determined from the Pontecorvo-Maki-Nakagawa-Sakata matrix 8,9,10,11 ,
and is already constrained by the neutrino oscillation data as can be seen in Figure 1 from 12 .
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Figure 1 – The allowed range of the relative mixing of to the lepton flavours e, µ, τ for the cases of normal (left)
and inverted (right) hierarchies. The shaded regions correspond to 1σ (darkest), 2σ and 3σ (lightest) contours
based on the ∆χ2 provided by the NuFIT 3.2 global fit to the neutrino oscillation data 13 . Figure taken from 12

Therefore, by measuring the branching ratios to the different lepton flavours, one can test
the hypothesis that the minimal type-I seesaw mechanism is the origin of the neutrino masses.
c

See e.g. 15 for a review of the phenomenology of RHN.
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3

Leptogenesis

Leptogenesis, is a mechanism of producing the BAU in which the matter-antimatter asymmetry is generated in the lepton sector, and then transferred to the baryons via the electroweak
sphalerons 14 . These processes are only efficient for temperatures above the sphaleron freeze-out
at Tsph ' 130GeV.
In the standard thermal freeze-out realization of this mechanism, the lepton asymmetry is
produced through the decays of heavy Majorana neutrinos. Because the heavy neutrino masses
need to be larger than the temperature for freeze-out to provide a sufficient departure from
equilibrium required, this mechanism is not viable for heavy neutrinos with masses below the
electroweak scale.
On the other hand, the departure from equilibrium required for baryogenesis can also be
realized while the RHN are being produced. d The lepton asymmetry is then generated via the
CP -violating flavour oscillations of the Ni 17 .
For heavy neutrinos with masses below the electroweak scale, the evolution of the various
number densities and charges in the early universe can be described by density matrix equations 24 , which can be derived using the techniques of non-equilibrium quantum field theory 25 .
By numerically solving these equations, we find the range of mixing angles and masses compatible with both the observed BAU and the observed neutrino masses presented in Figure 2.
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with only two RHN. Larger mixing angles consistent with leptogenesis can be achieved with three RHN as has
been shown in 22 . and work in progress by 23 . Figure taken from 10 .
2  10−10 (1GeV/M )2 , the production of RHN is not efficient,
For small mixing angles Uαi
and they do not reach equilibrium before T < Tsph . On the other hand, for large mixing angles
2  10−10 (1GeV/M )2 , the heavy neutrino can equilibrate before T
Uαi
sph , and the asymmetry
can be erased by the same processes that have generated it. However, it is possible for the
asymmetry to survive the washout process if there is a hierarchy in the mixing angles, i.e. if
the heavy neutrino couples to one of the flavours α with a much smaller mixing angle than the
2  U 2 . e Because of this, the range of allowed U 2 depends on the value of
other leptons Uiα
iα
iβ
P
2 c.f. Figure 3. A measurement of the relative mixing angle
the total mixing angle U 2 = α ,i Uαi
could therefore be used as a first test of leptogenesis.
d

This is one of the three Sakharov 16 conditions for baryogenesis along with CP and baryon number violation.
Even bigger flavour hierarchies can be achieved with three RHN, allowing for a wider range of mixing angles
consistent with leptogenesis as has been shown in 22
e
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In the minimal scenario with two RHN, a certain level of degeneracy (M1 −M2 )/(M1 +M2 ) <
0.1 is required to provide a resonant enhancement of the BAU. The allowed range of mass
splittings and mixing angles is presented in Figure 4. The resonant requirement is relaxed if one
also includes a third RHN 27 .
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Figure 4 – The range of the physical mass splittings ∆Mphys ≈ M1 −M2 +O(mν ) and mixing angles U 2 = αi Uαi
consistent with the seesaw mechanism and leptogenesis for a benchmark mass M̄ = (M1 + M2 )/2 = 30 GeV are
shown in blue for normal (left) and inverted (right) orderings. We can see that the allowed mass splittings span
many orders of magnitude, from the GeV-sized mass differences, to arbitrarily small values. The green dashed
line represents the size of the correction to the mass splitting of order Y 2 in Equation (2). The yellow line
corresponds to the decay width being equal to the mass splitting, which can yield a non-trivial ratio between Ni
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length of a relativistic heavy neutrino. In the case of a macroscopic length one could measure the mass splitting
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taken from 26 .
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4

Discussion and conclusions

The SM extended by RHN with masses below the EW scale can simultaneously explain both the
BAU and the origin of the neutrino masses 17,30 . In the minimal scenario with two RHN recent
studies of the viable parameter space 9,25,10,31,26 have shown that the condition of reproducing
both the BAU and neutrino masses imposes testable constraints on the properties of the RHN. If
any heavy neutral leptons are found at collider or fixed target experiments and the CP violating
phase in the light neutrino mixing matrix Uν is measured, it will at least in principle be possible
to reconstruct all model parameters from observable quantities, making this scenario a fully
testable theory of neutrino masses and baryogenesis 10 . Further constraints may come indirectly
by measuring neutrinoless double β decay 9,34 . Such a scenario can currently only be probed by
NA62 12 . In the future it can be probed by the LHC with upgrades 33 or at future colliders 26 .
Much larger mixing angles can be consistent with leptogenesis if the model is extended by a third
RHN 22,23 . In this scenario, already current LHC will be able to probe this region of parameter
space 19,20,32 .
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1

Dark matter and neutrinos provide the two most compelling pieces of evidence for new physics
beyond the Standard Model of Particle Physics but they are often treated as two different
sectors. In this paper, we consider how neutrino observables can be used to constrain the
parameter space of different models where active neutrinos interact with DM via mediators of
different spins. We study for the first time the sensitivity of the Hyper–Kamiokande detector to
neutrinos produced from MeV Dark Matter annihilation. In particular, we find that thermally
produced DM candidates with masses between 15 – 30 MeV could be fully excluded.

1

Introduction

The study of Dark Matter (DM) has been the focus of many articles in the last forty years.
Nevertheless, a Particle Physics description of the nature of DM is still missing. It is known,
however, that DM must have interactions in order to be produced in the early Universe. An
appealing possibility is to consider DM interacting with neutrinos. These interactions can also
account for the generation of neutrino masses in some models 1 , and lead to observable signatures
in the Early Universe and in neutrino detectors. In this paper we first describe the relevant observational signatures of DM-ν interactions in Section 2, focusing on the prospects of detecting
at Hyper–Kamiokande (HK) the neutrinos produced from DM annihilation. This new study
significantly improves on previous results obtained using data from the Super–Kamiokande detector. In Section 3, we show an example of two simplified models of Dirac DM interacting with
active neutrinos and how the complementarity between different observables is a powerful tool
to constrain the parameter space of such models. We conclude in Section 4.
2

Experimental Signatures

DM-ν interactions induce a variety of experimental signatures, either through the elastic scattering between DM and neutrinos or via the annihilation of two DM particles into a neutrino/antineutrino pair. The former has an impact on the cosmic microwave background (CMB)
and leads to a suppression of large scale structures (LSS) in our Universe. By confronting CMB
and LSS predictions to observations, one can get an upper bound on the strength of the DM-ν
elastic scattering for a temperature-dependent cross section 2
σel < 10−48
a



mDM
MeV

 

Speaker
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Eν
E0

2

cm2 ,

(1)

where E0 ∼ 2.35 × 10−4 eV is the neutrino energy today.
On the other hand, DM annihilation into neutrinos sets the DM relic abundance in a thermal scenario, it could increase the number of relativistic degrees of freedom during big bang
nucleosynthesis3 , and might lead to a monochromatic neutrino signal which could be observed
at neutrino detectors. The later occurs because the neutrino produced from DM annihilations
in high density regions carries away an energy equal to the DM mass.
It has been shown that neutrino experiments with a low–energy threshold such as the SK
detector in Japan, can set limits on the annihilation cross section of DM particles with MeV
masses by studying the inverse beta decay (IBD) events for MeV neutrino energies 4,5,6 . Here we
follow an analogous analysis and consider the expected neutrino signal from DM annihilation in
the Milky way at the HK detector. Similarly, we simulate the dominant backgrounds for energies
between 10 − 130 MeV, which are given by the atmospheric νe (and ν̄e ) flux and the Michel
positrons (and electrons) from the decays at rest of muons with energies below the detection
threshold produced by atmospheric neutrinos (i.e., invisible muons).
HK is a water Cherenkov detector with a fiducial volume of 560 kton which is planned to be
built in Japan within the next decade. The expected number of neutrino events at HK for MeV
energies are estimated using a scaling in fiducial volume of a factor of ∼ 25 with respect to the
MeV neutrino data recorded during the SK phases I–III. In addition, studies show that adding
0.1% by mass of gadolinium (Gd) to the water detector would allow to tag the neutron produced
in the IBD process which in turn, would reduce the background due to invisible muons by a
factor of 5 7 . In this analysis, we use for HK the same energy resolution and efficiency as the ones
achieved during the different SK phases. The energy resolution is an important experimental
parameter when determining the sensitivity of such monochromatic searches and therefore, our
limits will be weaker if HK has a lower energy resolution than SK.
In the absence of a DM signal, we can compute the 90% confidence level upper limit on the
number of neutrinos produced from DM annihilation during a total time exposure of 10 years.
This limit can be converted into a 90% limit on the thermally averaged DM annihilation cross
section to neutrinos (Fig.1). This figure shows that HK will be able to probe DM annihilation
cross sections one order of magnitude larger than the analysis done using SK data. Moreover,
including Gd would allow to discover or rule out models where DM annihilates into neutrinos
for DM masses between 15 − 30 MeV.

Figure 1 – 90% limits on the thermally averaged DM annihilation cross section as a function of the DM mass.
The solid and dashed line represent the expected annihilation rate at HK for a data taking period of 10 years,
where in the former we have considered the effects of Gd doping to the detector, assuming that the invisible muon
background is reduced by 80%. The dot-dashed line are the results from 5 . The thick red line corresponds to the
value that is needed to explain the observed abundance in thermal DM scenarios, i.e., hσvr i = 3 × 10−26 cm3 /s.
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3

Dirac DM Models

We will now demonstrate how these experimental constraints can be used to probe the parameter
space of a sub-set of DM models. Following a simplified model approach, we consider the
interactions between a DM candidate and active neutrinos via a particular mediator. There is
a total of twelve different combinations of spins of the DM and mediator particles consistent
with Lorentz invariance. Here, we only study the results for a Dirac DM candidate coupling to
neutrinos via scalar or a vector mediator and refer the interested reader to 5 . The relevant terms
in the Lagrangian are
Lint ⊃ − g φ χR νL + h.c.

Scalar mediator,

Lint ⊃ − gν νL γ µ Zµ0 νL − gχ χγ µ Zµ0 χ

Vector mediator.

(2)

The cross sections are summarized in the table below
Table 1: Relevant terms in the elastic scattering and thermally averaged annihilation cross section expressions for
a Dirac DM candidate coupled to neutrinos via a scalar or a vector mediator. Eν is the neutrino energy today.

Scalar Mediator
< σvr > ∝
σel ∝

g 4 m2DM
(m2DM + m2φ )2
g 4 Eν2
(m2DM −m2φ )2

Vector Mediator
2 g 2 m2
gχ
ν DM
(4m2DM − m2Z0 )4
2
gχ gν2 Eν2
m4Z0

We see that the phenomenology between these two scenarios is very different. When we
consider a scalar mediator, mMediator > mDM is required to guarantee the stability of the DM
particle. This implies that half of the parameter space in the mMediator − mDM plane is excluded
(see left of Fig. 2). The elastic scattering can become resonantly enhanced if the mediator and
DM are nearly degenerate and, as can be seen in Ref. 2 , it is energy-independent, leading to the
exclusion of DM and mediator masses along the diagonal up to ∼ 20 GeV (i.e. the orange dot
on the left of Fig. 2). On the other hand, if the mediator is a spin-1 particle, it can be lighter
than the DM (see right of Fig. 2), and the annihilation cross section can become resonant. In
this case, the elastic scattering cross section is independent of the DM mass.
4

Conclusion

In this paper, we have studied the prospects of detecting a monochromatic neutrino flux from
DM annihilation at HK and we have found that such an indirect detection search could rule out
models with thermal DM masses between 15 − 30 MeV. Furthermore, we have focused on two
Dirac DM models coupled to a scalar or a vector mediator and constrained their mMediator −
mDM parameter space by imposing the stability of the DM candidate and also, that the DMν interactions are compatible with LSS formation and do not significantly change the CMB
angular power spectrum or lead to observable signals at neutrino detectors. We have found
that their phenomenology is significantly different and that the new HK constraints play an
important role in determining the viability of such models. We note that for other models in
which the annihilation cross section is velocity dependent the constraints derived from HK are
considerably weaker due to the small velocity of DM particles in the halo today.
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Status of CUPID-Mo
A. Zolotarova on behalf of CUPID-Mo Collaboration a
IRFU, CEA, Université Paris-Saclay, F-91191 Gif-sur-Yvette, France
CUPID-Mo is a bolometric experimental demonstrator searching for neutrinoless double beta
(0ν2β) decay of 100 Mo. The observation of this process, which is not allowed by the Standard
Model, would determine the Majorana nature of neutrino and its mass scale. The CUPID-Mo
detector array consists of 20 scintillating bolometers made of Li2 100 MoO4 crystals (2.34 kg
of 100 Mo), assembled in a compact structure of 5 suspended towers. Data taking will start
soon in the EDELWEISS cryostat at the Underground Laboratory of Modane (LSM, France).
The main goal of the CUPID-Mo experiment is to demonstrate “zero-background” conditions
in the region of the expected 0ν2β decay signal of 100 Mo over six months of measurement.
The reproducibility of Li2 100 MoO4 scintillating bolometers with high performance should be
confirmed, demonstrating the applicability of the CUPID-Mo technology for the future tonscale 0ν2β decay bolometric experiment CUPID.

1

Introduction

0ν2β decay is a hypothetical transition where the nuclear charge is changed by two units with the
emission of two electrons and no neutrino.1 Assuming the inverted hierarchy of the neutrino mass,
the 0ν2β decay half-lives for the most promising nuclei are expected to be on the level of 1026 –
1028 yr in the case of no quenching of the axial-vector coupling constant gA . Observation of this
process would provide important information on neutrino properties, such as its absolute mass
scale and mass hierarchy. Moreover, the 0ν2β decay can test the lepton number conservation and
the nature of neutrino, whether it is Dirac or Majorana particle, giving clues for leptogenesis
theories and matter-antimatter asymmetry origin. The 0ν2β decay is still not observed, the
most sensitive experiments restrict the decay half-lives at the level of T1/2 > 1024 − 1026 yr, that
corresponds to neutrino mass limits on the level of 0.1–0.7 eV.2, 3 Several 0ν2β decay projects
are in R&D or preparation stage to test the inverted neutrino mass hierarchy.
The experimental sensitivity to the 0ν2β decay can be expressed in terms of a lower half-life
limit as follows:
s
M ·t
0ν2β
T1/2 ∝ a ·  ·
(1)
B · ∆E
a
E. Armengaud, C. Augier, A. Barabash, F. Bellini, G. Benato, A. Benoı̂t, L. Bergé, N. Besson, J. Billard,
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M. de Combarieu, I. Dafinei, F. Danevich, L. Dumoulin, K. Eitel, F. Ferri, B. Fujikawa, J. Gascon, L. Gironi,
A. Giuliani, M. Gros, E. Guerard, R. Huang, H. Z. Huang, M. De Jesus, J. Johnston, A. Juillard, H. Khalife,
M. Kleifges, V. Kobychev, Yu. Kolomensky, S. Konovalov, A. Leder, P. Loaiza, L. Ma, R. Maisonobe, P. de
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M. Pavan, H. Peng, G. Pessina, S. Pirro, D. Poda, O. Polischuk, E. Previtali, E. Queguiner, T. Redon, S. Rozov,
C. Rusconi, V. Sanglard, K. Schäffner, B. Schmidt, V. Shlegel, B. Siebenborn, V. Singh, C. Tomei, V. Tretyak,
L. Vagneron, M. Velázquez, M. Vignati, M. Weber, B. Welliver, L. Winslow, M. Xue, E. Yakushev, V. Yumatov,
A. Zolotarova.
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where a is the isotopic abundance,  is the detection efficiency, M is the detector mass, t is the
exposure time, B is the background index in the region of interest (ROI) and ∆E is the energy
resolution at the Qββ (energy of 2β decay). In a case of “zero background”, the experimental
sensitivity becomes to be proportional to the detector mass and the time of measurement:
0ν2β
T1/2
∝

a··M ·t
lim S

(2)

where lim S is an excluded number of events, that in a case of zero background is given
by lim S = 2.44 at 90% confidence level.4 A background counting rate of a ton-scale “zero
background” experiment (assuming a several keV energy resolution) should not exceed 10−4
counts/keV/kg/yr. Reaching such a level of background is a challenge, which requires a special
attention to radiopurity of the experimental set-up.
One of the most promising technologies for the next generation 0ν2β decay searches is
the bolometric technique, where the deposited energy is measured as a temperature increase
in an absorber. The first ton-scale bolometric experiment CUORE (Cryogenic Underground
Observatory for Rare Events) is currently operated at ≈10 mK, searching for 0ν2β decay in 130 Te
with 988 TeO2 crystals 0.75 kg each.5 CUPID (CUORE Upgrade with Particle Identification) is a
follow-up of CUORE, aiming at the full investigation of the inverted hierarchy region of neutrino
masses. The existing infrastructure will be used, but the detector technology will be improved to
suppress background caused by surface contamination of the detectors by α and high energy β
active nuclides. Such a sensitivity goal requires the use of enriched crystals, active background
rejection, high radiopurity of the detector materials.6 Multiple R&D projects are ongoing to
demonstrate possible options for the CUPID experiment. There are valuable arguments to
perform 0ν2β decay experiments with several nuclei and 100 Mo is one of the most promising
candidates.7 In the following sections we will describe the CUPID-Mo demonstrator aiming to
prove the high potential of enriched in 100 Mo lithium molybdate scintillating bolometers.
2

Li2 100 MoO4 scintillating bolometers

The scintillating bolometer technique allows us to discriminate α particles from γ/β interactions
thanks to the different amount of light (and/or pulse-shape of the thermal signals) produced by
these two types of particles.
During the LUMINEU R&D project a mature technology of Li2 100 MoO4 scintillating bolometers with germanium light detectors and NTD (Neutron Transmutation Doped) germanium
sensors was developed. After multiple above- and underground tests the technology was confirmed as viable for CUPID application.8 This type of detectors has high radiopurity, excellent
energy resolution and full α particle discrimination with ≥ 99% γ/β acceptance. A summary of
Li2 100 MoO4 performance is given in Tab. 1.
Table 1: Typical performance of Li2 100 MoO4 scintillating bolometers.8, 9

Li2 100 MoO4 characteristics
FWHM (keV) at Qββ 3034 keV 5.9±0.6
LY, keV/MeV
0.4
α/β discrimination
9–18 σ
Activity of 228 Th, µBq/kg
≤3
Activity of 226 Ra, µBq/kg
≤3
The two-neutrino double beta decay of 100 Mo was measured with high accuracy by using
the data of low-background measurements performed in LUMINEU 9 and in the R&D stage of
the CUPID-Mo experiment. A dedicated paper is in preparation.10
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Figure 1 – The five suspended towers with 20×0.21 kg Li2 100 MoO4 scintillating bolometers, installed in the
EDELWEISS cryostat (left). One module of CUPID-Mo demonstrator: a Li2 100 MoO4 crystal with NTD and
heater glued on the top (center); a germanium light detector with NTD (right). Both the crystal and light
detector are mounted in a copper holder.

3

CUPID-Mo demonstrator

The CUPID-Mo experiment is starting its first phase with 20×0.21 kg Li2 100 MoO4 (2.34 kg of
100 Mo) scintillating bolometers in the EDELWEISS set-up.11 The first run will aim at 6 months
of data-taking with the following goals:
• Confirm the Li2 100 MoO4 technology viability and stable performance on a larger scale.
• Obtain “zero-background” (B ≤10−3 counts/keV/kg/yr) in the ROI.
• Improve the existing sensitivity to the

100 Mo

0ν2β decay.

The CUPID-Mo phase I has already started: the detectors assembly was performed in fall 2017
and the installation in cryostat was done in January 2018.
The detectors are arranged in five suspended towers (see Fig. 1, left). The suspension is
required to reduce microphonic noise. Each module consists of one Li2 100 MoO4 crystal, equipped
with an NTD sensor and a silicon resistor serving as a heater for stabilization purposes, and one
germanium light detector with SiO coating (to increase the light collection) and an NTD sensor
of reduced size (see Fig. 1, center and right).
4

Prospects

If the required background level will be achieved after 6 months of data-taking, we plan to extend
the measurement in order to increase the sensitivity. Phase II is a possible follow-up with 40
enriched crystals in total. The expected sensitivity of CUPID-Mo demonstrator is shown in
Fig. 2 and reported in Tab. 2. The sensitivity estimation is provided with the background
counting rate B=10−3 counts/keV/kg/yr in the ROI (10 keV window centered at Qββ ) and 70%
efficiency to detect a 0ν2β signal. The efficiency of the pulse shape discrimination is set to be
95%. The recent calculations of a phase-space factor 12, 13 , the nuclear matrix elements 14, 15 , and
an axial-vector coupling constant equal to 1.269 are used for the estimation of mββ . In spite of
Table 2: Projected CUPID-Mo sensitivity with the background counting rate B=10−3 counts/keV/kg/yr in the
ROI (10 keV window centered at Qββ ).

Configuration
20×0.5 crystal×yr
20×1.5 crystal×yr
40×3.0 crystal×yr

Exposure (kg×yr) of
1.2
3.5
14

100 Mo

0ν2β
lim T1/2
(yr)
1.3×1024
4.0×1024
1.5×1025

lim hmββ i (meV)
330–560
190–320
100–170

the small scale of the CUPID-Mo experiment, this demonstrator can achieve results comparable
with leading large-scale 0ν2β decay experiments.
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Figure 2 – Effective Majorana neutrino mass as a function of the lightest neutrino mass and sensitivity of different stages of the CUPID-Mo experiment. Current limits on hmββ i, achieved in the most sensitive 0ν2β decay
experiments are shown on the right part of the plot.

Multiple R&Ds for CUPID are ongoing, engaging a competition for the achievement of the
best background level and energy resolution with a high reproducibility and stable operation.
The CUPID-Mo demonstrator is based on the promising technology of Li2 100 MoO4 scintillating
bolometers. The phase I measurement will provide confirmation of the Li2 100 MoO4 performance
on a larger scale. The CUPID-Mo collaboration is aiming to verify this technology as suitable
for the ton-scale CUPID experiment with a “zero-background” approach.
5
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Inverse Seesaw from dynamical B − L breaking
Julia Gehrlein
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The Inverse Seesaw scenario relates the smallness of the neutrino masses to a small B − L
breaking parameter. We investigate a possible dynamical generation of the Inverse Seesaw
neutrino mass mechanism from the spontaneous breaking of a gauged U (1)B−L . To obtain
an anomaly free theory we need to introduce additional fermions which exhibit an interesting phenomenology. Additionally, we predict a Z 0 boson associated to the broken B − L
which preferentially interacts with the dark sector formed by the extra fermions making it
particularly elusive.

1

Introduction

The observation of non-zero neutrino masses is so far the only laboratory-based evidence for
physics beyond the Standard Model. Nevertheless, there are many ways to generate neutrino
masses. The probably simplest way is via the Seesaw framework 1,2,3,4,5,6 where the smallness of
the neutrino masses is explained with a large suppression of the electroweak scale. However, this
is not the only possibility to explain the smallness of neutrino masses. The inverse seesaw (ISS)
7 relies on the fact that neutrino masses are protected by the B − L global symmetry. If this
symmetry is only mildly broken, neutrino masses will be suppressed by this small B −L-breaking
parameters. On the other hand, production and detection of the extra ISS right-handed neutrinos at colliders as well as their indirect effects in flavour and precision electroweak observables
are not protected by this symmetry hence leading to a rich and interesting phenomenology.
To explore a possible dynamical origin of the ISS pattern we choose to gauge B − L which
then gets spontaneously broken 8 .
2

The model

In the ISS the masses of the light neutrinos are given by
−1
T −1 T
mν ∼ v 2 Yν MN
µ(MN
) Yν .

(1)

With TeV-scale right handed neutrinos and O(1) Yukawa couplings µ ∼ O(keV). Since a hierarchy of mass scales µ/vH ∼ 10−6 seems to be rather ad hoc we will promote µ to a dynamical
quantity by gauging B − L and identify the µ parameter with the B − L breaking scalar vev.
For the ISS two copies of right-handed neutrinos (NR , NR0 ) with B − L charges +1 and −1
per active neutrino are introduced.
Requiring an anomaly-free theory leads to the introduction of additional chiral fermion
content to the model. We find a phenomenologically interesting and viable scenario for the
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Table 1: Neutral fermions and singlet scalars with their U (1)B−L charge and their multiplicity. φ1,2 are SM singlet
0
scalars while NR , NR
and χR are right-handed and χL and ω are left-handed SM singlet fermions respectively.

Particle
U (1)B−L charge
Multiplicity

φ1
+1
1

φ2
+2
1

νL
−1
3

NR0
+1
3

NR
−1
3

χR
+5
1

χL
+4
1

ω
+4
1

particle content displayed in tab. 1. The Lagrangian in in the neutrino sector is then given by
e R + N c MN N 0 + φ2 N c YN NR + φ∗ (N 0 )c Y 0 N 0 + φ∗ χL Yχ χR + h.c..
−Lν = L̄Yν HN
R
2
N R
1
R
R
R

(2)

The scalar potential of the model can be written as
V =

m2H †
λH
m2
m2
λ1
λ2
H H+
(H † H)2 + 1 φ∗1 φ1 + 2 φ∗2 φ2 + (φ∗1 φ1 )2 + (φ∗2 φ2 )2
2
2
2
2
2
2
λ12 ∗
λ1H ∗
λ2H ∗
+
(φ1 φ1 )(φ∗2 φ2 ) +
(φ1 φ1 )(H † H) +
(φ2 φ2 )(H † H) − η(φ21 φ∗2 + φ∗2
1 φ2 ).
2
2
2

Minimalisation of the potential yields a vev for φ2
√
2ηv12
v2 '
,
m22

(3)

(4)

which will be identified with the µ parameter. To obtain v2 ∼ O(keV), one could have m2 ∼
10 TeV, v1 ∼ 10 TeV, and η ∼ 10−5 GeV.
√
With the conventions φj = (vj + ϕj + i aj )/ 2 the mixing angles α1 and α2 between h − ϕ1
and ϕ1 − ϕ2 , respectively, are given by
tan α1 '

λ1H v
,
λ1 2v1

and

tan α2 ' 2

v2
.
v1

(5)

With v1 ∼ TeV and the quartics λ1 and λ1H are O(1), the mixing α1 is expected to be small
but non-negligible. Due to this mixing the couplings of the Higgs to gauge bosons and fermions
get diminished. Relative to the SM couplings they are
κF = κV = cos α1 ,

(6)

which is constrained to be cos α1 > 0.92 (or equivalently sin α1 < 0.39) 9 .
The Z 0 gauge boson associated to the broken B − L obtains a mass
q
MZ 0 = gBL v12 + 4v22 ' gBL v1 .

(7)

As the largest particles with the largest B − L charges are in the dark sector of the model (the
massless Weyl fermion ω and χR , χL which will form a Dirac pair), the Z 0 is very elusive and
has a large BR of 70% to invisibles.
The Dirac fermion χ is stable since it is protected by an accidential U (1) symmetry in the
dark sector, hence it is a good DM candidate. Its main annihilation channels are χχ̄ → f f¯ via
the Z 0 boson exchange and χχ̄ → Z 0 Z 0 - if kinematically allowed.
The DM Z 0 interaction leads to a spin-independent scattering in direct detection experiments. With the current experimental bound on the spin-independent cross section we can
derive a lower bound on the vev of φ1 :

v1 [GeV] >

2.2 · 109
σχDD [pb]
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Figure 1 – Summary plots of our results for DM masses of mχ = 1 TeV and 10 TeV. The red region to the left
√ is
excluded by LHC constraints on the Z 0 , the region above gBL > 0.5 is non-perturbative due to gBL · qmax ≤ 2π.
In the blue shaded region DM is overabundant. The orange coloured region is already excluded by direct detection
constraints from LUX, the short-dashed line indicates the future constraints from XENON1T (projected sensitivity
assuming 2t·y), the long-dashed line the future constraints from LZ (projected sensitivity for 1000d of data taking).

This bound pushes the DM mass to be mχ & TeV. For example, for gBL = 0.25 and mZ 0 = 10
TeV, a DM mass mχ = 3.8 TeV is needed to have σχDD ∼ 9 × 10−10 pb. In turn, this bound
translates into a lower limit on the vev of φ1 : v1 & 40 TeV (with Yχ & 0.1).
Since the main annihilation channel of χ is via the Z 0 which couples dominantly to the dark
sector, the bounds from indirect detection searches turn out to be subdominant.
The massless fermion ω contributes to the relativistic degrees of freedom in the early universe.
Comparing the Hubble expansion rate of the Universe with the interaction rate leads to a freeze
out temperature of ω (for values that satisfy the correct DM relic abundance) of Tωf.o. ∼ 4 GeV,
before the QCD phase transition.
This means that the SM bath will heat significantly after ω decouples which suppresses the
contribution of ω to the number of degrees of freedom in radiation:
∆Neff ≈ 0.026

(9)

exp
which is one order of magnitude smaller than the current uncertainty on Neff
= 3.04 ± 0.33 10 .
Nevertheless, this deviation from Neff could be detected by EUCLID-like survey 11,12 and would
be an interesting probe of the model in the future.
More details on the model can be found in 8 .

3

Summary of the results

Our results are summarised in fig. 1 for different DM masses of mχ = 1 TeV and 10 TeV.
The red region to the left is constrained by recasted LHC Z 0 → e+ e− , µ+ µ− resonant
searches 13,14 .
In the blue region the relic abundance is too large and the orange region displays the excluded
regions from current direct detection experiments 15 , the dashed lines show the sensitivity of near
future experiments (XENON1T 16 (projected sensitivity assuming 2t · y), the long-dashed line
the future constraints from LZ 17 (projected sensitivity for 1000d of data taking)).
For gauge
√
couplings above the grey dashed line perturbativity will be lost (gBL · qmax ≤ 2π with largest
B − L charge qmax = 5).
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In summary, we have presented a dynamical realisation of the inverse seesaw scenario which
predicts a DM candidate at the TeV scale which can lead to the correct relic abundance while
evading all current direct and indirect detection constraints, a massless fermion which contributes
to Nef f , an elusive Z 0 at the TeV scale and two scalars with masses around 10 TeV. Additionally,
our model exhibits the phenomenology of the right-handed neutrinos of the usual inverse seesaw.
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Double-Cascades Events and New Physics: IceCube prospects
Ivan Martinez-Soler
Instituto de Fı́sica Teórica UAM-CSIC, Calle Nicolás Cabrera 13-15, Universidad Autónoma de
Madrid, Cantoblanco, E-28049 Madrid, Spain
Heavy neutrino states can be produced from neutral-current interactions between neutrinos
and nuclei in several New Physics models. In this talk, we focus on the production of heavy
state via mixing with a light neutrinos. As the source of such events, we consider the tau
neutrinos arriving to IceCube from the flavor oscillation of atmospheric neutrinos. The decay
of heavy state after travelling a macroscopic distance would lead to a “double-bang” event.
This topology is similar to the expected in a Charge Current interactions of ultra-energetic
(PeV) tau neutrino. The detector presents a high sensitivity to the “double-bang” event topology because of the low background rate, which comes from coincident atmospheric cascades.
The results indicate the IceCube ability to improve over the current constraints by orders of
magnitude for GeV-scale sterile neutrinos.

1

Introduction

In the Standard Model (SM), neutrinos are unavoidable massless particles since a mass term
cannot be written for them with the fermion content of SM. Conversely, the neutrino flavor
oscillation measured by experiments 1 indicates that at least two of them must be massive
particles. The minimal extension of the SM required to explain neutrino masses and mixing is
two right-handed neutrinos (NR ). In this framework, the neutrino masses will arise as a Yukawa
interaction between the lepton doublets LL , the new right-handed field and the Higgs boson (φ)
after the Electro-Weak symmetry breaking, which is called a Dirac mass term. This mechanism
is called Type I Seesaw 2,3,4 , and it also predicts a Majorana mass term for NR . The Lagrangian
describing the neutrino mass is given by
1
Lmass = Yν LL φ̃NR + MR NRC NR + h.c.
2

(1)

T

where φ = ıσ2 φ∗ and NRC = CN R is the charge conjugate of the right-handed neutrino. The
masses of the new fermions (mN ) are not predicted by the model, and can take any value
over several orders of magnitude. In order to explain the light neutrino masses, the scale
of the Majorana masses (MR ) are often assumed to be very heavy, a MR  v, where v is
the Higgs vacuum expectation value. In this model, the mass of the heavy state is given by
mN ' MR + o(mν ).
A very heavy right-handed neutrino is not the only way to explain the small value of neutrino
masses. In addition to other SeeSaw mechanisms, a soft breaking of B-L symmetry, which protect
the neutrino masses in the SM, would lead a value of mν suppressed by the B-L breaking
parameters. On the other hand, since NR is a singlet of the SM, its production and detection
a
According to the Type I Seesaw, the mass of the active neutrino is suppressed by the heavy neutrino mass
−1
mν ∼ Yν† MR
Yν
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is not protected by this symmetry. This is the case of the so-called Inverse Seesaw Mechanism 4
as well as some other variants like the Linear 5,6 and Double Seesaw 4,7,8,9 . A lower value of mN
leads an interesting scenario since the new fermion can be detected in the present experiments,
and can be proposed as the solution of other different SM problems like the dark matter problem,
where a keV neutrino would be a good candidate 10,11 .
This work, which is based on paper P.Coloma et al 12 , is devoted to the detection of New
Physics in the IceCube DeepCore detector. In this talk, we have focused on the detection of
heavy states with masses around the GeV by looking for events with a “Double-Bang” topology.

2

The Dobule-Bang signal

The Double-Bang (DB) signal has been proposed for IceCube when a very energetic tau neutrino
( PeV) interact through a CC inside the detector 13 . The signal is composed by two cascades,
which are also called “bangs”, separated by enough distance to allow the detector photomultipliers (DOMs) to distinguish between them. The first bang is created by the hadronic shower
in the ντ CC interaction with the ice nuclei, whereas the second comes from the decay of the τ
lepton, created by the first interaction. In this talk, we consider events with the DB topology
mediated by a heavy right handed neutrinos. For masses around the GeV, the new fermion can
travel macroscopic distances with low initial energies compared to tau lepton, for example, for
heavy states with mN = 1 GeV and |Uτ 4 |2 = 10−3 , and an initial energy of Eν = 10 GeV the
decay length in the laboratory frame is LLab ∼ 20 m. For this reason, we consider the atmospheric neutrinos with lower energies than 100 GeV as the source of the DB event topology.
The first cascade would be produced by the scattering of an atmospheric neutrino into a heavy
state. After traveling some time, the decay of the right-handed fermion into SM particles would
lead to the second cascade. In Fig. 1 a schematic picture of the signal used in this work can be
seen. In our case, the energy of the cascades is lower than in the standard DB signal expected
from ultra-high energy neutrinos in IceCube.
As mention before, we consider IceCube DeepCore to look for the DB events. IceCube
consists of 5160 DOMs distributed over a volume of almost a cubic kilometer below in the
Antartica 14 . A denser sub-array of DOMs in the inner core of the detector is called DeepCore.
We have studied the detection of DB in the full detector. The denser DOM distribution in
DeepCore allows the detection of low energy neutrino signals, the energy threshold for DeepCore
is 5 GeV 15 . Conversely, the large fiducial volume of IceCube allow the observation of many
atmospheric neutrinos.

Figure 1 – Schematic picture of a DB event in IceCube. An atmospheric neutrino interact inside the detector
giving rise to a hadronic shower (first bang) and a heavy neutrino, which decay into the second shower (second
bang). The small circles represent the DOMs and the large circles correspond to the hadronic showers.
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3

Heavy state via neutral current

The New Physics scenario considered here, which gives rise to a low-energy DB via a heavy
state, is through the mixing with light neutrinos. For simplicity, we are going to consider the
mixing with only one heavy state. The neutrino flavor states can be written as a superposition
of four mass states
ναL =

3
X

C
Uαi νiL + Uα4 N4R

(2)

i=1

where U is a 4 × 4 mixing matrix. In this scenario, the heavy states can be produced via Neutral
Current (NC) interaction. In the presence of a ν − N − Z interaction, many experiments have
established strong constraints over the mixing between the heavy and the light state for heavy
state masses in the GeV range. For νe and νµ , the current bounds 16 are |Uα4 |2 ≤ 10−5 − 10−8 .
For ντ the bounds are much weaker since this flavor is more difficult to produce and detect. For
mN ∼ O(0.1 − 10) GeV, the present bounds comes from DELPHI 17 and CHARM 18 , and allows
|Uτ 4 |2 ∼ 10−2 for mN ∼ O(400) MeV. For this reason, we have assumed a non-zero coupling
between heavy and tau neutrinos.
4

DB signals at IceCube DeepCore

Tau neutrinos arrive at IceCube DeepCore mainly by a flavor oscillation of atmospheric muon
neutrinos, which are created in the collision of cosmic rays with the atmosphere nuclei. Therefore,
we are interested in neutrino energies which range from 5 GeV to 100 GeV. The atmospheric
neutrino flux is also composed of electron neutrinos, which mainly does not oscillate (Pee ' 1)
at the energy range where the detector is sensitive.
The signal that we are looking for consist of two low energy cascades inside the detector.
The first shower is created by the interaction between a ντ and a ice nucleon (n) through a NC
ντ n → N W , where W is the hadronic shower coming from the hadronic vertex. This process is
weighted by the mixing between the light and heavy states. Therefore, the cross section goes
like σντ N ' σνN C × |Uτ 4 |2 , where σνN C is the NC neutrino-nucleon cross section in the SM and
we have neglected the contribution of the heavy neutrino mass. Since the energy threshold for
DeepCore is 5 GeV and the two cascades must be observed, we are interested in atmospheric
neutrinos with an initial energy bigger than 10 GeV. At these energies, the cross section (σνN C )
is dominated by the deep-inelastic scattering process (DIS), which we have computed using the
Parton model. The second cascade is created by the decay of the heavy state. The heavy
neutrino kinematics and interactions with the SM particles comes from its coupling with the
light neutrino. We have computed all the decay channels into two-body and three-body final
states. Over both showers we have imposed an energy threshold of 5 GeV to make it observable.
The number of DB events, which can be observed in IceCube, as a function of the distance
between the two cascades (L) is obtained by performing the numerical integration
Nevent (L) = T NT

XZ
±

dEν d cos θz B

dφ±
νµ
dEν d cos θz

±
Pµτ
(cos θz , Eν )

dσν±τ N
Pd (L)V (L, cos θz )
dEν

(3)

where the integral is calculated over the energy of the incident neutrino (Eν ) and the direction
of the incoming neutrino, represented by the cosine of the zenith angle, which is cos θz = −1
for up-going trajectories and cos θz = 1 for down-going. For the atmospheric neutrino (φ+
νµ )
and antineutrino (φ−
νµ ) fluxes we have used an interpolation of the tables presented in the paper
± (cos θ , E ) is the oscillation probability in the ν → ν channel.
M.Honda et al 19 . Here, Pµτ
z
ν
µ
τ
The probability that a heavy state decay after traveling a distance L is Pd (L) = e−L/Llab /Llab ,
where Llab is the decay length which depends on the heavy neutrino mass and the mixing |Uτ 4 |.
The branching ratio into visible final states is B, and NT is a normalization constant which
represents the number of the target nucleus.
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The effective volume V (L, cos θz ) encodes the detector response to a signal where the two
cascades are separated by a distance L, and the direction of the incoming neutrino is cos θz . For
simplicity, we have assumed symmetry over the azimuth direction of the detector. To compute
the effective volume we used a Monte Carlo (MC) integration where we have included the location
of all DOMs in IceCube. In order to observe a cascade, we have considered that the maximum
distance from which the neutrino interaction point can be seen by a DOM is 36 m, which is on
average the maximum distance between an event and a DOM in DeepCore 14 . The trigger used
require that at least three (four) DOMs detect the first shower in DeepCore (IceCube). Once
the trigger condition is fulfilled all the information in the detector is recorded, and the second
shower is observed if it is close enough to a DOM. The finite time resolution of the DOMs 13 can
be translated into a minimum time separation of Ts ∼ 66 ns between both cascades in order to
allow to the detector to resolve between them. Thus, the events with the two interaction points
separated a smaller distance than Ts /c = 20 m are not included in the integration.
The background to the DB event topology comes from coincident cascades taking place in
the detector during a time window ∆t. The number of cascades detected in DeepCore 20 in the
energy range where flavor oscillation can be observed is Ncasc ' 2 × 104 yr−1 . Ncasc consist of
NC of all flavors and CC interactions of νe , ντ , and νµ with an undetectable µ. The background
can be estimated as the number of possible combinations of pairs of those cascades during ∆t,
2 (∆t/T )2 , where T = 1 year and C 2
Nbkg ' CDB
DB = Ncasc (Ncasc − 1)/2 is the combination
21
factor . Assuming a time window of ∆t ∼ 10−3 s, which is two orders of magnitude bigger
than the time that a relativistic particle needs to cross the whole detector, the background is
Nbkg < 10−11 yr−1 .
5

Result and conclusion

The small background rate allows defining the sensitivity region as the values of |Uτ 4 |2 and
mN at which the number of DB events in IceCube is at least one in six years of data taking.
In Fig. 2 the continuous line represents the sensitivity using the whole detector (all DOMs in
IceCube), and the dashed line corresponds to the sensitivity when both cascades take place
inside DeepCore. The results indicate that the full detector can probe mixing values up to
|Uτ 4 |2 ∼ 5 × 10−5 for mN ∼ 1.8 GeV improving the current bounds by one or two orders of
magnitude. The sensitivity region is limited by the detector volume from below. Since the
number of events is proportional to the mixing, to probe smaller mixing values we need a higher
effective volume. On the left-hand side, the region is limited by the detector size. The decay
length (Llab ) is inversely proportional to the mass of the heavy state, for low masses the second
cascade take place outside the detector. Conversely, as the mass of the heavy state increase the
distance between both cascades is shorter. Therefore, the minimum distance needed to resolve
between both cascades limits the right-hand side of the region.
In summary, according to these results Double-bang signals can be used in IceCube to look
for New Physics. In this talk, we have focused on the detection of heavy neutrinos produced via
mixing with active neutrinos. We have considered the mixing between tau neutrinos and heavy
states, finding that IceCube can improve by orders of magnitude the presents constrained.
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Figure 2 – Sensitivity region for IceCube. The continuos line determine the space parameter region where the
expected number of DB events for the full detector is at least one in six year of data taking. The dashed line
represent the DeepCore sensitivity. The colored regions are exlcuded by CHARM and DELPHI at 90% and 95%
C.L., respectively.
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Impressions of Moriond
by Lison Bernet

This year we had a special visitor at the Rencontres de Moriond. The illustrator
Lison Bernet was amongst us for a few days, sharing her very personal view of the
world of Physics. Hereafter are a few sketches collected during the Electroweak
session.
If you want to discover more about her work, you may follow this link:
http://lisonbernet.ultra-book.com/accueil
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