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2017 RENCONTRES DE MORIOND

The 52nd Rencontres de Moriond were held in La Thuile, Valle d’Aosta, Italy.

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

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

Our wish to develop and to experiment with new channels of communication and dialogue, which was
the driving force behind the original Moriond meetings, led us to organize a parallel meeting of biol-
ogists on Cell Differentiation (1980) and to create the Moriond Astrophysics Meeting (1981). In the
same spirit, we started a new series on Condensed Matter physics in January 1994. Meetings between
biologists, astrophysicists, condensed matter physicists and high energy physicists are organized to
study how the progress in one field can lead to new developments in the others. We trust that these
conferences and lively discussions will lead to new analytical methods and new mathematical languages.

The 52nd Rencontres de Moriond in 2017 comprised four physics sessions:

• March 18 - 25: “Electroweak Interactions and Unified Theories”

• March 18 - 25: “Very High Energy Phenomena in the Universe”

• March 25 - April 01: “QCD and High Energy Hadronic Interactions”

• March 25 - April 01: “Gravitation”
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à l’Energie Atomique (CEA-Irfu), the European Space Agency, the Fonds de la Recherche Scientifique
(FRS-FNRS) and the Belgium Science Policy. We would like to express our thanks for their encour-
aging support.

It is our sincere hope that a fruitful exchange and an efficient collaboration between the physicists
and the astrophysicists will arise from these Rencontres as from previous ones.
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The SM BEH





EVIDENCE FOR tt̄H PRODUCTION AT
√
s = 13 TeV ?

G. PETRUCCIANI
on behalf of the ATLAS and CMS Collaborations

CERN, European Organization for Nuclear Research, Geneva, Switzerland

Higgs boson production in association with a top quark pair (tt̄H) is important for constraining
the Yukawa coupling between the Higgs boson and top quark fields. Recent results by the
ATLAS and CMS collaborations on the search for tt̄H are briefly presented, discussing the
main challenges, strengths and weaknesses of the analyses in the different Higgs boson decay
modes.

1 Introduction

In the standard model (SM), the Yukawa coupling between the Higgs boson and the top quark
plays an important role in many observables, such as the cross section for Higgs boson production
in gluon fusion, the branching ratio for Higgs boson decays to photon pairs, and cross section
for associated production of a Higgs boson with a tt̄ pair or with a single top quark. The
first two observables are more easily accessible, but they are all loop-induced and thus could
receive contributions from additional heavy particles not predicted by the SM. A direct test of
the Yukawa coupling through a tree-level process is therefore a necessary complement to those
two measurements, and tt̄H is the most promising channel since in the SM the cross section for
associated production with a single top quark is about an order of magnitude smaller than the
tt̄H one.

Searches for tt̄H production from LHC run 1 by the ATLAS1 and CMS2 Collaborations show
some excess compared to the SM predictions in multiple final states, leading to a combined 3

signal strength of 2.3+1.2
−1.0. This result, and the almost-fourfold increase in the production cross

section from
√
s = 8 TeV to 13 TeV, make the first results from LHC run 2 especially interesting.

At the LHC, searches for tt̄H can be broadly classified into three groups, depending on the
Higgs boson decay mode. At one end lay searches in the H → γγ and H → ZZ∗ → 4` decay
modes, where the Higgs boson can be precisely reconstructed, characterized by a good purity
but very low expected event yields. At the opposite end, searches in the H→ bb̄ final state can
benefit from the largest decay branching fraction, but have also the largest backgrounds and
lowest purity. The third group, with intermediate event yields and purities, targets H→WW∗

and H→ ττ decays in final states with multiple leptons.

2 Bosonic decay modes

In the long run, the resonant diphoton and four lepton final states could provide a clean mea-
surement of tt̄H since the events can be selected with high purity, and the decay products from
the Higgs can be separated from those of the ttbar system. The main challenge is the small
product of cross section and branching fraction for these channels, only about 1 fb and 0.14 fb for



γγ and 4` respectively. In order to maximize the acceptance, the analyses target both leptonic
and hadronic decays of the top quarks.

In the diphoton final states, the ATLAS 4,5 and CMS 6 analyses are quite similar: both have
two tt̄H event categories, one fully hadronic (≥ 5 jets, ≥ 1 b-tag) and one leptonic (≥ 1 lepton,
≥ 2 jets, ≥ 1 b-tag), but the two analyses differ in the jet selection, pT > 30 GeV and |η| < 4.4
for ATLAS, pT > 25 and |η| < 2.4 GeV for CMS. The expected signal in the leptonic category is
dominated by tt̄H production, while the hadronic category has a significant contamination from
gluon fusion, 16% in the CMS analysis, 4% in the ATLAS one. At the time of Moriond 2017,
both analyses were performed only on the summer 2016 data sets, corresponding to integrated
luminosities of 12.9 fb−1 for CMS and 13.3 fb−1 for ATLAS. The expected signal event yields
are slightly above one event in both categories, and a signal to background ratio of about 1/3.
The two measurements have similar sensitivities, and the observed signal strengths are −0.3+1.2

−1.0

for ATLAS and 1.9+1.5
−1.2 for CMS. Both results are compatible with the SM prediction at the 1σ

level, and the dominant uncertainty is statistical. Data from the more pure leptonic category is
shown in Fig. 1.
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Figure 1 – Searches for tt̄H in the H→ γγ final state: leptonic category of the ATLAS 4 (left) and CMS 6 (right)
analyses.

So far, tt̄H searches in the H→ ZZ∗ → 4` decay mode at
√
s = 13 TeV have been performed

only by CMS 7. The search features a single tt̄H category, including both hadronic and leptonic
events, and has an even looser requirement of ≥ 4 jets instead of ≥ 5 for the hadronic part. In the
analyzed data, 35.9 fb−1, the expected event yields are approximately 0.5 events for the signal
and 0.3 for the sum of all the backgrounds. Having observed zero events, the reported result for
the signal strength is 0.0+1.2

−0.0. This uncertainty figure is to be taken with some measure of caution,
as for very low event yields the confidence intervals derived in the asymptotic approximation
from the negative log-likelihood function are known to undercover.

3 Fermionic decay modes

Searches for tt̄H in the H → bb̄ final state can benefit from a σtt̄H · Bbb̄ ∼ 0.3 pb, more than
two orders of magnitude larger than in the diphoton final state. The main challenge however
is the background from tt̄ production in association with jets, and especially b-jets. The tt̄
production cross section at

√
s = 13 TeV is about 830 pb, and the irreducible background from

associated tt̄bb̄ production has cross section of O(10) pb, depending on the kinematic cuts used
its definition. The combinatoric from the presence of many b partons in the final state and
the jet energy resolution do not allow a good discrimination between signal and tt̄bb̄, and so
the sensitivity of the search is limited by the large theoretical uncertainties associated with the
modelling of this background.



The overall strategy of the ATLAS8 and CMS9 searches in this final state is similar. Starting
from semileptonic and dileptonic tt̄ decays, events are categorized according to the jet and b-jet
multiplicity. In each categories discriminators are defined to separate signal from background,
and combined fit to all categories is used to constrain the backgrounds and allow the extraction
of a signal. However, the two analyses differ in several respects in the way this strategy is
realized. Both analyses are quite complex, and an exhaustive comparison of the two would go
well beyond the scope of this writeup.

The dominant tt̄ background is modelled by simulations, and the two experiments use similar
definitions for splitting it into different components depending on the presence of extra generated
b and c hadrons not from the top quark decays, and whether those heavy flavour hadrons are
clustered into separate jets or not. In the case of ATLAS, the simulation of tt̄ plus heavy flavour
is corrected relying on parton-level computations, while the CMS analysis relies on the parton
shower, but assigns larger uncertainties on the different components of the tt̄+ ≥ 1b background.

While both analyses use a similar categorization of the events in jet and b-jet multiplicities,
the ATLAS analysis is extended to categories with lower multiplicity: in the more sensitive
semi-leptonic final state, the CMS analysis uses only events with ≥ 4 b-tags, or ≥ 6 jets and 3
b-tags, while the ATLAS one includes events down to 4 jets and 2 b-tags as control regions to
constrain more the backgrounds. In the categories with the highest jet and b-tag multiplicity,
signal to background ratios of a few percent are achieved, and the background is mostly from
tt̄bb̄.

Different approaches are used to build discriminators to separate the signal from the back-
ground in each category. For the higher multiplicity categories, the ATLAS analysis relies on
two boosted decision trees (BDTs), the first is used to reconstruct the event, i.e. find the best
assignment of reconstructed jets to partons, and its output is used in a second BDT to classify
events as more or less signal-like. The CMS analysis instead uses first a BDT to split each
category in two with different purities, and then uses the matrix element method for the tt̄H vs
tt̄bb̄ hypotheses to build the discriminating variable used in the final fit.

Qualitatively, a final fit of all categories exhibits the same behaviour: the initial large un-
certainties on the background are reduced to O(10%) or less after the fit, and good agreement
is observed between data and predictions from simulations (Fig. 2). The two analyses, both
based on the summer 2016 data sets, have similar sensitivity. The measured signal strengths are
2.1+0.5

−0.5
+0.9
−0.7 for ATLAS and −0.2+0.5

−0.4
+0.7
−0.7 for CMS, where the first uncertainty term is statistical

and the second systematic.
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Figure 2 – tt̄H search in the H → bb̄ final state: comparison between data and predictions for the semileptonic
category with ≥ 6 jets and ≥ 4 b-tags, before and after the global fit to the data. From left to right: ATLAS 8

pre-fit and post-fit, CMS 9 pre-fit and post-fit.

4 Multilepton final states

Multilepton searches for tt̄H select final states with two leptons, electrons or muons, with the
same electric charge, or at least three leptons, plus jets and b-tags. Signal events are expected



mostly from Higgs boson decays to WW∗ and ττ , with at least one W or τ decaying leptonically,
and semileptonic or dileptonic tt̄ decays. The main background with prompt leptons is from tt̄V
associated production, and is estimated from theoretical predictions with O(10%) uncertainties.
The other main background in this final state is the reducible one, mostly from tt̄ events with
with misidentified non-prompt leptons or charge mis-assignment, estimated from data with larger
systematic uncertainties, O(30%).

In this final state, there is some difference in the approaches used by the two collaborations:
the CMS analysis 11 makes extensive use of multivariate methods both for the lepton selection
and for the signal extraction, while the ATLAS analysis 10 relies on more traditional methods.
Also, the ATLAS analysis is performed on the 13.2 fb−1 summer 2016 data set, while in the CMS
result presented at Moriond 2017 is on 35.9 fb−1 from the full 2016 data set. Another difference
is the treatment of final states with hadronically decaying τ leptons (τh): they are included in
the ATLAS analysis, while in the CMS case they are vetoed in the multilepton analysis, to be
covered in the future in a dedicated analysis.

Events are categorized according to lepton multiplicity, flavour, and the presence of τh’s,
with various requirements on the jet and b-tag multiplicity. The ATLAS analysis separates
events into four main categories: (i) `±`± 0τh events with ≥ 5 jets, further split in ee, eµ, µµ;
(ii) `±`± 1τh events with and ≥ 4 jets; (iii) 3` events with ≥ 3 jets; and (iv) 4` events with
≥ 2 jets. In all final states, at least one b-tag is required. The CMS multilepton analysis has
the same categorization except for the `±`± 1τh state, but is more inclusive in jet multiplicity,
allowing events with ≥ 4 in the `±`± 0τh category and events with ≥ 3 in the 3` category. Also,
in the CMS case these two categories are then split further by b-tag multiplicity and by sum of
the charges of the leptons, in addition to separating `±`± events by lepton flavour.

In the ATLAS case, each category is modelled as a counting experiment. The same approach
is followed for the 4` final state of the CMS analysis, where the event yields are small. In the
more populated categories, the CMS uses two BDTs, trained separately to discriminate the tt̄H
signal from the tt̄V background and from the reducible backgrounds; the bidimensional plane
defined by the two discriminators is then binned by grouping regions with similar signal to
background ratio.

Data from both analyses is in slight excess compared to the SM tt̄H predictions, at the
level of about one standard deviation (Fig. 3). The CMS analysis measures a signal strength
of 1.5+0.3

−0.3
−0.4
−0.4, while the ATLAS one measures 2.5+0.7

−0.7
+1.1
−0.9; as before, uncertainty is split in

statistical and systematic components, respectively. The observed significance of the signal with
respect to the background only hypothesis is 3.3σ for CMS and 2.2σ for ATLAS, while the
expected significances for a SM tt̄H signal are 2.5σ for CMS and 1.0σ ATLAS.
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Figure 3 – tt̄H search in the multilepton final state: comparison between data and predictions for ATLAS analysis10

(left plot), and for the `±`± and 3` categories of the CMS analysis 11 (centre, right).

It has to be noted that most ATLAS and CMS tt̄H searches in the multilepton final state
have measured signal strengths larger than SM predictions, the only exception being the first



CMS result on 2015 data (µ = 0.6+1.4
−1.1

12). The same is true for all measurements of tt̄W
production at the LHC so far, but not for measurements of tt̄Z, or in searches for beyond the
SM physics or SM measurements in similar final states. Future measurements, and possibly
progress on the theoretical predictions (e.g. offshell effects, NNLO QCD), should tell whether
this is simply a statistical coincidence or not.

5 Summary and outlook

Results for all tt̄H searches using 13 TeV LHC data are summarized in Fig. 4, including the
ATLAS combination of tt̄H results on the summer 2016 data set5.Even in the absence of a
proper statistical combination of all results, it is clear that the absence of tt̄H production is
rejected at more than 3σ, i.e. there is statistical evidence for tt̄H production. It is nonetheless
important to consider the future prospects for these searches, as there is not yet an analysis
with a strong and unambiguous signal.
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2− 1− 0 1 2 3 4
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CMS
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−0.0
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Figure 4 – Summary of the measured tt̄H signal strengths in the ATLAS and CMS searches, plotted (left) and
tabulated (right). The summary plot includes also the result from the LHC run 1 combination, 2.3+1.2

−1.0.

The sensitivity of all the tt̄H searches in bosonic final state is currently dominated by statis-
tical uncertainties, and so improvements are expected with larger data sets. This is especially
true for the H→ γγ searches, as they have not yet been updated to the full 2016 data set, and
the 4` channel will probably not have much statistical power until the end of Run 2.

The current analyses in the H → bb̄ final state are limited by systematic uncertainties, so
progress is expected to come mostly from incremental improvements in the understanding and
modelling of the tt̄ background, in collaboration with the theory community, and possibly by
improving further the signal extraction techniques, which are however already quite advanced.
Improved sensitivity may also come from the investigation into boosted topologies where the
event kinematic is easier to reconstruct, possibly allowing for higher purity signal regions less
affected by uncertainties on the background model. Experimentally, so far this has been explored
only in the first CMS H→ bb̄ at 13 TeV with 2015 data 13: in this dataset the improvement in
sensitivity is modest, but the approach should be more promising for larger data set.

Multilepton searches are characterized by comparable statistical and systematic uncertain-
ties, and thus progress is expected both from larger data samples and from improvements in
the analysis techniques, e.g. for the estimation of reducible backgrounds and signal extraction,
and in the tt̄W background predictions. Final states with τh’s are also quite promising as they
allow a better discrimination between signal and tt̄V background, and the current analyses are
limited by statistical uncertainties.



References

1. ATLAS Collaboration, The ATLAS Experiment at the CERN Large Hadron Collider,
JINST 3, S08003 (2008), DOI: 10.1088/1748-0221/3/08/S08003.

2. CMS Collaboration, The CMS Experiment at the CERN LHC, JINST 3, S08004 (2008),
DOI: 10.1088/1748-0221/3/08/S08004.

3. ATLAS and CMS Collaborations, Measurements of the Higgs boson production and de-
cay rates and constraints on its couplings from a combined ATLAS and CMS analy-
sis of the LHC pp collision data at

√
s = 7 TeV and 8 TeV, JHEP 08, 045 (2016),

DOI: 10.1007/JHEP08(2016)045.
4. ATLAS Collaboration, Measurement of fiducial, differential and production cross sec-

tions in the H → γγ decay channel with 13.3 fb−1 of 13 TeV proton-proton
collision data with the ATLAS detector, ATLAS CONF-2016-067 (Aug 2016),
http://cdsweb.cern.ch/record/2206210.

5. ATLAS Collaboration, Combination of the searches for Higgs boson production
in association with top quarks in the γγ, multilepton, and bb̄ decay channels
at
√
s = 13 TeVwith the ATLAS Detector, ATLAS CONF-2016-068 (Aug 2016),

http://cdsweb.cern.ch/record/2206211.
6. CMS Collaboration, Updated measurements of Higgs boson production in the diphoton

decay channel at
√
s = 13 TeV in pp collisions at CMS, CMS PAS-HIG-16-020 (Aug 2016),

http://cdsweb.cern.ch/record/2205275.
7. CMS Collaboration, Measurements of properties of the Higgs boson in the

four-lepton final state at
√
s = 13 TeV, CMS PAS-HIG-16-041 (Mar 2017),

http://cdsweb.cern.ch/record/2256357.
8. ATLAS Collaboration, Search for the Standard Model Higgs boson produced in

association with top quarks and decaying into a bb̄ pair in pp collisions at√
s = 13 TeV TeV with the ATLAS detector, ATLAS CONF-2016-080 (Aug 2016),

http://cdsweb.cern.ch/record/2206255.
9. CMS Collaboration, Search for tt̄H production in the H → bb̄ decay channel

with 2016 pp collision data at
√
s = 13 TeV, CMS PAS-HIG-16-038 (Nov 2016),

http://cdsweb.cern.ch/record/2231510.
10. ATLAS Collaboration, Search for the Associated Production of a Higgs Boson and a Top

Quark Pair in Multilepton Final States with the ATLAS Detector, ATLAS CONF-2016-
058 (Aug 2016), http://cdsweb.cern.ch/record/2206153.

11. CMS Collaboration, Search for Higgs boson production in association with top quarks
in multilepton final states at

√
s = 13 TeV, CMS PAS-HIG-17-004 (Mar 2017),

http://cdsweb.cern.ch/record/2256103.
12. CMS Collaboration, Search for tt̄H production in multilepton final states at

√
s = 13 TeV,

CMS PAS-HIG-15-008 (Mar 2016), http://cdsweb.cern.ch/record/2141078.
13. CMS Collaboration, Search for tt̄H production in the H → bb̄ decay channel with√

s = 13 TeV pp collisions at the CMS experiment, CMS PAS-HIG-16-004 (Mar 2016),
http://cdsweb.cern.ch/record/2139578.

http://dx.doi.org/10.1088/1748-0221/3/08/S08003
http://dx.doi.org/10.1088/1748-0221/3/08/S08004
http://dx.doi.org/10.1007/JHEP08(2016)045
http://cdsweb.cern.ch/record/2206210
http://cdsweb.cern.ch/record/2206211
http://cdsweb.cern.ch/record/2205275
http://cdsweb.cern.ch/record/2256357
http://cdsweb.cern.ch/record/2206255
http://cdsweb.cern.ch/record/2231510
http://cdsweb.cern.ch/record/2206153
http://cdsweb.cern.ch/record/2256103
http://cdsweb.cern.ch/record/2141078
http://cdsweb.cern.ch/record/2139578


Yukawas and trilinear Higgs terms from loops
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OX1 3NP Oxford, United Kingdom

It is illustrated how LHC precision measurements of rates and distributions in single-Higgs
production can be used to constrain the charm Yukawa as well as the Higgs trilinear coupling.

1 Setting the stage

The interactions of the standard model (SM) Higgs boson are determined by the following
Lagrangian density

L ⊃ |DµH|2 −
∑

f

(
yf f̄LHfR + h.c.

)
− V , V = −µ |H|2 + λ |H|4 , (1)

where Dµ is the SU(2)L×U(1)Y covariant derivative, H is the Higgs doublet, the subscripts L,R
denote the chirality of fermionic fields and yf are the corresponding Yukawa couplings.

What do we know about the above interactions? From the ATLAS and CMS combination
of the LHC Run I measurements of the Higgs boson production and decay rates,1 it follows that
the gauge-Higgs interactions, as encoded in the term |DµH|2, are at the level of O(10%) SM-
like. The Yukawa interactions yf f̄LHfR + h.c., on the other hand, have been tested with
this accuracy only in the case of the tau lepton, while the constraints on the top and bottom
Yukawa couplings just reach the O(20%) level. Apart from the muon Yukawa coupling which is
marginally constrained by the combined ATLAS and CMS analysis, first and second generation
Yukawa couplings are not directly probed at present. In the case of the Higgs potential V ,
we know the vacuum expectation value (VEV) of H for a long time, and the discovery of a
spin-0 CP-even state of mh ' 125 GeV at the LHC tells us about the second derivative of V
around its VEV, as this quantity determines the Higgs mass. The trilinear and quartic Higgs
self-interactions that result from (1) are however essentially untested at the moment.

In the following it will be shown that LHC precision measurements of rates and distributions
in single-Higgs production can be used to constrain some of the presently poorly known Higgs
interactions terms appearing in (1). The two explicit examples that we will discuss in some
detail are the charm Yukawa coupling and the Higgs trilinear coupling.

2 Charm Yukawa coupling

It has been common lore2 that extractions of yc can only be performed with a few-percent
uncertainty at an e+e− machine such as the ILC.3 Gaining direct access to yc is however not
hopeless, since in its high-luminosity run the LHC (HL-LHC) will produce around 1.7·108 Higgses
bosons per experiment with 3 ab−1 of integrated luminosity.4 In fact, several different strategies



have been proposed to constrain modifications κc = yc/y
SM
c . A first way to probe κc consists in

searching for the exclusive decay h → J/ψγ.5,6,7 While reconstructing the J/ψ via its dimuon
decay leads to a clean experimental signature, the small branching ratio of 1.8 · 10−7, implies
that only 30 signal events can be expected at each ATLAS and CMS. This makes a detection
challenging given the large continuous background due to QCD production of charmonia and a
jet faking a photon.8,9 The process h→ cc̄γ can also be used to bound κc and the constraining
power has recently been found to be at least comparable to that of h → J/ψγ.10 Strategies
with larger signal cross sections are pp → V cc̄ where V = W,Z,9,11 the pp → hc12 channel and
gg → h→ cc̄.13 These searches rely on charm tagging (c-tagging). Since c-tagging algorithms at
ATLAS and CMS are currently inefficient, bottom jets cannot be discriminated perfectly from
charm jets so that the latter modes not only measure κc, but certain linear combinations of κc
and κb = yb/y

SM
b . Notice that despite its lower acceptance in pseudorapidity, LHCb has recently

also obtained a first limit on pp→ V cc̄,14 and hence in the long run might be able to set relevant
bounds on the modification κc as well.

Another independent procedure to constrain κc,
16 that does not suffer one of the afore-

mentioned limitations, is based on the observation that the cross section in gluon-fusion Higgs
production provides sensitivity to κt = yt/y

SM
t and κb through the interference of top and bottom

loops1

σ (gg → h) ∝ 1.06κ2t + 0.01κ2b − 0.07κtκb . (2)

Such interference effects appear not only in the total rate, but in all gg → hj distributions such as
the transverse momentum pT,h of the Higgs boson. In fact, these contributions are dynamically
enhanced by logarithms15 of the form κQm

2
Q/m

2
h ln2

(
p2T,h/m

2
Q

)
with Q = b, c. If instead the

Higgs is produced in gQ → hQ, QQ̄ → hg, the resulting leading order (LO) differential cross
section scales as κ2Q, with an additional suppression factor of O(αs/π) for each initial-state sea-
quark parton distribution function which is generated from gluon splitting. Due to the different
Lorentz structure of the amplitudes in the mQ → 0 limit, the gg → hj and gQ→ hQ, QQ̄→ hg
processes do not interfere at O(α2

s). This ensures that no terms scaling linearly in κQ are present
in the gQ→ hQ, QQ̄→ hg channels at this order.

Since the gluon-fusion and quark-initiated processes lead to different pT,h distributions, the
two Higgs production mechanism can be experimentally disentangled. This feature has been
exploited to set constraints on yb,c,s

16 as well as yu,d.
17 In particular, it has been shown that in

the case of the bottom and charm Yukawa couplings both the effects linear and quadratic in κb,c
can be phenomenologically relevant, while in the case of the light quarks only terms proportional
to κ2s,u,d matter. Since the deviations of the pT,h spectrum amount to only several percent

for O(1) modifications of κb,c
(
as expected from (2)

)
, precise theoretical predictions for the

gg → hj and gQ→ hQ, QQ̄→ hg channels are needed to derive faithful bounds on the bottom
and charm Yukawa couplings. In the case of gg → hj, next-to-leading order (NLO) corrections
to the spectrum in the Higgs effective field theory (HEFT)18,19,20 are included using MCFM.21 The
total cross sections for inclusive Higgs production are obtained from HIGLU,22 taking into account
the next-to-next-to-leading order (NNLO) corrections in the HEFT.23,24,25 Sudakov logarithms
of the form ln (pT,h/mh) are resummed up to next-to-next-to-leading logarithmic order.26,27,28

The gQ → hQ, QQ̄ → hg contributions to the pT,h distribution are calculated at NLO with
MG5aMC@NLO.29 The theoretical uncertainties obtained in this way amount to around ±5%16 and
could be improved by taking into account recent theoretical developments in gg → hj30,31,32

and gQ→ hQ, QQ̄→ hg.33 Since non-perturbative corrections to the pT,h distribution are not
larger than ±2% in the region of moderate pT,h,16,34 the theoretical predictions can be expected
to reach an accuracy of a few percent in the not too far future.

In order to derive the current constraints on κb and κc, we harness the normalised pT,h
distribution in inclusive Higgs production.35 This spectrum is obtained by ATLAS from a com-
bination of h → γγ and h → ZZ∗ → 4` decays and based on 20.3 fb−1 of

√
s = 8 TeV data.

In our analysis, we include the first seven bins in the range pT,h ∈ [0, 100] GeV whose exper-



imental uncertainty is dominated by the statistical error. In the left panel of Figure 1 the
∆χ2 = 2.3 and ∆χ2 = 5.99 contours (corresponding to a 68% and 95% confidence level (CL) for
a Gaussian distribution) in the κc–κb plane are displayed. By profiling over κb, one obtains the
following 95% CL bound on κc

16

κc ∈ [−16, 18] , (LHC Run I) . (3)

As can be seen from Table 1, this limit is significantly stronger than the existing bounds on the
charm Yukawa coupling from h→ J/ψγ and pp→ V cc̄. It is also more stringent than the limit
|κc| . 130 following from the measurements of the total Higgs width, but it is not competitive
with the bound |κc| . 6.2 that derives from a global analysis of LHC Run I Higgs data.11

Table 1: Sensitivities for probing the modification κc of the charm Yukawa coupling with various methods.
The 95% CL bounds as quoted in the literature after LHC Run I and II as well as the HL-LHC phase are given.

Method LHC Run I LHC Run II HL-LHC

h→ J/ψγ 7,9 |κc| < 429 |κc| . 80 |κc| . 45

h→ cc̄γ 10 — — |κc| < 6.3

pp→ V cc̄ 9 |κc| < 234 |κc| < 21 |κc| < 3.7

pp→ hc12 — — |κc| < 2.6

pT,h spectrum16 κc ∈ [−16, 18] κc ∈ [−1.4, 3.8] κc ∈ [−0.6, 3.0]

We study two benchmark cases to demonstrate the LHC prospects of extracting κc through
analyses of the pT,h spectrum. Our LHC Run II scenario employs 0.3 ab−1 of integrated lumi-
nosity and assumes a systematic error of ±3% on the experimental side and a total theoretical
uncertainty of ±5%. This means that we envision that the non-statistical uncertainties present
at LHC Run I can be halved in the coming years, which seems plausible. Our HL-LHC scenario
instead uses 3 ab−1 of data and foresees a reduction of both systematic and theoretical errors
by another factor of two, leading to uncertainties of ±1.5% and ±2.5%, respectively. We stress
that this last scenario is illustrative of the reach that can be achieved with improved theory
uncertainties. The corresponding fit results are presented on the right-hand side in Figure 1.
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Figure 1 – Left: The ∆χ2 = 2.3 and ∆χ2 = 5.99 regions in the κc–κb plane following from the combination of the
ATLAS measurements of the normalised pT,h distribution in the h → γγ and h → ZZ∗ → 4` channels. The SM
point is indicated by the black cross. Right: Projected future constraints in the κc–κb plane. The figure shows
projections for the LHC Run II (HL-LHC) with 0.3 ab−1 (3 ab−1) of integrated luminosity at

√
s = 13 TeV.



The unshaded contours refer to the LHC Run II scenario with the dot-dashed (dotted) lines
corresponding to ∆χ2 = 2.3 (5.99). Analogously, the shaded contours with the solid (dashed)
lines refer to the HL-LHC. By profiling over κb, one finds in the LHC Run II scenario the
following 95% CL bound on the yc modifications16

κc ∈ [−1.4, 3.8] , (LHC Run II) , (4)

while the corresponding HL-LHC bound reads16

κc ∈ [−0.6, 3.0] , (HL-LHC) . (5)

As is evident from Table 1, these limits compare well not only with the projected reach of other
proposed strategies but also have the nice feature that they are controlled by the systematic
uncertainties that can be reached in the future. This is not the case for extractions of yc using
the h → J/ψγ, h → cc̄γ, pp → V cc̄ and pp → hc channels, which are either limited by small
signal-to-background ratios or by the charm-bottom discrimination of heavy-flavour tagging.

3 Trilinear Higgs coupling

After electroweak (EW) symmetry breaking the self-interactions of the Higgs field h in the SM
can be parameterised by

V ⊃ λvh3 +
χ

4
h4 , λ = χ =

m2
h

2v2
, (6)

One way to experimentally constrain the coefficients λ and χ consists in measuring double-Higgs
and triple-Higgs production. Since the cross section for pp → 3h production is of O(0.1 fb) at√
s = 14 TeV even the HL-LHC will only allow to set very loose bounds on the Higgs quartic.

The prospects to observe double-Higgs production at the HL-LHC is considerably better because
the pp → hh cross section amounts to O(33 fb) at the same centre-of-mass energy. Measuring
double-Higgs production at the HL-LHC however still remains challenging and as a result even
with the full data set of 3 ab−1 only an O(1) determination of the trilinear Higgs coupling λ
seems possible under optimistic assumptions.

The coefficient λ is however also subject to indirect constraints from processes such as single-
Higgs production36,37,38,39 or EW precision observables40,41 since a modified h3 coupling alters
these observables at the loop level. In order to describe modifications of the trilinear Higgs
coupling in a model-independent fashion, one can employ the SM effective field theory and add
dimension-six operators to the SM Lagrangian density

L(6) =
∑

k

c̄k
v2
Ok , O6 = −λ |H|6 , (7)

where v ' 246 GeV denotes the Higgs VEV. Under the assumption that the operator O6 rep-
resents the only relevant modification of the Higgs self-interactions at tree level, instead of the
result (6) one then finds

V ⊃ κλλvh3 + κχ
χ

4
h4 , κλ = 1 + c̄6 , κχ = 1 + 6 c̄6 . (8)

These relations allow one to parameterise a modified trilinear Higgs coupling via the Wilson
coefficient c̄6 = κλ − 1 or equivalent κλ. Other operators such as OH =

(
∂µ|H|2

)2
or O8 = |H|8

also change the h3 coupling at tree level, but will not be discussed in what follows.
The operator O6 introduced in (7) modifies vector boson fusion (VBF), associated V h38,39

as well as tt̄h production38 at the one-loop level, while it enters the gluon-fusion channel at
two loops.37,38 Higgs decays to fermions, W and Z pairs are altered at one loop,38,39 while



modifications of the digluon and diphoton rates are again a two-loop effect.37,38 All production
and decay channels receive two types of contributions: firstly, a process dependent one, which is
linear in c̄6 and secondly, a universal one associated to the Higgs wave function renormalisation,
which contains a piece quadratic in c̄6. In order to give an impression of the complexity of
the corresponding perturbative calculations, let us quote an explicit expression for the non-
universal part of the two-loop gg → h form factor. Performing an asymptotic expansion in the
ratio r = m2

h/m
2
t , one finds that the sought contribution is proportional to42

ln r +
π√
3
− 23

12
+ r

(
7

10
ln r +

7π

20
√

3
− 259

240

)
+ r2

(
349

1008
ln r +

23π

240
√

3
− 464419

1058400

)

+ r3
(

1741

10800
ln r +

13π

525
√

3
− 31795373

190512000

)
+ r4

(
10817

138600
ln r +

1789π

277200
√

3
− 40370773

614718720

)

+ r5
(

2798759

68796000
ln r +

439357π

252252000
√

3
− 2551088981767

90901530720000

)
+O(r6) ,

(9)

where the terms up to order r3 have already been given before,38 while the r4 and r5 terms are
presented here for the first time.

So how do the direct and indirect limits on κλ compare after LHC Run I, if only the trilinear
Higgs coupling is allowed to deviate from the SM? Performing a χ2 fit with ∆χ2 = 3.84 corre-
sponding to a 95% CL for a Gaussian distribution, one obtains from double-Higgs production37

κλ ∈ [−14.5, 19.1] , (pp→ hh at LHC Run I) , (10)

while the combination of the LHC Run I single-Higgs data1 leads to

κλ ∈ [−7.7, 15.1] , (pp→ h at LHC Run I) . (11)

The quoted limit from pp→ h compares well with other existing single-Higgs extractions37,38,39

and is slightly more stringent than (10) as well as the bound that can be derived from EW
precision observables.40,41 It has been derived by combining the results for LO gluon-fusion38,42

and NNLO VBF and V h production39 with that of LO tt̄h production.38

The results (10) and (11) indicate that to exploit the full LHC potential all available infor-
mations on the h3 term should be combined. Most of the existing studies of indirect constraints
on the trilinear Higgs coupling are based on the simplified assumption that only the h3 vertex
is modified while all other Higgs interactions remain SM-like. Recently43 this assumption has
been dropped and ten parameter fits allowing for modifications κλ have been performed. In this
way it has been shown that standard global Higgs analyses suffer from degeneracies that pre-
vent one from extracting robust bounds on each individual coupling (or Wilson coefficient) once
large non-standard h3 interactions are considered. The inclusion of pp→ hh production as well
as the use of differential measurements in the associated single-Higgs production channels V h
and tt̄h, can however help to overcome the limitations of a global Higgs-coupling fit. Including
differential information on both single-Higgs and double-Higgs production, one finds from the
ten parameter fit the following 95% CL limit43

κλ ∈ [−0.7, 7.1] , (pp→ h and pp→ hh differential at HL-LHC) , (12)

assuming an integrated luminosity of 3 ab−1. To which extent the result (12) represents the
ultimate limit on κλ that can be obtained at the HL-LHC requires further study, in particular
a detailed assessment of the experimental uncertainties entering the global χ2 analysis.

In order to further illustrate the importance to measure differential Higgs distributions and
to include them into global analyses of Higgs couplings, we consider besides (7) the following



three dimension-six operators

OHW =
8i

g

(
DµH

†τ iDνH
)
W i,µν ,

OW =
4i

g

(
H†τ i

↔
DµH

)
DνW

i,µν ,

OB =
2ig′

g

(
H†
↔
DµH

)
DνB

µν ,

(13)

which unlike O6 modify the V V h vertex at tree level. In (13) the variables g and g′ denote
the SU(2)L and U(1)Y gauge coupling, respectively, W i,µν and Bµν are the corresponding field-

strength tensors, the derivative operator
↔
Dµ is defined as H†

↔
DµH = H†DµH −

(
DµH

†)H and
τ i = σi/2 with σi the usual Pauli matrices.

On the left in Figure 2, we show the pT,h distribution in Wh production at
√
s = 13 TeV

normalised to the SM prediction for three different sets of Wilson coefficients.44 In the case of
c̄HW = 0.03 (blue), one observes a sizeable enhancement in the tail of the pT,h spectrum that
amounts to around 50% at pT,h ' 150 GeV, while for the choice c̄HW = −c̄W = 2c̄B = 0.03 (or-
ange) the event rate is reduced by about −15% with respect to the SM, almost independently
of the precise pT,h value. The qualitative different behaviour of the two pT,h distributions can
be understood by noticing that the leading p2T,h dependence of dσ/dpT,h is proportional to the
combination c̄HW + c̄W of Wilson coefficients which is non-zero for the former but zero for the
latter choice. In the case of c̄6 = 10 (red), one finally sees that the deviations in the pT,h
spectrum change approximately linearly with pT,h and reach roughly −10% at pT,h ' 150 GeV.

The observed shape differences can be used to better constrain the above benchmark cases
compared to a fit that employs the information on the corresponding inclusive measurement
only. This feature is illustrated in the right panel of Figure 2, which displays the 95% CL
regions in the c̄6 – c̄HW plane that follow from a hypothetical HL-LHC measurement of the total
cross section (red) and the pT,h spectrum (blue) in the Wh channel.44 From the plot it is evident
that the fit to the inclusive measurement has a flat direction that allows for large correlated
effects in c̄6 and c̄HW , while this degeneracy is resolved by the shape-fit to the pT,h distribution.

Tree vs. loop effects in pp→Wh  
Bizoń, & UH, preliminary
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sented in Section 3 and 4, respectively. Our numerical analyses are performed in Sections 5
and 6. We conclude in Section 7. Some technical details of our computations are described
in Appendix A, B, C and D.

2 Preliminaries

New physics can be described in a model-independent way by augmenting the SM La-
grangian LSM by SU(3)C ⇥SU(2)L ⇥U(1)Y gauge-invariant higher-dimensional operators.
In our work, we consider the effective Lagrangian

LEFT =
X

k

c̄k

v2
Ok , (2.1)

built out of the following dimension-6 operators

O6 = ��
�
H†H

�3
,

OH =
1

2
@µ

�
H†H

�
@µ

�
H†H

�
,

OT =
1

2

�
H† $

Dµ H
��

H†$
D

µ
H
�
,

OW =
4i

g

�
H†⌧ i

$
Dµ H

�
D⌫W

i,µ⌫ ,

OB =
2ig0

g2

�
H† $

Dµ H
�
D⌫B

µ⌫ ,

OHW =
8i

g

�
DµH†⌧ iD⌫H

�
W i,µ⌫ ,

OHB =
4ig0

g2

�
DµH†D⌫H

�
Bµ⌫ ,

OGG =
2gs

g2
H†H Ga

µ⌫G
a,µ⌫ ,

OBB =
2g0

g2
H†H Bµ⌫B

µ⌫ ,

Ou = �Yu H†H Q̄LuRH̃ ,
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This simple example illustrates nicely that differential Higgs measurements can give important
additional informations compared to standard Higgs-coupling fits.

4 Final words

The overarching goal of this presentation was to emphasise that LHC precision measurements
of rates and distributions in single-Higgs production can help to better constrain some of the
Higgs interactions that are crudely known at present. The two examples that we have discussed
in some detail were the charm Yukawa and the Higgs trilinear coupling. In both cases it is
important to stress that to fully exploit the physics potential of the LHC one should try to
combine all known search strategies. For the charm Yukawa coupling these are h → J/ψγ,
h → cc̄γ, pp → V cc̄, pp → hc as well as single-Higgs distributions, while for what concerns the
trilinear Higgs coupling a combination of the constraints arising from pp→ hh, pp→ h and the
EW precision measurements seems essential. The importance of measurements of distributions
in gluon-fusion Higgs, V h, VBF and tt̄h production cannot be overemphasised in this context,
since differential information has been shown to greatly enhance the sensitivity to the structure
of the underlying theory. Such measurements should therefore be pursued with vigour by both
the ATLAS and CMS collaborations in the future LHC runs.
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SEARCH AND PROSPECTS FOR HH PRODUCTION

L. Cadamuro, for the ATLAS and CMS collaborations
Laboratoire Leprince Ringuet, École polytechnique, CNRS-IN2P3, Route de Saclay, Palaiseau, France

The study of Higgs boson pair production at the LHC gives unique insight into the electroweak
symmetry breaking mechanism. Both the resonant and non-resonant production modes need
to be explored to search for extensions of the scalar sector and to probe the shape of scalar
potential itself. The ATLAS and CMS collaborations have searched for Higgs boson pair
production in proton-proton collisions at

√
s = 8 TeV and 13 TeV, and the results of these

searches as well as the prospects for future measurements are discussed here.

1 Higgs boson pair production and decays at the LHC

Higgs boson pair production (HH) plays a key role in the study of the electroweak symmetry
breaking mechanism. In the standard model of particle physics (SM) this process is directly
related to the Higgs boson trilinear self coupling (λHHH) and consequently to the shape of the
scalar potential. HH production occurs in proton-proton collisions mainly via gluon fusion, and
is mediated by quantum loops that involve either the Higgs boson coupling to a heavy quark,
yt, or the λHHH coupling itself, as shown in Figure 1. The cross section of the process at√
s = 13 TeV is σSMHH = 33.49+4.3

−6.0(scale)± 2.1(PDF)± 2.3(αS)fb, computed at the NNLO of the

perturbative expansion with NNLL corrections and finite top quark mass effects 1.
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derivative terms (which correspond to dimension-8 operators in the limit of linearly-realized

EW symmetry). The e↵ect of the neglected derivative operators will be then studied by

analyzing their impact on angular di↵erential distributions and shown to be small in our

case due to the limited sensitivity on the high mhh region.

The Feynman diagrams that contribute to the gg ! hh process are shown in Fig. 2. Each

diagram is characterized by a di↵erent scaling at large energies
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Figure 1: Tree level diagrams involved in SM gg → HH production at the LHC.

The interference between the two production diagrams makes HH production very sensitive
to physics beyond the SM (BSM). If the scale of BSM physics is significantly higher than the
TeV scale, its effects can be modelled by adding dimension 6 operators to the SM Lagrangian 2,
resulting in anomalous yt and λHHH couplings, and in three new contact interactions of the

Higgs boson. Deviations from the SM couplings are parametrized with the kλ = λHHH/λ
SM
HHH

and kt = yt/y
SM
t coefficients.



BSM physics can also manifest in resonant Higgs boson pair production when new states can
be directly produced, as for example in the singlet model 3, the two-Higgs doublet model 4, the
minimal supersymmetric standard model (MSSM) 5, and the warped extra dimensions 6 model.
Despite the very different theoretical motivations, a common experimental signature consists of
a spin-0 or spin-2 resonance decaying into a Higgs boson pair. The value of the resonance mass
mX where a sizeable B (X→ HH) is expected can range from the kinematic threshold of 250 GeV
up to a few TeV, and experimental searches must therefore be sensitive to HH production in a
large mX range and exploit many HH final states with complementary sensitivities.

These final states are usually chosen with one of the two Higgs boson decaying to a bb pair
or to a WW pair because of the large branching fraction. The choice of the second Higgs boson
decay determines a different trade-off between signal branching fraction and purity, requiring
consequently different analysis techniques. Presently, the ATLAS and CMS collaborations have
searched for HH production in proton-proton collisions at

√
s = 8 TeV (Run I) and 13 TeV

(Run II), using the bbbb, bbVV → bb`ν``ν` (with V = Z,W and ` = e, µ), bbτ τ , bbγγ , and
WW∗γγ → qq ′`ν` final states. The branching fractions are summarized in Table 1 under the
hypothesis of a SM Higgs boson of mH = 125 GeV.

Table 1: Branching fractions of the HH final states explored by the ATLAS and CMS collaborations. In
the table ` = e, µ.

Final state bbbb bbVV bbτ τ bbγγ WW∗γγ
(→ bb`ν̀ `ν̀ )

(
→ qq

′
`ν̀

)
Branching fraction 33.6% 27.9% 2.7% 7.3% 0.26% 0.098% 0.028%

2 Summary of Run I results

Both the ATLAS and CMS collaborations performed an extensive set of searches for HH produc-
tion with the data collected at

√
s = 8 TeV. The ATLAS collaboration explored and combined

the bbbb, bbτ τ , bbγγ , and WW∗γγ final states 7. The observed and expected 95% confidence
level (CL) exclusion limits on SM HH production are 70× σSMHH and 48× σSMHH respectively. The
sensitivity to the resonant production cross section σ(gg → X)×B(X→ HH) ranges from about
1 pb at low mX up to about 10 fb for mX = 1 TeV. In the low mass region the combined result
benefits from the similar sensitivity achieved in the bbτ τ and bbγγ final states, while at higher
mass it is driven by the bbbb result. Similarly, the CMS collaboration separately explored the
bbbb 8, bbτ τ 9, and bbγγ 10 final states. The observed 95% CL exclusion limit on HH pro-
duction is 58 × σSMHH (bbτ τ ) and 74 × σSMHH (bbγγ). These results highlight the importance to
explore and combine multiple final states to improve the sensitivity to both SM and resonant
HH production over a broad mX range.

3 Run II results

The latest results by the ATLAS and CMS collaborations using Run II data are described in the
following. The analyses techniques are separately discussed for each final state and the results
are summarized and compared in the last part of this section.

3.1 bbbb

This final state has been investigated by both the ATLAS 11 and CMS 12,13,14 collaborations.
Although experimentally challenging because of the large multijet background, it is characterized
by a high branching fraction that allows to search for HH production when low signal yields are
expected, such as for resonant production with mX > 1 TeV.



Given the large mX range covered, two different signal topologies are explored. For
mX . 1 TeV , the Lorentz boost of the two Higgs boson is sufficiently small for the b quarks to be
spatially well separated, resulting in a “resolved” topology where four b jets are reconstructed.
For larger values of mX the decay products of the two b quarks overlap, requiring dedicated
reconstruction techniques for this “boosted” topology: large radius jets, with a distance param-
eter of 1.0 and 0.8 in the ATLAS and CMS cases respectively, are used in combination with jet
substructure techniques. The resolved topology is used in the search for non-resonant SM HH
production given the softer pT spectrum expected.

The signal regions of these searches contain four standard radius jets or two large radius
jets that are compatible with a b quark production (b-tagging) and with the decay of two
mH = 125 GeV Higgs bosons. The sensitivity crucially depends on the b-tagging efficiency and
capability to discriminate jets initiated from light flavour quarks and gluons. The shape of the
multijet background is estimated from the data by reverting the b tag or the jet invariant mass
requirements, and fitted to the data distribution in the signal region.

The ATLAS and CMS collaboration analyzed an integrated luminosity of 13.3 fb−1 and
2.3−2.7 fb−1 respectively, and no evidence for a signal is found. The observed event distributions
for resolved and boosted event topologies are shown in Figure 2. The best sensitivity is achieved
by the ATLAS collaboration thanks to the larger data sample analyzed and the higher signal
efficiency achieved, allowing to set an observed limit on the SM HH production of 29 × σSMHH,
significantly improving the Run I exclusion despite the smaller integrated luminosity analyzed.
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Figure 2: Event distribution in the signal regions of the HH→ bbbb searches for resolved (left, ATLAS)
and boosted (rigth, CMS) event topologies.

3.2 bbVV

Characterized by the presence of two b jets, two leptons, and two neutrinos, the challenge of
this final state is the rejection of the large tt background. The kinematic differences between
such process and the signal must be exploited to separate them, and an approach relying on
multivariate methods is adopted in the data analyses developed by the CMS collaboration 15,16.
The distribution of the multivariate classifier is used to search for a signal contribution in a
region defined by the presence of two b tagged jets with an invariant mass mjj compatible with
a mH = 125 GeV Higgs boson decay. The dominant tt background is estimated using a Monte
Carlo simulation and constrained with data in a separate mjj region.

Results derived on an integrated luminosity of 2.3 fb−1 are compatible with the SM back-
ground prediction as shown in Figure 3a. Both resonant and non-resonant production mechanism
are searched for and, in the latter case, anomalous Higgs boson couplings are also explored, as
shown in Figure 3b for kλ. Results derived on a larger integrated luminosity of 35.9 fb−1 have
also been recently released by the CMS collaboration 17.
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3.3 bbτ τ

The CMS collaboration explored the bbτ τ final state 18 using the total integrated luminosity
recorded in 2016 of 35.9 fb−1. Three decay modes of the τ τ system are used, where at least
one of the two τ leptons is required to decay into final state hadrons and a neutrino (τ h) while
the second one can undergo the same decay or a decay to an electron (τ e) or a muon (τ µ) and
neutrinos.

Both the irreducible tt background and instrumental backgrounds due to an erroneous τ h
identification affect this channel. The former is the dominant background source in the τ µτ h and
τ eτ h final states, and multivariate classifiers are trained to discriminate it from signal processes,
while multijet and Drell-Yan τ τ production are also sizeable in the τ hτ h final state.

The invariant mass of the τ τ system is reconstructed with a likelihood technique that com-
bines the measured lepton momenta with the missing momentum of the event. The signal regions
are defined requiring that both the invariant mass of the τ τ and bb systems are compatible with
the decay of a mH = 125 GeV boson. Similarly to the bbbb search, the signal region is divided
into “resolved” and “boosted” topologies, the latter improving the sensitivity to resonant HH
production for mX & 700 GeV thanks to the better separation from the background. The pres-
ence of two b-tagged jets is required in the boosted event category, while events in the resolved
category are further classified according to the number of b-tagged jets to increase the signal
acceptance.

The multijet background is estimated from the data in a jet enriched region, and the sim-
ulation of the Drell-Yan background is corrected using data in a Z → µµ+jets region. Other
background sources are estimated with a Monte Carlo simulation.

The discriminating observable of the resonant search is the bbτ τ invariant mass, estimated
with a kinematic reconstruction of the HH decay. The stransverse mass variable (MT2) is used
for the non-resonant search, and is defined as the largest transverse mass of the measured leptons
that is compatible with the kinematic constraints of the event. This variable is by construction
superiorly bounded by the top quark mass for the tt background but not for the signal, providing
an optimal separation of the two processes.

The observed data are compatible with the SM background and are used to set model
independent limits on resonant and non-resonant HH production. In the first case they are
also interpreted in the context of the hMSSM 19, a parametrization of the MSSM where the
discovered Higgs boson is considered as the lightest CP-even scalar, as shown in Figure 4a. In
the second case they constrain anomalous Higgs boson couplings, as shown for kλ and kt in
Figure 4b.
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3.4 bbγγ and W W ∗γγ

Despite their very small branching fraction, final states with a Higgs boson decaying to a photon
pair have good sensitivity to HH production thanks to small background contamination, high
signal selection efficiency, and excellent photon energy resolution. Such decays in association to
a H → bb 20,21 or to a H →WW → qq ′`ν`

22 decay have been investigated by the ATLAS and
CMS collaborations using an integrated luminosity of 2.7 and 3.2 fb−1 respectively.

The signal region of the bbγγ search is defined by the presence of a photon pair and of
a jet pair satisfying b-tagging requirements. The dominant background contribution is the
production of two photons and two jets, and is estimated from the data. The invariant mass of
the photon pair mγγ is used to search for a non-resonant signal contribution, either as the only
observable (ATLAS) or in a bi-dimensional fit together with the two jets invariant mass mbb . It
is combined with mbb for the resonant search where a counting experiment approach (ATLAS)
or a fit on the four body invariant mass (CMS) is adopted. In both cases, dedicated techniques
are applied to improve the mbb using the H → bb decay hypothesis.

No deviation from the SM background prediction is found in both cases, as shown in Figure 5.
The most sensitive results is from the CMS search where a limit of 91× σSMHH is observed.
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The signal region of the WW∗γγ search is similarly defined by the presence of a photon pair,
a jet pair and an electron or a muon. The photon pair invariant mass must be compatible with
a Higgs boson decay, and this requirement is inverted to estimate the background contribution
from the data. A counting approach is adopted to search for a signal contribution, and 15 events
are observed for an expectation of 7.9.

3.5 Summary of Run II results

The results from the Run II searches previously described are summarized in Figure 6 for the
resonant HH production and in Table 2 for non-resonant HH production. One can notice the
complementary sensitivities of the different final state in the mX range from 250 GeV up to
3 TeV, and the similar sensitivities to SM HH production.
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Table 2: Summary of the sensitivities to non-resonant SM HH production in the searches performed by
the ATLAS and CMS collaborations using the data collected at

√
s = 13 TeV.

bbbb bbVV bbτ τ bbγγ WW∗γγ

ATLAS
Int. luminosity [ fb−1] 13.3 - - 3.2 13.3

Obs. (exp.) lim. on σSMHH 29 (38) - - 117 (161) 747 (386)

Anomalous couplings - - - - -

CMS
Int. luminosity [ fb−1] 2.3 2.3 35.9 2.7 -

Obs. (exp.) lim. on σSMHH 342 (308) 410 (227) 28 (25) 91 (90) -

Anomalous couplings - X X - -

4 Future prospects

The determination of σHH and of λHHH are amongst the main goals of the physics programme

of the high luminosity LHC (HL-LHC), where a total integrated luminosity of about 3 ab−1 is



expected, and both experimental collaborations have evaluated the prospects for their measure-
ment using two alternative approaches.

The ATLAS collaboration performed a parametric simulation of the upgraded detector re-
sponse studying the bbτ τ 23 and bbγγ 24 final states. The best expected significance of 1.05 σ is
found for SM HH production in the bbγγ final state, and the λHHH coupling can be constrained
at 95% CL to 0.8 < kλ < 7.7. The CMS collaboration extrapolated the results of the analyses
performed on 2.3 − 2.7 fb−1 of data collected at

√
s = 13 TeV to 3 ab−1 of integrated lumi-

nosity 25, assuming several scenarios for the detector performance and systematic uncertainties.
The four final states analyzed by the collaboration and previously described are projected, and
the best sensitivity is achieved in the bbγγ final state where a significance of 1.6 σ is expected.

The results from both collaborations indicate that the measurement of HH production at
the HL-LHC will be very challenging. The combination of many final states, as well as of
the results from the two experiments, will be crucial to observe HH production. Nevertheless,
the data analysis techniques are improving quickly, and they are currently not optimal for high
luminosity conditions. The current projections should be regarded as conservative and significant
improvements can be expected.

5 Conclusions

The measurement of HH production is crucial to study the electroweak symmetry breaking
mechanism. The study of both resonant and non-resonant HH production can give invaluable
information about the structure of the scalar field and extensions of the scalar sector of the SM.
The measurement of such process is experimentally very challenging given the small cross section
of the signal and the background contamination, but many complementary decay channels of
the Higgs boson pair can be explored and combined to increase the sensitivity.

The ATLAS and CMS collaborations have searched for HH production in several final states
using the data collected at

√
s = 8 and 13 TeV, without evidence for a signal so far. Non-resonant

HH production is excluded to be 28 times larger than the SM prediction by the search in the
bbτ τ final state performed by the CMS collaboration, where anomalous Higgs boson couplings
are also tested and constrained. This results is based on an integrated luminosity of 35.9 fb−1,
and searches into other final states are also being updated using the entire dataset collected in
2016. Resonant HH production has also been investigated for mX between 250 GeV and 3 TeV.

Projections show that limited sensitivity to SM HH production can be achieved in a single
channel by the end of the HL-LHC operations. This underlines the importance of exploring
several HH final states and of combining them between the ATLAS and CMS experiments. A
hard but rewarding challenge is ahead of the experimental community to measure the Higgs
boson pair production and probe the nature of the electroweak symmetry breaking mechanism.
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Highlights of measurements of the properties of the top quark at the LHC are presented. The
measurements probe a range of the properties of the top quark, including the structure of
the Wtb vertex, the top-Z coupling and the top-quark mass. The results are compared to
Standard Model predictions and in some cases limits on physics beyond the Standard Model
are also extracted in the context of effective field theory models. The measurements use data
collected by the ATLAS and CMS experiments during pp collisions at a centre-of-mass energy
of 8 or 13 TeV.

1 Introduction

The top quark is the heaviest fundamental particle discovered to date and it decays before
it has a chance to hadronise. These characteristics not only allow for precision tests of the
Standard Model (SM), but also open a potential window to physics beyond the SM. A selection
of recent measurements from the ATLAS 1 and CMS 2 collaborations are discussed belowa. The
measurements use both top-quark pair and single-top quark production modes. For the analyses
using tt̄ production, two decay modes with low background rates are utilised: the lepton-plus-
jets decay mode, where one W boson decays leptonically and the other decays into a pair of
quarks and the dilepton decay mode, where both W bosons decays leptonically.

2 The Wtb vertex

In the SM the top quark is predicted to decay almost exclusively into a W boson and b-quark.
The decay time of the top quark is shorter than the characteristic time for hadronisation and this
means the top quark provides a unique window to observe the properties of a bare quark. The
decay products of the top quark can therefore be used to probe the nature of the Wtb vertex.

aFor a full list of top properties measurements, please see the public websites of the collab-
orations: http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP/index.html,
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP/index.html and
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults.

http://cms-results.web.cern.ch/cms-results/public-results/publications/TOP/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP/index.html
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults


2.1 W boson polarisation

The W bosons produced in top decays can be either left-handed, right-handed or longitudinally
polarised. The corresponding fractions (FL, FR and F0) are well predicted in the SM, however
the presence of new physics in the Wtb vertex could result in fractions different to the SM
predictions. Experimentally, these fractions can be accessed by measuring the helicity angle
θ∗ between the charged lepton or down-type quark and the direction of the top quark in the
rest frame of the W boson. The distribution for the cosine of the helicity angle depends on the
polarisation fractions according to:

1

Γ

dΓ

d cos θ∗
=

3

8
(1− cos θ∗)2FL +

3

4
(sin2 θ∗)F0 +

3

8
(1 + cos θ∗)2FR. (1)

The ATLAS and CMS collaborations have both published recent measurements of the W bo-
son polarisation fractions using the 8 TeV LHC data3,4. Both experiments select events with one
high transverse momentum (pT ) electron or muon and at least four high pT jets. Kinematic fit
techniques are then used to fully reconstruct the tt̄ system and the angle θ∗ between the charged
lepton and the direction of the top quark is then reconstructed in the rest frame of the W boson.
The data are fitted to the reconstructed cos θ∗ distributions in order to extract the measured
polarisation fractions. Figure 1 shows the templates in the ATLAS analysis for the left-handed,
right-handed and longitudinal polarisation states. There is clear discriminating power between
the different polarisation states. The cos θ∗ distribution measured by CMS is shown in Figure 1
and the data are seen to be in good agreement with the SM predictions. The largest uncer-
tainties in the measurements arise from the Monte Carlo (MC) modelling of top quark events
and the jet energy scale (JES). The results are compared to previous LHC results and the SM
prediction in Figure 2, where good agreement between the SM and the measurements can be
seen.
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Figure 1 – Distribution of the cosine of the helicity angle (θ∗) between the charged lepton and the direction
of the top quark in the W boson rest frame. (a) Expected distributions for the left-handed, right-handed and
longitudinal polarisation states in the ATLAS W polarisation measurement. (b) The CMS data are compared to
the SM expectation.

2.2 Top quark polarisation

Electroweak single-top quark production at the LHC is dominated by t-channel exchange and
the top quarks produced are predicted to be highly polarised, in particular along the direction
of the spectator-quark momentum 5,6. The polarisation (P ) is related to the angle between a
top-quark decay product and the top-quark spin axis (θl) according to:

1

Γ

dΓ

d cos θl
=

1

2
(1 + αP cos θl), (2)
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where α is the spin analysing power of the decay product, which for charged leptons is α(`±) =
±0.998 7.

ATLAS has recently measured 8 a set of angular asymmetries that are sensitive to the top-
quark polarisation and six independent W boson spin observables 9. The measurements use
events with one high pT electron or muon and exactly two jets (one of which must be identified
as originating from a b-quark). Selection requirements are imposed to reject the background
from W+jets and tt̄ events. The measured angular forward-backward asymmetries

AFB =
N(cos θ > 0)−N(cos θ < 0)

N(cos θ > 0) +N(cos θ < 0)
(3)

for two angles θl and θNl are related to the top polarisation (P ) and the W boson spin observable

〈S2〉 according to: P = 2
A`FB
α and 〈S2〉 = −4

3A
N
FB. The values of the observables extracted from

the asymmetries are P = 0.97±0.12 and 〈S2〉 = 0.06±0.05. Good agreement is seen between the
data and the SM predictions. The CMS experiment has previously measured the polarisation
in single top events, finding P = 0.52 ± 0.22 10. The measurement agrees within two standard
deviations with the SM prediction of 0.9.

2.3 Constraints on the Wtb vertex

If the energy scale of new physics is not directly accessible in top quark production at the LHC,
then the impacts of new physics can be parameterised in the effective operator formalism and
the most general Wtb Langrangian can be written as:

LWtb = − g√
2
bγµ (VLPL + VRPR) tW−

µ −
g√
2
b
iσµνqν
mW

(gLPL + gRPR) tW−
µ + h.c. (4)

The terms VL,R and gL,R are the left- and right-handed vector and tensor couplings, respectively.b

In the SM at tree-level, VL is the CKM matrix element Vtb and the anomalous couplings gL,
VR and gR are all zero. The W boson and top-quark polarisation measurements discussed in
the previous sections have been used to place limits on the anomalous couplings.

b In Equation 4, g is the weak coupling constant, mW and qν are the mass and the four-momentum of the
W boson, respectively, PL,R ≡ (1∓γ5)/2 are the left- and right-handed projection operators, and σµν = [γµ, γν ]/2.
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Figure 3 – Distributions of the cosine of the angles (a) θl, which is sensitive to the top-quark polarisation and (b)
θNl , which is sensitive to the spin observable 〈S2〉. The data (black points) are compared to the expectation of
SM single-top production (light blue) and the background processes (other colours).

The single top polarisation measurement is mainly sensitive to the imaginary part of gR.
The ATLAS measurements of the angular asymmetries for θl and θNl are used in conjunction
with analytical expressions 9,11,12 to extract limits on Im gR. The correlation between the
two asymmetry measurements (−0.05) is accounted for in the limit setting procedure. The
limits set at the 95% confidence level are Im gR ∈ [−0.18, 0.06]. The CMS experiment has
designed a dedicated analysis to search for anomalous couplings in single-top events 13, where
multivariate classifiers are used to separate the SM single-top events from potential contributions
from non-zero anomalous couplings. No significant excess is seen and limits are set on different
combinations of couplings. Figure 4 shows the limits set in the VL and gL plane.

The measurement of the W boson polarisation fractions by ATLAS has been used to set
limits on the real parts of the anomalous couplings using the EFTfitter tool14. Figure 4 shows the
limits set on the gR and VR couplings, under the assumptions VL = 1 and gL = 0. The different
precision measurements sensitive to the Wtb vertex are complementary. In the interpretations
done by the collaborations to date, it has always been necessary to set at least one of the
couplings to the SM values. This motivates future combinations of these precision measurements,
in order to obtain constraints that are free of SM assumptions and to exploit the complementary
sensitivity of the different measurements.

3 Production of top quarks in association with vector bosons

The large integrated luminosity delivered by the LHC allows the possibility to study the rare
production of top-quark pairs in association with either a Z or W boson (tt̄+V ). The production
of tt̄+ Z is particularly interesting, since it probes the top-Z coupling. ATLAS and CMS have
both measured the tt̄ + Z and tt̄ + W cross-sections using the 13 TeV data 15,16. The ATLAS
measurement uses the 2015 dataset (corrsponding to a luminosity of 3.2 fb−1), while the CMS
measurement uses the data collected during the first half of 2016, which corresponds to an
integrated luminosity of 12.9 fb−1. The measurements are limited by statistics and hence this
report will focus on the more precise CMS measurement.

The tt̄+V processes can produce final states with multiple-leptons and jets originating from
b-quarks. Both experiments select events with either two leptons (electrons or muons) with the
same-sign charge, three leptons or four leptons. For the dilepton channel, CMS selects events
with at least 2 jets, at least one of which is identified as being likely to have originated from
a b-quark (referred to as a b-jet) and then uses a multivariate technique to separate the signal
from the tt̄ background. To maximise the signal significance, the dilepton events are further
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categorised according to the dilepton charge and the number of jets and b-jets. The trilepton
events are required to have at least 2 jets and events where a same-flavour opposite-sign charge
(SFOS) lepton pair has an invariant mass close to the Z boson mass are rejected. The events are
then categorised according to the number of jets and b-jets into twelve disjoint signal regions.
The tetralepton events are required to have one SFOS lepton pair consistent with a Z boson and
to contain at least two jets. In the µµµµ, eeee and µµee channels, events where the second SFOS
lepton pair is consistent with a Z boson are rejected to reduce the background from ZZ events.
Events are categorised according to whether or not they contain at least one b-jet.
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Figure 5 – (a) Number of events in each lepton flavour channel for the WZ control region in the CMS tt̄ +
V measurement. (b) Number of events in the different b-jet categories in the CMS trilepton tt̄+ V signal region
with at least four jets, where mb refers to the number of jets passing a b-tagging requirement with an efficiency of
70% and lb refers to the number of jets failing the medium requirement and passing a loose requirement (with an
efficiency of 85%). In both cases the data points in black are compared to the sum of the expected SM processes.

The background predictions use data-based methods for the the backgrounds where at
least one lepton originates from non-prompt sources (leptons from heavy-flavour hadron decay,
misidentified hadrons, muons from light-meson decay in flight, or electrons from unidentified
photon conversions), while other background sources are estimated using simulation. The mod-
elling of the backgrounds is checked in control regions. Figure 5 shows the number of events



in each lepton flavour channel for a control region that selects events with three leptons and at
most one jet. This region is dominated by WZ events and good agreement is seen between the
data and the background prediction.

The tt̄+W and tt̄+Z cross-sections are extracted by making a combined fit to all the different
signal regions. The data observed in the trilepton signal region with at least four jets are shown in
Figure 5, where good agreement is seen between the data and the SM prediction. The measured
cross-sections are shown in Figure 6 for both the ATLAS and CMS analyses. Agreement is seen
between the data and the SM predictions. The measurements are dominated by the statistical
uncertainty and hence measurements utilising larger datasets are eagerly awaited.
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Figure 6 – The measured cross-sections for the tt̄+W and tt̄+ Z cross-sections are compared to the theoretical
predictions for (a) the CMS results and (b) the ATLAS results.

4 The top quark mass

The top quark mass is a fundamental parameter in the SM and precisely measuring its value is
vital for establishing the consistency of the SM17. ATLAS has recently performed a measurement
using top-quark pair events in the dilepton channel18. The events are selected from the 2012 data
taken at

√
s = 8 TeV and the dataset corresponds to an integrated luminosity of 20.2 fb−1. The

selection requires exactly two leptons (either electrons or muons) and at least two jets, where at
least one of the jets is required to be a b-jet. Additional requirements on the missing transverse
momentum, the invariant mass of the lepton pair and the scalar sum of the pT of the selected jets
and leptons are applied to reduce the background from Z+jets events. The dilepton channel has
the drawback that the prescence of two neutrinos makes the full reconstruction of the tt̄ system
challenging. The two jets with the highest probability to originate from b-quarks are taken as
originating from the two top quarks. There are then two possible assignments of the leptons and
b-jets. The combination that leads to the lowest average invariant mass of the two lepton-b-jet
pairs (m`b) is selected. The top mass can then be extracted from the m`b distribution. A phase-
space restriction on the average pT of the two lepton-b-jet pairs (pT,`b) is used to obtain the
smallest total uncertainty in mtop. The selected requirement is pT,`b > 120 GeV and effectively
selects a region where the systematic uncertainties are reduced.

The top-quark mass is extracted by performing a template fit to the m`b distribution. The
signal templates are constructed by fitting Monte Carlo samples generated with different top
quark masses with the sum of a Landau function and a Gaussian distribution. Figure 7 shows the
templates for three different mtop values, demonstrating the sensitivity of the m`b distribution
to the top-quark mass. The figure also shows the data compared to the template with the
best fit value of the top-quark mass and good agreement is seen between the data and the fitted
template. The top-quark mass is measured to be mtop = 172.99±0.41±0.74 GeV, where the first
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Figure 7 – (a) Distribution of the m`b variable for templates and MC samples with different mtop values. (b) The
template with the best fit for mtop is compared with the data (black points).

uncertainty is the statistical uncertainty and the second is the total systematic uncertainty. The
systematic uncertainty is dominated by the understanding of the jet energy scale (0.54 GeV), the
MC modelling of top-quark pair events (0.35 GeV) and the jet energy scale for jets originating
from b-quarks (0.30 GeV). The measurement is the most precise measurement of the top-quark
mass in dilepton events to date.
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Figure 8 – (a) Distribution of the reconstructed top-quark mass is compared to the simulation. (b) Fitted values
for the top-quark mass and the JSF; the coloured contours show the statistical uncertainty.

The CMS collaboration has recently made the first measurement of the top-quark mass
using the 13 TeV LHC data 19. The analysis uses events with one muon and at least four jets
(of which two must be b-jets) and the strategy closely follows the lepton+jets analysis that used
the run 1 data 20. A kinematic fit is applied to the selected events, where the fit constrains
the W boson mass to 80.4 GeV 21 and the top and anti-top masses to be the same. The
goodness-of-fit probability (gof) of the kinematic fit is required to be at least 0.2 in order to
remove poorly reconstructed events. The top mass reconstructed from the kinematic fit (mfit

top)
is used along with the reconstructed W boson mass in a likelihood-fit to simultaneously extract
the top-quark mass and the jet energy scale factor (JSF). The JSF allows the overall energy
scale of jets to be constrained using the reconstructed W boson mass. In the likelihood-fit,
events are weighted by their gof in order to reduce the impact of poorly reconstructed events.
The reconstructed top mass distribution is shown in Figure 8, which shows the excellent mass
resolution and good agreement between the data and the simulation. The top quark mass is
measured to be mtop = 172.62 ± 0.38 ± 0.7 GeV, where the first uncertainty is statistical and



the second is the total systematic uncertainty. The fitted JSF is in agreement with 1, as shown
in Figure 8. The largest systematic uncertainties are from the jet energy scale (0.51 GeV) and
the MC modelling of top-quark events (0.4 GeV). While the total uncertainty does not reach
the precision achieved in run 1 20, the understanding of the 13 TeV data is still at an early stage
compared to run 1 and improvements in the uncertainties in the future can be anticipated.

5 Summary

The heavy mass of the top quark provides the opportunity to make precision measurements
of a ‘bare’ quark. Recent measurements of W boson polarisation fractions in top-quark pair
events and of top-quark polarisation in single-top quark events have probed the structure of the
Wtb vertex. The measurements are all in agreement with the SM, with no signs of new physics.
The high energy and large datasets provided by the LHC allow to measure the rare tt̄+ Z and
tt̄ + W processes. The recent CMS measurement with 13 TeV data shows evidence for both
processes and the larger datasets expected in the years ahead will allow for precision tests of
the top-Z coupling. The top-quark mass has been measured to high precision with the LHC
data. The recent dilepton measurement from ATLAS utilises a kinematic phase space selection
to reduce the systematic uncertainties and CMS has made the first run 2 top mass measurement.
Future prospects include a combination of the LHC run 1 results and precise measurements with
the run 2 data.
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TOP QUARK PHYSICS AT THE TEVATRON
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The presentation summarizes the latest top-quark-physics results determined by the Tevatron
experiments. Both CDF and D0 collaborations finalize their measurements using full datasets.
The obtained results of top-quark production cross-section, production asymmetry, and top-
quark polarization measurements are in agreement with the Standard Model predictions. The
measurements of the top-quark mass are still competitive to the LHC results.

1 Introduction

The top quark is the heaviest known elementary particle of the Standard Model (SM). At
the Tevatron pp̄ collider, top quarks were mainly produced in pairs (tt̄) through the strong
interaction processes, dominantly by quark-antiquark annihilation, which occurred in about 85%
of cases. During the Run II period (2001-2011), both the CDF and D0 experiments collected
event samples of integrated luminosity of approximately 10 fb−1 in

√
s = 1.96 TeV pp̄ collisions.

Results presented in this paper are obtained using the full datasets.
The large top-quark mass, mt, leads to a very short life time, so the top quark decays before

hadronization. According to the SM, the top quark decays almost exclusively into the W boson
and bottom (b) quark, while the W boson decays leptonically (lν) or hadronically (qq̄). In the
measurements, only electrons and muons are considered, including electrons and muons from
leptonic decays of τ leptons. Final states of the tt̄ events are classified by decay products of W
bosons. The final states with two, one, or no leptons are referred to as the dilepton, lepton+jets,
and all-jets channels, respectively.

2 Top-quark pair production cross section

The measurement of the inclusive tt̄ production cross section provides a direct test of quantum
chromodynamics (QCD) as the top quark is produced at small distances (1/mt) characterized
by a low value of strong coupling constant αs = 0.1. A potential new physics can lead to a higher
value of the production cross section. The basic idea of the measurement is to select events with
a fingerprint of a studied tt̄ topology, Nobs, determine number of non-tt̄ events, Nbkg, and take
into the account corrections for an acceptance, A and trigger selection and b-jet identification
efficiencies, ε:

σtt̄ =
Nobs −Nbkg

A.ε.L
, (1)

where L corresponds to the integrated luminosity.
There are several measurements from both Tevatron experiments, which were combined using

a best linear unbiased estimate (BLUE) method 1 with a goal of minimizing the total uncer-
tainty 2. The input measurements of the combination are summarized in Table 1. The two CDF



Table 1: The tt̄ cross-section measurements used as inputs for the Tevatron combination. The D0 dilepton and
lepton+jets measurements using constrained nuisance parameters are presented in their published form indicating
only their total uncertainties.

σtt̄ [pb] L [fb−1]

CDF dilepton 7.09± 0.49 (stat)± 0.67 (syst) 8.8
CDF ANN lepton+jets 7.82± 0.38 (stat)± 0.41 (syst) 4.6
CDF SVX lepton+jets 7.32± 0.36 (stat)± 0.61 (syst) 4.6
CDF all−jets 7.21± 0.50 (stat)± 1.18 (syst) 2.9
D0 dilepton 7.36± 0.85 (stat + syst) 5.4
D0 lepton+jets 7.90± 0.74 (stat + syst) 5.3
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Figure 1 – Post-fit distributions of the combined MVA discriminant for e+2 jets (left), e+3 jets (right) subsamples.
Statistical uncertainties of the data are shown. The post-fit systematic uncertainties are indicated by the hashed
band in the bottom panel. The χ2/ndf values take statistical and systematic uncertainties into account 4.

measurements in the lepton+jets channel apply complementary methods to discriminate signal
from background. One uses an artificial neural network (ANN) to exploit differences between
the kinematic properties of signal and W+jets background, without employing b-jet identifica-
tion, while the second one suppresses the dominant W+jets background by reconstruction of
displaced secondary vertices (SVX) to identify b jets. The combination of six measurements
yields the Tevatron average of σtt̄ = 7.60± 0.20 (stat) ± 0.29 (syst) ± 0.21 (lumi) pb, assuming
mt = 172.5 GeV 2. The result is in very good agreement with fully resummed next-to-next-to-
leading order (NNLO) QCD predictions of σtt̄ = 7.35+0.23

−0.27 (scale + pdf) pb 3.

The D0 collaboration provides updates of both inclusive tt̄ cross-section measurements using
the full datasets 4. In both lepton+jets and dilepton channel, a b-jet identification is based
on a multivariate technique (b-ID MVA). In lepton+jets channel, the sample is divided into
six subsamples by lepton type (e, µ) and jet multiplicity (njet = 2, 3,≥ 4). To separate the
signal from background, a combined MVA technique is employed. The technique inputs are
selected individually for each subsample and include topological variables and various b-ID MVA
discriminants. An example of output of combined MVA is shown in Figure 1. In the dilepton
channel, the sample is divided into four subsamples (eµ + 1 jet, eµ+ ≥ 2 jets, ee+ ≥ 2 jets,
µµ+ ≥ 2 jets); the combined MVA is not used as the maximum b-ID MVA discriminant, jmax

b−ID,
has provided sufficiently good separation power (Figure 2). The cross section is determined by a
simultaneous fit of Monte Carlo templates to the data using systematics as nuisance parameters.
The combination of the lepton+jet and dilepton channels results in cross section of σtt̄ = 7.26±
0.13 (stat)+0.57

−0.50 (syst) pb measured with relative precision of 7.6% 4. The main sources of
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b−ID for eµ+ 1 jet (left) and ee+ ≥ 2 jets (right) subsamples. Statistical

uncertainties of the data are shown. The post-fit systematic uncertainties are indicated by the hashed band in
the bottom panel. The χ2/ndf values take statistical and systematic uncertainties into account 4.

systematic uncertainty come from the luminosity uncertainty and hadronization. The result is
in very good agreement with the SM prediction.

3 Production asymmetries

The production of tt̄ pairs in pp̄ collisions can result in a difference in forward and backward
cross sections of top (or antitop) quarks. The forward- (backward-) produced top quarks have
a positive (negative) projection of their momenta along the proton beam direction. For antitop
quarks, the antiproton beam direction is taken as a reference.

In the SM, the forward-backward asymmetry is zero at the leading order (LO) in QCD. At
the next-to-leading order and above, in the case of tt̄ production via qq̄ annihilation, positive
contributions to the asymmetry come from the interference of LO and higher order diagrams,
and negative contributions come from interference of initial and final state radiations. Summing
over all contributions, the SM predicts positive asymmetry 5.

After the kinematic reconstruction of final tt̄ state, one can define the forward-backward
asymmetry using rapidity difference, ∆y = yt − yt̄:

Att̄
FB =

N(∆y > 0)−N(∆y < 0)

N(∆y > 0) +N(∆y < 0)
, (2)

where yt (yt̄) corresponds to rapidity of top (antitop) quark. The top and antitop quarks
production asymmetries lead to asymmetries in leptons from their decays. Measurement of
lepton-based asymmetry does not rely on the tt̄ final state reconstruction. An advantage is also
a good lepton-charge determination and precisely measured lepton direction. The single lepton
asymmetry is defined as:

Al
FB =

N(qlηl > 0)−N(qlηl < 0)

N(qlηl > 0) +N(qlηl < 0)
, (3)

where ql and ηl correspond to the lepton electric charge sign and pseudorapidity, respectively.
For dilepton channel, the dilepton asymmetry can be defined as follows:

All
FB =

N(∆η > 0)−N(∆η < 0)

N(∆η > 0) +N(∆η < 0)
, (4)

where ∆η is the pseudorapidity difference between positive and negative charged leptons.



Figure 3 – Summary of inclusive top forward-backward asymmetries in tt̄ events measured at the Tevatron 6.

The CDF and D0 collaborations combine their measurements of the inclusive asymmetries,
Att̄

FB, Al
FB, and All

FB using the BLUE method. Input measurements and results of combinations
are shown in Figure 3. All the inclusive asymmetries are extrapolated to the full phase space.
The weights assigned to each measurement by the BLUE method are summarized in Table 2.
The three asymmetries are correlated as positive rapidity difference between top and antitop
quarks is likely to result in a positive pseudorapidity difference between positive and negative
charged lepton. The final measurements 6 and more refined SM predictions 5 are in agreement
(∼ 1.5σ), as can be seen from Figure 3.

Table 2: Summary of weights of each measurement contributing to the combination for three different definitions
of inclusive forward-backward asymmetries.

weight

Att̄
FB Al

FB All
FB

CDF lepton+jets 0.25 0.40 −
CDF dilepton 0.01 0.11 0.32
D0 lepton+jets 0.64 0.27 −
D0 dilepton 0.11 0.23 0.68



4 Top-quark polarization

According the SM, the top quarks at the Tevatron are produced almost unpolarized. However,
models beyond the SM predict enhanced polarization 7. The top quark polarization, Pn̂ can be
measured in the top-quark rest frame using information of top-quark decay products, namely
their angular distribution relative to some chosen axis n̂:

1

Γ

dΓ

d cos θi,n̂
=

1

2
(1 + Pn̂κi cos θi,n̂), (5)

where i stands for decay product (lepton, quark, or neutrino), κi is spin-analyzing power (∼ 1
for charged leptons, 0.97 for d-type quarks, −0.4 for b quarks, −0.3 for neutrinos and u-type
quarks), and θi,n̂ is the angle between the decay-product direction and the quantization axis n̂.
The polarization is usually measured with respect to the one of the quantization axes:

• beam axis, given by the direction of the proton beam;

• helicity axis, defined by the direction of the parent top (antitop) quark;

• transverse axis, which is perpendicular to the production plane defined by the proton and
parent top (antitop) quark directions.

The D0 collaboration provides a measurement of the top-quark polarization using the full
dataset. The analysis relies on lepton+jets events requiring at least three jets and at least one
jet identified as a b-jet 8. To associate observed lepton and jets to the individual top quarks,
a constrained χ2 fit is used. In case of five or more jets in the event, only the four jets with
the largest transverse momenta are assumed to originate from tt̄ decay. In the analysis, all
possible assignments of jets to the final state quarks are considered, taking into account the
χ2 and b-jet identification probabilities. To measure the polarization, a fit is performed to the
reconstructed lepton angular distribution (cos θl,n̂) using tt̄ templates of +1 and −1 polarization
(Figure 4). The background templates are normalized to the expected event yield. The results
are summarized in Table 3. In Figure 5, the measured longitudinal polarizations are compared
with the SM predictions and several beyond SM models. The measurement along the beam
axis is consistent with previous D0 measurement done in the dilepton channel 9, so the two are
combined assuming 5% correlation (Table 3, second row). The measured polarization values are
consistent with the SM predictions as well as with zero polarization. The transverse polarization
is measured for the first time.

Figure 4 – Distributions of cos θl,n̂ for data, expected backgrounds, and signal templates for P = 1, SM, +1 in
events with at least four jets. Left (right) plot shows distribution relative to the beam (helicity) axis.

5 Top-quark pole mass

The top-quark mass, mt, is linked to the W boson and Higgs boson masses through radiative
corrections. Therefore a precise measurement of mt provides a test of electro-weak sector of the



Table 3: Measured top-quark polarization. The combined polarization for beam axis denoted as Beam – D0
comb.. The total uncertainty includes statistical and systematics uncertainties.

Axis Measured polarization SM prediction

Beam +0.070± 0.055 −0.002
Beam – D0 comb. +0.081± 0.048 −0.002
Helicity −0.102± 0.061 −0.004
Trasverse +0.040± 0.035 +0.011
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Figure 5 – The polarization measured along the beam and helicity axes in lepton+jet channel. The correlation of
the two measurement uncertainties is 27%. The SM predictions and beyond SM models are shown.

SM. To increase the precision, experiments improve their techniques and provide combinations.
However, the combinations are based on techniques, which use tt̄ events simulated by Monte
Carlo (MC) generators. Applying these techniques to data yields a mass quantity corresponding
to the top quark mass scheme implemented in the MC. The mass quantity is referred to as the
MC mass, mMC

t , and can not be used directly as an input for precise NLO/NNLO theoretical
predictions. Several alternative methods can be used to measure theoretically well-defined top-
quark mass (top-quark pole mass, MS mass, ...). One of them employs tt̄ production cross

section to extract the top-quark pole mass, mpole
t . Theoretical arguments suggest that mMC

t is

within about 1 GeV of the mpole
t

10.

The D0 collaboration uses the measurement of the inclusive tt̄ production cross section
mentioned in Section 2 to extract the mpole

t . The inclusive cross section is measured in eight
mass points in mass range from 160 GeV to 190 GeV (Figure 6). The experimentally measured

dependence is parametrized by a four-order polynomial function. The mpole
t is determined

from a normalized joint-likelihood function, which takes into account the total experimental
uncertainty, the theoretical uncertainties on the renormalization and factorization scales, and
the PDF uncertainties. Employing the theory predictions at NNLO in perturbative QCD yields
top-quark pole mass of 172.8± 1.1 (theo)+3.3

−3.1 (exp) GeV with relative precision of 1.9 % 4.

The D0 collaboration provides also a measurement, which is based on extracting the mpole
t
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Figure 6 – The measured tt̄ production cross section dependence on the top quark mass (points) parametrized by
a quartic function (solid black line) and compared to the dependence provided by the NNLO pQCD calculation.

from a comparison of differential tt̄ cross section predicted by perturbative QCD at NLO and
NNLO with measured differential distributions 11. Dependences of the differential cross section
on the invariant mass of the tt̄ pair, mtt̄, and on the transverse momentum of the top and antitop
quarks, ptop

T , are used. Data are corrected for detector effects and deconvoluted to the parton
level full phase space by means of a regularized matrix-unfolding method. Figure 7 shows com-
bined χ2 that compares the measured differential cross sections with the theoretical calculation.
In the analysis, different parton-distribution-function (PDF) sets are used in the theoretical cal-

culations. The final result is the average mpole
t from three glopal PDF sets (MSTW2008, CT10,

and NNPDF23). At NLO the average mpole
t = 167.3± 2.1 (exp.)± 1.5 (scale)± 0.2 (PDF) GeV,

while at NNLO mpole
t = 169.1±2.2 (exp.)±0.8 (scale)±1.2 (PDF) GeV. These results are more

precise than those based on the inclusive tt̄ cross section measurement.
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6 Conclusions

Tevatron experiments finalize their measurements using all collected data. The D0 collaboration
has updated their measurements of the tt̄ production cross-section measurements. The results
are consistent with the Tevatron combination obtained earlier and are in very good agreement
with NNLO QCD predictions. All the measurements of the top-quark production asymmetry
has been finished using the full datasets. The final combinations yield inclusive production
asymmetries, which are in agreement with more refined SM predictions. The D0 collaboration
has provided a measurement of top-quark polarization. Obtained values are consistent with the
SM expectations. The measurements of the top-quark pole mass are still competitive to the
LHC results.
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Electroweak precise measurements at the Tevatron

Liang HAN

Department of Modern Physics, University of Science and Technology of China,
Hefei 230026, China

The fundamental parameters of the Standard Model of particle physics, i.e. the W-boson mass
MW , the top-quark mass mt and the effective mixing angle sin2 θleff, have been intensively
measured by the CDF and D0 experiments at the Fermilab Tevatron Collider. Published
results from RunII (2001-2011) 9.7fb−1 data of pp̄ collisions at

√
s = 1.96TeV are combined,

and RunI (1992-1996) results of
√
s = 1.96TeV collisions are also used if available. The

preliminary combinations yield legacy Tevatron average values as MW = 80387 ± 16MeV,
mt = 174.30± 0.65GeV and sin2 θleff = 0.23179± 0.00035.

1 Introduction

In the standard model of particle physics(SM), the electroweak interactions is described by the
SU(2) × U(1) gauge group and the Higgs mechanics of spontaneous symmetry breaking. The
theory predicts strict correlations between fundamental physical parameters, especially the fine-
structure constant α, the Fermi coupling constant GF , the Z and W weak vector boson masses
MZ and MW , the weak mixing angle sin2 θW , the top quark mass mt, and the Higgs scalar
boson mass MH . These parameters can be independently measured, and thus have the SM
electroweak theory over-constrained and be able to precisely tested 1. For example, the value
of MH can be calculated from MW , sin2 θW and mt, when the values of α, GF and MZ are
given. Any significant deviation of these parameters between experimental observations and
electroweak theory predictions implies new interactions beyond the SM. This paper presents
the latest results of MW , mt and sin2 θW measured by the CDF and D0 experiments during the
Fermilab Tevatron pp̄ collider RunII (2001-2011) at

√
s = 1.96TeV with an integrated luminosity

of 9.7 fb−1 data, and the combination with results of RunI (1992-1996) at
√
s = 1.8TeV with

an integrated luminosity of 0.1 fb−1 data,if available.

2 The W-boson mass

At the Tevatron, the W-boson mass is determined by using three kinematic variables per-
pendicular to the beam direction derived in single W boson production and leptonic decay
pp̄ → W → lν + X events, where the charged leptons l = e, µ are electrons and muons: the
transverse momentum of the charged lepton plT , the missing transverse energy E/νT originating

from the neutrino, and the transverse mass ml
T =

√
2plTE/

ν
T (1− cos ∆φ), where ∆φ is the open-

ing angle between the vectors of the plT and E/νT in transverse plane. The distributions observed
from low-background data are compared with those predicted by detector-based Monte Carlo
(MC) simulations parameterized as a function of MW , and the W-boson mass is extracted from



Table 1: Latest Tevatron MW results: the CDF 2.2fb−1 W → eν/µν and the D0 5.3fb−1 W → eν measurements.

MW ± σstat. ± σsyst.
CDF-II 80387± 12± 15 MeV

D0-II 80376± 11± 20 MeV

maximum-likelihood fits between data observations and MC templates. Details of the experi-
mental methods of extracting MW are discussed in Ref. 2.

The latest Tevatron MW measurements were derived by CDF experiment using W → eν
and W → µν events collected with 2.2fb−1 RunII integrated luminosity 3, and D0 experiment
using W → eν events collected with 5.3fb−1 RunII data 4, respectively, as shown in Table 1.

The dominant systematic uncertainties are raised from the parton distribution functions
(PDFs) of the W-boson production in the interacting protons and antiprotons and the modeling
of W-boson transverse momentum pWT , and the detector responses to lepton energy and hadronic
recoil, which are calibrated with J/ψ, Y and Z-boson decay into dilepton final states.

Figure 1 – The W-boson mass measurements per-
formed at the Tevatron and LEP experiments and
the new world-average combination

The latest CDF and D0 RunII results are then
combined with previous RunI measurements, sta-
tistically independently and taking into account
correlations among systematic uncertainties. The
Tevatron combined value of the W-boson mass
measurements 5 is

MW (Tevatron) = 80387± 16MeV

Further combination of the above Tevatron mea-
surements with the LEP MW average 6 leads to a
new world average, with a precision of 15 MeV, as
shown in Fig. 1.

MW (World Average) = 80385± 15MeV

3 The top-quark mass

As the heaviest known elementary particle, the top quark raises the largest Yukawa coupling and
play a critical role in the SM consistency check through radiative corrections to the masses of W
and Higgs bosons. Therefore, a precise measurement of the top quark mass mt is one of main
physics goals of the Tevatron experiments. The dominant production of the top quark at the
Tevatron is the process of top-antitop pair production via light quark annihilation pp̄→ qq̄ → tt̄.
The direct measurements of the top-quark mass are to extract the mt value from parameterized
MC simulations, based on the full kinematic and topological information in tt̄ candidate events
selected from data, under an assumption that the top and antitop quark masses are equal.
Because of the 100% branching ratio of t → bW decay, the tt̄ events can be catalogued into 4
different channels according to their W boson decay as:

• The “lepton+jets” channel (l+jets): one W boson decays leptonically W → lν (l = e, µ)
to an electron or a muon, while the other W boson decay hadronically into two jets. This
channel has a branching ratio of around ∼ 30% and a moderate background arising from
W+jets, Z+jets and multijet processes;

• The “dilepton” channel (ll
′
): both W bosons leptonically decay into an electron or a muon

final states. This channel is nearly free from background but has only a small fraction of
branching ratio ∼ 4.5%;



• The “all jets” channel (ll
′
): both W bosons decay hadronically.This channel has the largest

branching ratio of ∼ 46%, but suffers significant background from multijet production;

• The “tau-channel”: at least one W bosons decays into τν final state, which has a branching
ratio of ∼ 20%.

Due to the moderate yield and relatively low background, the first two channels listed above
would provide more sensitivities to tt̄ cross-section measurement and mt extraction than the
other channels. Hereinafter, I will present the direct top-quark mass measurements in lep-
ton+jets 8 and dilepton 9 final states performed with D0 RunII data collected with 9.7fb−1

integrated luminosity as examples, while the CDF experiment has adopted the similar research
strategies. These two sensitive channels, in which at least one W boson decays leptonically,
require quite many common tt̄ event selections: well spacial-separated and high pT jets and
electrons or muons; large E/T due to escaping neutrinos; one or two jets should be identified as
b jets. Good momentum resolution is required for all objects, especially the jet energy scale
(JES) has to be known with high precision.

For the lepton+jets channel, 1502 electron and 1286 muon candidates are selected by the D0
experiment with RunII data, in which 918.1±3.6 and 824.9±3.5 tt̄ signal events are expected re-
spectively. To extract the value of mt, event-based probability densities (PDs) are introduced, by
using the matrix element (ME) technique 7 under both the tt̄ signal and background hypotheses
as

Pevt ∝ f · Psig(~x;mt, kJES) + (1− f) · Pbkg(~x; kJES)

where ~x represents the measured four-momenta of the four jets and the charged lepton, but not
E/T due to its limited experimental resolution. The signal fraction f is to be determined from
data. The constant factor kJES is introduced to reduce JES uncertainty by performing an in situ
calibration, which exploits the hadronic W → qq̄, decay by constraining the invariant mass of
the dijet system to be consistent with MW = 80.4 GeV. This in situ JES calibration, determined
using light-quark jets, is applied to jets of all flavors associated with tt̄ decay, and is propagated
to the D0 RunII mt measurements in dilepton channel. The signal PD function Psig is described

by the differential cross-sections of pp̄→ tt̄, assumed to be dominated by the ME of the partonic
qq̄ → tt̄→ b(lν)b̄(qq̄,) hard scattering, where the unmeasured neutrino momentum components
are integrated out in this computation. The background PD function Pbgk is described by the
ME of the qq̄ →W+jets partonic process. Thereafter, a likelihood function is constructed from
the product of the individual Pevt values over all selected events. Two dimensional (mt, kJES)
fits are performed on the likelihood function, and the result 8 is given as

mt(D0-II lepton+jets) = 174.98± 0.58(stat+JES)± 0.49(syst) GeV

= 174.98± 0.76 GeV

For the dilepton channel 9, around 340, 115 and 110 events are selected in the eµ, ee and
µµ final states respectively, within the full D0 RunII data. The presence of two undetected
neutrinos with high pT in the tt̄ decay makes it impossible to fully constrain the kinematics
of the final states. Therefore, a neutrino weighting (NW) technique is developed 9 to generate
an event-based weight function ω, which is computed by comparing the x− and y−components
of the observed E/T with the calculated pT components of the neutrinos integrating over the
neutrino rapidities, for a set of chosen values of hypothesized mt. This way, a distribution
function ω(mt) is yielded, of which the first and second moments [µω, σω] are most sensitive and
used to estimators for likelihood fitting to extract mt as

mt(D0-II dilepton) = 173.32± 1.36(stat)± 0.85(syst) GeV

= 173.32± 1.60 GeV



All the D0 RunI and RunII direct top-quark mass measurements in the lepton+jets and
dilepton channels are combined 10. Taking the statistical and systematic uncertainties and their
correlations among channels into account, the combined D0 average is given as

mt(D0 Average) = 174.95± 0.40(stat)± 0.64(syst) GeV

= 174.95± 0.75 GeV

Following the same combination strategy, the Tevatron average 11 of the CDF and D0 RunI and
RunII measurements is derived as

mt(Tevatron Average) = 174.30± 0.35(stat)± 0.54(syst) GeV

= 174.30± 0.65 GeV

which is corresponding to a relative precision of 0.37%.

Figure 2 – The preliminary Tevatron combination of direct mt measurements

4 The weak mixing angle

The weak mixing angle sin2 θW is one of the fundamental parameters of the SM. It describes
the mixing of the coupling constants of the SU(2) × U(1) gauge group, and consequentially

the relative strength of the axial-vector couplings gfA to the vector couplings gfV in neutral-
current interactions of a Z boson to fermions. At the Born level and in all orders of the on-shell
renormalization scheme, the parameter is related to the W and Z boson masses as sin2 θW =
1 −M2

W /M
2
Z . To include higher order electroweak radiative corrections, flavor-specified weak

mixing angles are defined as

sin2 θfeff =
1

4|Qf |

(
1− gfV

gfA

)



Table 2: Published Tevatron sin2 θleff measurements: the CDF results are given in the frame of NNPDF3.0 and
running NLO radiative corrections, while the D0 is given with NNPDF2.3 and NLO electroweak corrections fixed
at the Z-pole.

sin2 θW ± σstat. ± σsyst. ± σPDF Total uncertainty

CDF-II Z(µµ) 0.2315± 0.0009± 0.0002± 0.0004 ±0.0010

CDF-II Z(ee) 0.23248± 0.00049± 0.00004± 0.00019 ±0.00053

D0-II Z(ee) 0.23147± 0.00043± 0.00008± 0.00017 ±0.00047

It is customary to quote the charged lepton effective weak mixing angle sin2 θleff, which has
been accurately measured from CP-violating observables around the Z boson pole at the LEP
and SLD e+e− experiments 12. The combined LEP and SLD average gives a value of 0.23149±
0.00016. However, there is tension between the two most precise individual measurements:
the LEP b-quark forward-backward charge asymmetry of 0.23221± 0.00029, and the SLD left-
right polarization asymmetry of Z-boson production of 0.23098±0.00026, differ by 3.2 standard
deviations. Therefore, an independent determination of the effective weak mixing angle is an
important precision test of the SM electroweak breaking mechanism.

At the Tevatron, the mixing angle can be measured in the Drell-Yan pp̄ → Z/γ∗ → l−l+

(l = e, µ) process, through a forward-backward charge asymmetry in the distribution of the
emission angle θ∗ of the negatively charged lepton momentum relative to the incoming quark
momentum, defined in the rest frame of the dilepton final state. The number of events within
cos θ∗ > 0 are classified as forward NF , while the number of events within cos θ∗ < 0 as backward
NB, and the forward-backward charge asymmetry is defined by

AFB =
NF −NB

NF +NB

The AFB distribution as a function of the invariant mass of the dilepton system measured from
data, is compared with parameterized leading order (LO) simulation templates to extract the
sin2 θW at Born-level. This extracted value is further interpreted to the effective mixing angle
with certain schemes of the PDF algorithm and the next-to-leading order (NLO) electroweak
radiative corrections. The CDF and D0 Collaborations have achieved precise sin2 θleff measure-

ments in Z → µµ 13 and Z → ee 14,15 final states respectively, with the full Tevatron RunII
data.

The CDF has its two measurements published in schemes of NNPDF3.0 and running NLO
electroweak radiative corrections on the effective mixing angle;while the D0 result of electron
channel is reported in schemes of NNPDF2.3 and NLO corrections fixed at the Z-pole. Convert-
ing the D0 result into the CDF PDF and NLO radiative correction schemes, the three measure-
ments of the CDF electron and muon final states and the D0 electron channel are combined to
give a Tevatron preliminary as

sin2 θleff(Tevatron Preliminary) = 0.23179± 0.00030(stat.)± 0.00017(syst.)

= 0.23179± 0.00035

Recently, the D0 experiment has finished the weak mixing angle measurement in pp̄→ Z →
µµ events collected with RunII 8.6fb−1 data. The effective mixing angle is extracted from the
AFB asymmetry as a function of the dimuon invariant mass around the Z pole, and interpreted
with NNPDF3.0 and NLO electroweak corrections fixed at the Z-pole. The preliminary result 17

of the D0 dimuon measurement is given as

sin2 θleff(D0-II dimuon) = 0.23002± 0.00059(stat.)± 0.00011(syst.)± 0.00027(PDF )

= 0.23002± 0.00066



5 Summary

I have presented the combinations of measurements of the SM fundamental parameters MW ,
mt and sin2 θW performed by the Tevatron CDF and D0 experiments, dominantly with RunII
9.7fb−1 data and RunI results if available. These parameters are extracted by comparing sensi-
tive experimental observables measured from data with those predicted by parameterized sim-
ulations:

Figure 3 – The preliminary Tevatron combina-
tion of sin2 θleff measurements and comparison to
LEP/SLD and LHC experiments.

the W-boson mass is extracted from lepton pT ,
missing energy E/T and transverse mass mT dis-
tributions in the W → lν (l = e, µ) channels; the
top-quark mass is measured by using full kinematic
and topological information of tt̄ events; and the
effective weak mixing angle is measured from the
forward-backward charge asymmetry distributions
in Drell-Yan pp̄ → Z/γ∗ → l−l+ final states. The
preliminary results of Tevatron combinations are

MW = 80387± 16 MeV

mt = 174.30± 0.65 GeV

sin2 θleff = 0.23179± 0.00035

Where the direct mt measurements yield a relative
precision of 0.37%; and the accuracies of the final
Tevatron MW and sin2 θleff results are expected to
be improved with the completeness of CDF and D0
W-boson mass measurements with the full RunII
dataset, and by including the D0 effective mix-
ing angle measurement in dimuon channel, respec-
tively.
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Measurements of the forward-backward asymmetry in the neutral current annihilation process
qq̄ → Z/γ∗ → `+`−, where ` denotes a muon or electron, at the LHC are reported. The
forward-backward asymmetry is measured as a function of the dilepton invariant mass yielding
the effective weak mixing angle. The effective weak mixing angle values of sin2 θlept

eff = 0.2308±
0.0012 and sin2 θlept

eff = 0.2314± 0.0011 are obtained by the ATLAS and LHCb collaborations,
respectively. The results are in agreement with the current world average.

1 Introduction

The electroweak fit of the Standard Model (SM) of particles is overconstrained with the inclu-
sion of the Higgs boson mass in the fit 1. The leptonic effective weak mixing angle and the W
boson mass are predicted to be sin2 θlept

eff = 0.23149 ± 0.00007 and MW = 80.358 ± 0.008 GeV,
respectively, with a precision exceeding that of the corresponding direct measurements. Incon-
sistencies between direct measurements of key electroweak observables and predictions could
indicate physics beyond the SM.

The most precise measurements of sin2 θlept
eff have been performed at the LEP and SLD

electron-positron colliders2. The combination of all these measurements gives a value of sin2 θlept
eff =

0.23153±0.00016. However, there is a tension between the two most precise single measurements
differing by approximately three standard deviations. The SLD polarized left-right asymmetry
measurement gives a value of sin2 θlept

eff = 0.23098± 0.00026, while the forward-backward asym-

metry in b-quark final states at the LEP gives a value of sin2 θlept
eff = 0.23221± 0.00029.

Measurements at the Tevatron and LHC reaching this level of precision will help to resolve
the discrepancy. The CDF measurement of forward-backward asymmetry in the polar angle
distribution of the Drell-Yan (Z/γ∗) lepton pairs in electron and muon final states gives a value

of sin2 θlept
eff = 0.23221± 0.00046 3. The D0 measurement in the electron final state gives a value

of sin2 θlept
eff = 0.23146 ± 0.00047 4. The systematic uncertainties are small compared to the

statistical uncertainties in the CDF and D0 measurements.



2 Forward-backward asymmetry at the LHC

The difference of vector and axial-vector couplings of the Z boson to fermions results in a
forward-backward asymmetry (AFB) in the angular distribution of positively and negatively
charged leptons produced in the Dell-Yan process. The differential cross section at leading order
is given by

dσ

d(cos θ)
= A(1 + cos2 θ) +B cos θ, (1)

where θ is the angle of the negatively charged lepton relative to the quark momentum in the
rest frame of the dilepton system, and A and B parameters depend on the dilepton invariant
mass, the color charge of incoming quarks, and the weak isospin. In addition, the parameter B
depends on the weak mixing angle sin2 θW . The asymmetry AFB is defined as

AFB =
σF − σB

σF + σB
, (2)

where σF denotes the total cross section of the events with cos θ > 0 (forward) and σB denotes
the total cross section of the events with cos θ < 0 (backward).

The lepton pairs in proton-proton (pp) collisions are produced mainly from the annihila-
tion of valence quarks with sea antiquarks. The transverse momentum (pT ) of the incoming
(anti)quark introduces an uncertainty in the AFB measurement as the four-momentum of the
(anti)quark is not determined in the dilepton rest frame. Therefore, the AFB measurements are
performed in the Collins-Soper (CS) frame 5 to minimize the impact of this effect. The z-axis is
aligned with the difference of the incoming proton momentum vectors in the dilepton rest frame
in the CS frame. However, the sign of cos θ is not known as both beams consist of protons at
the LHC. The positive axis is defined to be along the longitudinal boost of the dilepton system
in the laboratory frame taking into account that a valence quark, on average, carries more mo-
mentum than a sea antiquark. The definition, however, does not always yield an incoming quark
having a positive z-axis component of the momentum vector resulting in a dilution of the AFB.
The dilution effect is reduced for larger rapidities where the Z boson has a large longitudinal
momentum and tends to be boosted along the direction of the quark.

3 Measurements of the AFB

Measurements of the AFB have been performed by the ATLAS, CMS, and LHCb collaborations.
Dimuon and dielectron final states have been used by the CMS collaboration in pp collisions at√
s = 8 TeV with a data sample corresponding to an integrated luminosity of 19.7 fb−1 collected

with the CMS detector 6. The AFB measurement is performed as a function of the dilepton
invariant mass between 40 GeV and 2 TeV in four and five dilepton absolute rapidity |y| bins
up to |y| = 2.4 and |y| = 5.0 in the muon and electron final states, respectively. Electrons in
the range of 3 < |η| < 5, where η is the pseudorapidity, are measured by the hadron forward
calorimeters 7.

Dimuon final state has been used by the LHCb collaboration in pp collisions at
√
s = 7 TeV

and 8 TeV with data samples corresponding to integrated luminosities of 1 fb−1 and 2 fb−1,
respectively 11. The AFB measurement is performed as a function of the dimuon invariant mass
between 60 GeV and 160 GeV using muons with pT > 20 GeV and 2.0 < η < 4.6. The kinematic
phase space probed by the LHCb detector 12 reduces the dilution effect discussed in Section 2.

The AFB in dimuon and dielectron final states has also been measured by the ATLAS
collaboration in pp collisions at

√
s = 7 TeV with a data sample corresponding to an integrated

luminosity of 4.8 fb−1 collected with the ATLAS detector 13,14. The measurement is performed
as a function of the dilepton invariant mass between 66 GeV and 1 TeV using central leptons,
and up to 250 GeV in the electron final states where one electron is measured in the range of
2.5 < |η| < 4.9.
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Figure 1 – Measured AFB values in selected rapidity regions with the CMS (top panel), LHCb (middle panel), and
ATLAS (bottom panel) detectors. Inner (outer) vertical bars show the statistical (statistical plus systematics)
uncertainties. The measurements are compared with POWHEG 8,9 and PYTHIA 10 predictions using the world
average value of sin2 θlept

eff . The shaded bands represent the uncertainties in the prediction described in the original
articles 6,11,14.



Figure 1 shows the results for selected rapidity bins. The ATLAS and CMS AFB values
are corrected for the detector resolution, acceptance, and final state radiation effects. The
measurements are consistent with the corresponding Standard Model predictions. The AFB is
large and negative (positive) for dilepton invariant masses below 80 GeV (above 110 GeV) due
to interference with a virtual photon while the AFB is close to zero near the Z boson pole mass
because of the small value of lepton vector coupling to the Z boson. The AFB is diluted less in
the forward rapidity region as discussed above.

4 Measurements of the sin2 θlept
eff with the ATLAS and LHCb detectors

The forward-backward asymmetry values are used to extract the value of the sin2 θlept
eff with most

of the sensitivity coming from the dilepton invariant masses near the Z pole. The measured
AFB also depends on the quark effective weak mixing angle. However, the effect on the AFB is
an order of magnitude smaller than the effect of the sin2 θlept

eff .

Templates of AFB are calculated using different values of sin2 θlept
eff and compared to the

measurement to determine the value of the parameter that best describes the data. The ATLAS
collaboration reports a value of

sin2 θlept
eff = 0.2308± 0.0005(stat.)± 0.0006(syst.)± 0.0009(PDF), (3)

where PDF denotes the uncertainty in the knowledge of the proton parton distribution functions
(PDFs). The LHCb collaboration reports a value of

sin2 θlept
eff = 0.23142± 0.00073(stat.)± 0.00052(syst.)± 0.00056(theo.), (4)

where the theoretical uncertainty includes the uncertainty in the PDF, choice of the renor-
malization and factorization scales, the uncertainty in strong coupling constant αs, and the
implementation of the final state radiation. The dominant experimental systematic uncertainty
is due to electron and muon energy scale and resolution. The measured values by the ATLAS
and LHCb collaborations agree with the other measurements as shown in Figure 2.

The statistical uncertainties of the current sin2 θlept
eff measurements at the LHC are large and

future measurements with more data will result in better precision. Improved measurement
techniques should further improve the precision.

5 Gauge Boson production and PDF

The uncertainty resulting from the knowledge of the PDF is the dominant theoretical uncer-
tainty. For example, the dilution effects depend on the knowledge of sea-to-valence quark ratio
within the accessible Bjorken-x range. The LHCb experiment has smaller theoretical uncertain-
ties as the dilution is small in the forward region of the kinematic phase space. High precision
measurements of the gauge boson production cross sections at the LHC provide further con-
straints on the PDF. ATLAS, CMS, and LHCb collaborations have measured W and Z boson
inclusive total, fiducial, and differential production cross sections and their ratios in pp collisions
at
√
s = 7 TeV, 8 TeV, and 13 TeV. Precise measurements are performed in muon and electron

final states.

The ATLAS collaboration has performed high-precision measurements of the inclusive W±

and Z/γ∗ production cross sections16 using muon and electron final states in pp collisions at
√
s =

7 TeV with a data sample corresponding to an integrated luminosity of 4.6 fb−1. The differential
W± production cross sections and the lepton charge asymmetry A` = (dσ−−dσ−)/(dσ+−dσ−)
are measured as a function of the lepton pseudorapidity of up to η = 2.5. The differential Z/γ∗

production cross sections are measured as a function of the dilepton rapidity of up to |y| < 3.6
in three bins of the dilepton invariant mass.



Figure 2 – Measurements of the sin2 θlept
eff at the LHC and at other colliders 15. The LEP and SLD combined

measurement is shown by the vertical gray band.

The LHCb collaboration has measured the Z/γ∗ production cross section 17 using muon
and electron final states in pp collisions at

√
s = 13 TeV with a data sample corresponding

to an integrated luminosity of 0.294 fb−1. The production cross section is measured for lepton
pseudorapidities in the range of 2.0 < η < 4.5. The LHCb measurements probe low and high
values of Bjorken-x since a longitudinal boost is needed to produce the gauge bosons in the
forward region. The lepton charge asymmetry has also been measured 18,19 using muon and
electron final states in pp collisions at

√
s = 8 TeV with a data sample corresponding to an

integrated luminosity of 2.0 fb−1.

The LHCb collaboration has measured the Z/γ∗ production cross section using muon final
states in pp collisions at

√
s = 13 TeV with a data sample corresponding to an integrated

luminosity of 2.3 fb−1 20. The differential cross sections are measured as a function of dilepton
rapidity of up to |y| < 2.5. The lepton charge asymmetry has also been measured using muon
final states in pp collisions at

√
s = 8 TeV with a data sample corresponding to an integrated

luminosity of 18.8 fb−1 21.

Figure 3 shows a selection of measurements of the lepton charge asymmetry (left column)
and the Z/γ∗ production differential cross sections (right column) with the CMS (top panel),
LHCb (middle panel), and ATLAS (bottom panel) detectors. The lepton charge asymmetry
measurement constrains the valence and sea quark distributions. The measurements show good
agreement with predictions at accuracy of NNLO using different PDF sets. Future measurements
at the LHC with increased precision will provide strong constraints on the PDF.

The ATLAS and CMS collaborations have interpreted these measurements using a QCD
analysis together with the inclusive deep inelastic scattering data from HERA 22. The CMS
collaboration reports a significant improvement in the accuracy of the valence quark distribu-
tions. The ATLAS collaboration reports an accurate determination of strange-to-light sea-quark
densities with larger than expected strangeness fraction of the light sea.
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Figure 3 – Measurements of the lepton charge asymmetry as a function of the lepton pseudorapidity (left column)
and measurements of the Zγ∗ production differential cross sections as a function of the boson rapidity with the
CMS (top panel), LHCb (middle panel), and ATLAS (bottom panel) detectors. The measurements are compared
to NNLO pQCD calculations using different PDF sets.



6 Conclusions

Measurements of the sin2 θlept
eff by the ATLAS and LHCb collaborations agree with previous

measurements at other colliders. The statistical uncertainties are still large and future mea-
surements will provide improved precision. The PDF uncertainties are the dominant theoretical
uncertainties. Precision measurements of the gauge boson production cross sections provide
important constraints on the PDF. Thus, future measurements of the sin2 θlept

eff at the LHC may
become important inputs to the electroweak global fits.
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STUDIES OF DIBOSON PRODUCTION AT LHC
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Diboson production measurements at the LHC are important test of the Standard Model.
They provide important information about the size of the higher order perturbative correction
as well as possibility to indirectly search for new physics. Recent results by the ATLAS and
CMS collaborations are briefly presented.

1 Introduction

So far New Physics (NP) has not been directly seen at the LHC by ATLAS 1 or CMS 2 col-
laborations and precision measurements are more important then ever. Diboson measurements
provide important information that can help to better understand the perturbative higher or-
der corrections and the nature of electroweak symmetry breaking (EWSB). Search for broad
deviations in the high energy tails of the diboson production represents indirect search for NP
beyond direct experimental reach. Results are interpreted as limits on anomalous vector boson
couplings.

2 Inclusive diboson production

Inclusive diboson production is dominated by quantum chromodynamics (QCD) processes and
higher order QCD perturbative corrections can have a large impact on the cross section as well
as on the shape of differential distributions. The ratio for several diboson total and fiducial
production cross section measurements over best available theory prediction from CMS (left)
and ATLAS (right) are shown in Figure 1. Several measurements were performed using 2015
datasets 3,4,5,6,7 and the first measurement with full 2016 dataset was performed by CMS in
ZZ → 4l channel 8 where l is electron or muon. Taking into account that some newest theory
calculations are not included in the summary plot 9,10 of Figure 1 overall there is a good
agreement with the best available theory calculation for both ATLAS and CMS measurements.

With the newest ZZ measurement now all diboson inclusive cross section measurements are
systematics dominated.

Inclusive diboson cross section is sensitive to higher order corrections. WW measurement 3,5

is particularly sensitive since it is performed by applying a jet veto due to large ttbar background.
Jet veto enhances the contribution of soft gluons and efficiency is sensitive to higher-order QCD
corrections. This results with large theoretical uncertainty.

More direct probe of higher order corrections are jet related observables. One can per-
form measurements of cross section in jet bins or differential measurements. Sizable effect from
next-to-next-to-leading order (NNLO) QCD and next-to-leading order (NLO) quantum electro-
dynamics (QED) are expected in high transverse momentum (pT ) and high mass (m) of the
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Figure 1 – Diboson cross section ratio comparison to theory. Theory predictions updated to latest NNLO calcula-
tions where available and compared to predictions in the CMS (left) and ATLAS (right) papers and preliminary
physics analysis summaries.

diboson system. New measurement of ZZ production with full 2016 dataset 8 includes normal-
ized differential measurements in the on-shell region as well as in the extended region including
Z → 4l and higgs boson resonance shown as shown in Figure 2. While dominated by statis-
tical uncertainties differential distribution of a mass of ZZ system is essential for the study of
different production mechanisms. In the on-shell region data shows good agreement with the-
oretical predictions with possible indication of softer transverse momentum of the ZZ system
then predicted by NLO QCD.

Figure 2 – Differential cross sections normalized to the fiducial cross section for the ZZ → 4l decay channels as a
function of the four-lepton mass in the expanded phase space (left) and the four-lepton reconstructed mass with
expected anomalous coupling signature (right) 8.

3 Electroweak diboson production

Particularly interesting mode of diboson production is via electroweak (EWK) processes. These
production modes result with diboson production associated with two forward jets. Production
via vector boson scattering processes can provide insight to the nature of electroweak symmetry
breaking (EWSB). Higher order QED perturbative corrections can have significant effects to
these processes.



Single boson and diboson production associated with 2 jets is dominated by O(α2
S) QCD

processes. This large background to the electroweak production is evaluated from data in control
region or from a simultaneous fit. Characteristic signature of electroweak production includes
two high pT jets in the forward-backward region with large rapidity separation and low hadronic
activity in-between. This allows a separation between QCD and electroweak production. So
far there are no new results with 13 TeV data. At 8 TeV there was an observation of single
boson electroweak production by both ATLAS and CMS collaborations 11,12,13. For the diboson
electroweak production we still await for the first observation. The first differential (statistics
dominated) measurements of the electroweak production are performed in W +2jets channel 13.
Unlike inclusive W + 2jets production for EWK production at higher dijet masses (mjj > 1.5
TeV) predictions give a harder spectrum than observed in the data as shown in Figure 3 (left).
This is a possible signature of missing NLO electroweak corrections. Uncertainty of the fiducial
cross section measurement is dominated by systematic uncertainty with dominant sources from
jet energy scale and resolution and parton distribution function uncertainty.

Several diboson channels were explored with 8 TeV data, including Zγ 14,15. Measurement
15 includes Z → l+l− and Z → νν channels. Cross section of the electroweak production is
extracted using a likelihood fit over the centrality of the Zγ two-body system and shown in
Figure 3 (right) together with Zγ+2jets measurement. Measurement is statistically dominated
as all other diboson electroweak production measurements.
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Figure 3 – Unfolded normalized differential EWK Wjj production cross sections as a function of the leading-jet
pT for the inclusive fiducial region with threshold on the dijet invariant mass of 1.5 TeV 13 (left) and summary
of the measured fiducial cross-sections for the total QCD+EWK process in the control and signal region, and
the EWK-only process in the signal region for the Z(l+l−)γjj channel, and their comparison to the VBFNLO
prediction 14 (right).

4 Anomalous vector boson couplings

One of the consequences of non-Abelian gauge theories are the self-interactions of gauge bosons.
Diboson production processes include these vertices and are therefore sensitive to deviations
from SM.

A search for NP can be done in two ways, either searching for a resonance or searching for
a deviation in the tails of a distribution. Deviations in the tails can be caused by a NP signal
at energy beyond direct experimental reach. Anomalous coupling parameters are used as a



dictionary between SM precision measurements and specific NP model. Parametrization is done
by expansion of SM Lagrangian with additional operators and anomalous coupling parameters.
Anomalous couplings result in an increase of cross section at high energies, invariant mass of
the diboson system and the boson pT are particularly sensitive. Anomalous coupling sensitivity
depends on the diboson channel and is defined by the reach of diboson system invariant mass. In
general, best sensitivity comes from channels with larger branching ratios (semileptonic decays)
and in boosted topology. Large gain in sensitivity is achieved by increase of pp collision energy.

Anomalous triple and quartic gauge couplings have been measured in many diboson pro-
duction channels as well as in electroweak single boson production. Limiting factor is observed
statistics in the tail while systematic and statistical uncertainty of the signal and background
model give second order effects. No significant deviation of data from SM expectation is ob-
served.

First anomalous coupling measurement with the full 2016 dataset was performed in ZZ → 4l
channel 8. Limits are set by performing a fit on the ZZ mass distribution shown in Figure 2
(left). Comparison of all results in ZZ channel are shown in Figure 4.
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Figure 4 – Limits on neutral aTGC ZZγ and ZZZ couplings.

5 Conclusion

LHC Run2 is ongoing and so far more then 40fb−1 of data is collected by ATLAS and CMS
experiments. All inclusive diboson measurements are already systematics dominated and work
is ongoing to decrease experimental uncertainties. These inclusive and differential measurements
are pushing for more precise theoretical calculations (NNLO or 3NLO QCD and NLO EWK).
Indirect search for New Physics is performed with the search for anomalous triple or quartic
vector boson couplings and so far no significant deviation from SM is observed. New results with
13 TeV data demonstrate expected increase in sensitivity with increase of pp collision energy.



In the future we expect to have the sensitivity for first observation of the diboson electroweak
production and new measurements will continue to probe the nature of electroweak symmetry
breaking.
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EWPD in the SMEFT and the O(y2
t , λ) one loop Z decay width
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We discuss one loop corrections ∝ y2t , λ to the partial Z decay widths and ratios of partial
widths in the Standard Model Effective Field Theory. We also review a reparameterization
invariance and the non minimal character of matching onto this theory.

1 Introduction

Electroweak precision data (EWPD) provides information on the interactions of the known
Standard Model (SM) particles around the Electroweak (EW) scale. These measurements supply
a consistency test for the SM or any model that seeks to extend or supplant the SM. It is crucial
to combine this information in a consistent manner with the measurements of the properties of
the Higgs-like (JP = 0+) scalar discovered at the Large Hadron Collider (LHC) to determine
the global constraint picture on the SM, or physics beyond the SM.

When non-SM interactions and states are associated with scales parametrically separated
from the EW scale (Λ� v) one can Taylor expand the effects of Λ on lower energy measurements.
For EWPD measured on the W,Z poles, the momentum scales are effectively limited to p2 '
m2
W ,m

2
Z . Non-analytic structure of the full correlation functions describing these observables is

only generated by the SM states; the new states extending the SM cannot go on-shell as Λ� v.
As a result, one can expand in the ratio v2/Λ2 the effect of this unknown physics into a series of
analytic and local operators, generating the Standard Model Effective Field Theory (SMEFT)

LSMEFT = LSM + L(5) + L(6) + L(7) + ..., L(d) =

nd∑
i=1

C
(d)
i

Λd−4
Q

(d)
i for d > 4. (1)

The operators Q
(d)
i are suppressed by d − 4 powers of the cutoff scale Λ, where the C

(d)
i are

the Wilson coefficients. The number of non redundant operators in L(5), L(6), L(7) and L(8) is
known 1,2,3,4,5,6,7,8. The SMEFT takes advantage of this drastic simplification in how the effects
of physics beyond the SM can appear, due to a separation of scales. The SMEFT separates
the description of the processes under study into the long distance (infrared or IR) propagating



states and their interactions, captured by the operator expansion, and the ultraviolet (or UV)
dependent Wilson coefficients. A model independent analysis treats these Wilson coefficients as
free parameters to be fit from the data, subject to the constraint that the operator expansion is
convergent (i.e. Ci v

2/Λ2 < 1) to retain a predictive theory. By making the IR assumption to
include a Higgs doublet in the EFT, the SMEFT results from this Taylor expansion.

A large number of studies on EWPD, Higgs data, and the combination thereof, have been
done in the SMEFT. Many of these studies are correct despite the conflicted literature. The
different conclusions found are due to different analysis choices, the treatment (or neglect) of
theoretial errors in the various works, and different UV assumptions. The less model indepen-
dent conclusions, that neglect essential theoretical errors, are more constrained. The results
presented here aim to develop a more comprehensive and model independent understanding of
the constraints of EWPD measurements projected onto the SMEFT.

In this proceeding, the general constraint picture in EWPD is reviewed in Section 2. The
utility of the SMEFT to examine and quantify measurement bias when interpreting the data
outside of the SM is discussed in Section 2.1. The effect of loop corrections ∝ y2

t , λ is discussed
in Section 3. A subtle reparameterization invariance that explains the highly correlated Wilson
coefficient space in the SMEFT is discussed in Section 4. Finally, some comments on the non-
minimal character of the SMEFT and universal theories are made in Section 5.

2 General SMEFT constraint picture

Most analyses of EWPD are still performed using the S,T formalism, which parameterizes a few
common corrections to the two point functions of the massive guage bosons (ΠWW,ZZ,γZ) as 9

α̂(mZ)

4 ŝ2
Z ĉ

2
Z

S ≡ Πnew
ZZ (m2

Z)−Πnew
ZZ (0)

m2
Z

− ĉ2
Z − ŝ2

Z

ĉZ ŝZ

Πnew
Z γ (m2

Z)

m2
Z

−
Πnew
γ γ (m2

Z)

m2
Z

, (2)

α̂T ≡ Πnew
WW (0)

m2
W

− Πnew
ZZ (0)

m2
Z

. (3)

One calculates ΠWW,ZZ,γZ in a model and uses global fit results on S,T to constrain the model.
This can only be done if the conditions on the global S,T EWPD fit are satisfied; that vertex
corrections due to physics beyond the SM are neglected - giving the “oblique” qualifier 10. The
SM Higgs couples in a dominant fashion to ΠWW,ZZ when generating the mass of the W,Z
bosons, and has small couplings to the light fermions, satisfying the oblique assumptions. LHC
results indicate the W,Z bosons obtain their mass in a manner that is associated with the
Higgs-like scalar. Corrections to ΠWW,ZZ can be included for the SM, or more generally 11

due to this scalar. Once this is done, there is no strong theoretical support to maintain an
oblique assumption using EWPD to constrain new physics scenarios. Transitioning away from
this assumption to a SMEFT analysis permits the determination of higher order corrections
when interpreting EWPD, see Section 3. Finally, the essential problem overcome by adopting
a consistent SMEFT analysis is that the oblique assumption is not field redefinition invariant.
The SM equation of motion (EOM) for the gauge fields are

[Dα,Wαβ]I = g2
1

2
q τ Iγβq +

1

2
l τ Iγβl +

1

2
H† i
←→
D I

βH (4)

DαBαβ = g1

∑
ψ

ψ yiγβψ +
1

2
H† i
←→
D βH. (5)

Where H† i
←→
D βH = iH†(DβH) − i(DβH)†H, ψ = {u, d, q, e, l}, τ I is the Pauli matrix, and

H† i
←→
D I

βH = iH†τ I(DβH) − i(DβH)†τ IH. A change of variables in the path integral can be
used to map the effects of physics beyond the SM represented in the SMEFT from ΠWW,ZZ,γZ ,
to vertex corrections, as the different terms in Eqns.4,5 transform the same way under SU(3)×



SUL(2) × UY(1). In the S, T approach, some of these corrections are retained, and others
are neglected by assumption. Deviations characterised by higher dimensional operators in the
SMEFT are described in a operator basis chosen by using the EOM (including Eqns.4,5), to
reduce from an over-complete Lagrangian to a reduced non-redundant basis. Attempts to trans-
late the oblique condition into a requirement to use a particular operator basis by using these
EOM relations, are afficted with terminal internal inconsistencies, and limited to describing UV
scenarios sometimes known as “universal theories” 12. See Section 5 for more discussion.

Dropping these assumptions leads to the SMEFT analysis of EWPD. First a model is mapped
to the SMEFT Wilson coefficients in a tree or loop level matching calculation. Then model
independent global fit results are used to constrain the Wilson coefficients. Works to analyse
EWPD with a focus on EFT methods in a proto-SMEFT setting appeared long ago 13,14. The
analysis of Han & Skiba14 identified unconstrained directions in the EWPD set, and maintained
a sober judgement of the degree of constraint on the highly correlated Wilson coefficient space.
Recent analyses still find that the EWPD Wilson coefficient space is highly correlated.15,16,18,19,20

It is required to include data from ψ̄ψ → ψ̄ψψ̄ψ scattering to lift the flat directions present in
the Wilson coefficient space 14, for example when using the warsaw operator basis 2 as can be
understood to follow from a reparameterization invariance, see Section 4. The Wilson coefficients
of the warsaw basis operators are labeled as Ci and we refer the reader to this reference for the
explicit operator definitions. In determining the constraints on the Wilson coefficients of the
SMEFT, one chooses an input parameter set, and predicts EWPD observables. In the Z,W
pole results 15,16 the mapping is

{m̂Z , m̂h, m̂t, ĜF , α̂ew, α̂s,∆α̂} → {mW , σ
0
h,ΓZ , R

0
` , R

0
b , R

0
c , A

`
FB, A

c
FB, A

b
FB}, (6)

through LSMEFT . Here the hat suprescript indicates an input parameter. A SMEFT fit proce-
dure is as follows. A set of observables is denoted Oi, Ō

LO
i , Ôi for the SM prediction, SMEFT

prediction to first order in the C(6), and the experimental value respectively. Assuming the
measured value Ôi to be a gaussian variable centred about Ōi, the likelihood function (L(C))
and χ2 are

L(C) =
1√

(2π)n|V |
exp

(
−1

2

(
Ô − ŌLO

)T
V −1

(
Ô − ŌLO

))
, χ2 = −2Log[L(C)], (7)

where Vij = ∆exp
i ρexpij ∆exp

j + ∆th
i ρ

th
ij∆th

j is the covariance matrix with determinant |V |. ρexp/ρth
are the experimental/theoretical correlation matrices and ∆exp/∆th the experimental/theoretical
error of the observable Oi. This approach is necessarily an approximation, with neglected effects
introducing a theoretical error.15,16,17 The theoretical error ∆th

i for an observable Oi is defined as

∆th
i =

√
∆2
i,SM + (∆i,SMEFT ×Oi)2, where ∆i,SM , ∆i,SMEFT correspond to the absolute SM

theoretical, and the multiplicative SMEFT theory error. The χ2 is

χ2
C6

i
= χ2

C6
i ,min

+
(
C6
i − C6

i,min

)T I (C6
i − C6

i,min

)
, (8)

where C6
i,min corresponds to the Wilson coefficients vector minimizing the χ2 and I is the Fisher

information matrix. The resulting fit space of the C6
i is highly correlated 15,16,19, with recent

results 20 shown in Fig.1. The effect of modifying the input parameters: {α̂ew,∆α̂} → m̂W

was been recently examined 20, which does not change this conclusion. The Fisher matricies of
the SMEFT fit space allow the constuction of the SMEFT χ2 function. These matricies were
developed in a fit using 177 observables 15,16,19,20 and are available upon request.

2.1 Characterizing and testing for measurement bias

The results shown in Fig.1 were obtained in a global fit in the limit ∆i,SMEFT → 0, but
theoretical errors exist in the SMEFT. These theoretical errors have a number of sources:



• The novel interactions present can bias the projection of a measurement onto the C6
i space.

• The neglect of higher order terms in the SMEFT operator expansion introduces a trunca-
tion error when combining data sets.

• The scale dependence of the SMEFT operators, and the neglect of loop corrections involv-
ing these operators, introduces a truncation error combining data sets.
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Figure 1 – Color map of the correlation matrix among the Wilson coefficients, obtained assuming zero SMEFT
error, for the {α̂, m̂Z , ĜF } input scheme (left) and for the {m̂W , m̂Z , ĜF } input scheme (right).

For point one, non-SM physics effects are limited to an analytic and local form by the
Taylor expansion leading to the SMEFT, and can be examined to characterize the leading
sources of measurement bias. The conclusion is that this bias is under control in EWPD pole
measurements.15,22 This illustrates the power of the SMEFT to develop model independent
conclusions.

In the case of LEP Z pole data, the challenge is due to the projection of LEP constraints
onto the local contact operators appearing in tree level modifications of ψ̄ψ → Z → ψ̄ψ, while
neglecting the interference with ψ̄ψψ̄ψ operators. If LEP Z pole data was defined exactly on
the Z resonance peak, this interference is known to vanish 15,14. However, LEP data combines
40 pb−1 of off-peak data with 155 pb−1 of on-peak data 21. The interference effects due to ψ̄ψψ̄ψ
scale as ∼ (mZ ΓZ/v

2) times a function of this ratio of off/on peak data 15. The corresponding
uncertainty does not disable using EWPD to obtain ∼ % level constraints on the C6

i .

In the case of mW
23,24, the SMEFT can be used to decompose the perturbations due to

local contact operators into directions perpendicular and parallel to the overall normalization
of the transverse variable spectra used to extract m̂W . The measurements are done choosing to
have a floating normalization. The SM theoretical errors 22 dominate the measurement bias due
to this choice, as shown in Fig.2. This extends a SM error analysis of these measurements 25 to
a model independent conclusion 22.

3 Loop corrections to Z decay

The SMEFT allows one to combine data sets into a global constraint picture, but one loop
calculations in this theory are required to gain the full constraining power of precisely measured
observables. In the case of O(y2

t , λ) corrections to {ΓZ ,ΓZ→ψ̄ψ,ΓhadZ , R0
` , R

0
b}, about thirty loops



Figure 2 – The bias mest
W −m0

W on the estimated W -mass relative to input mass in a fit to (a) the mT -distribution
and (b) the pT`-distribution, due to the presence of SMEFT operators. The SMEFT contribution is decomposed
into δΓ|| and δΓ⊥. Note that this 1-d scan of the parameter space is only an approximation to a multi-dimensional

parameter scan varying m̂W , Γ̂W simultaneously.

were determined 26 mapping the input parameters to these observables, while retaining the
mt,mh mass scales in the calculation. The renormalization of the L6 operators in the warsaw
basis 27,28,29,30 is used in this result, which simultaneously provides a check of the terms ∝ y2

t , λ
that appear in these observables 26. These calculations define a perturbative expansion of the
observables used in EWPD

Ōi = ŌLOi (C6
i ) +

1

16π2

(
F1[C6

j ] + F2[λ,C6
k ] log

µ2

m̂2
h

+ F3[y2
t , C

6
l ] log

µ2

m̂2
t

)
+ · · · (9)

The LO results depend on ten Wilson coefficients in the warsaw basis, defining Ci, and dim(Cj) 6=
dim(Ck) 6= dim(Cl) > dim(Ci) in general. At one loop, considering O(y2

t , λ) corrections the
following new SMEFT parameters appear 26

{C(1)
qq , C

(3)
qq , C

(1)
qu , Cuu, C

(1)
qd , C

(1)
ud , C

(1)
`q , C

(3)
`q , C`u, Cqe, Ceu, CHu, CHB + CHW , CuB, CuW , CuH}.(10)

The number of parameters exceeds the number of EWPD measurements. EWPD is important
to incorporate into the SMEFT as for a few observables ∆exp

j ∼ 0.1%. When

Oi + ŌLOi (C6
i )− Ôi > ∆exp

j Ôi, (11)

these corrections can have a significant effect on the interpretation of EWPD. If this is the
case depends on the values of the UV dependent Wilson coefficients. For Z pole EWPD mea-
surements, one can fix µ = m̂Z , but the new parameters are still present. In principle, EFT
techniques can sum all of the logs that appear relating various scales. However, the extraction
and prediction of EWPD in the SMEFT is a multi-scale problem 0 � m̂2

µ � m̂2
Z < m̂2

h < m̂2
t

and this requires fairly epic calculations be performed. Mapping the Wilson coefficients to the
matching scale µ ∼ Λ one can infer the degree of constraint on the underlying theory. Recent
results are renormalized at the scale µ ∼ Λ to allow a direct examination of this question.26

A number of technical hurdles were overcome in this calculation.26 For example, evanescent
scheme dependence resulting from defining γ5 in various ways in d dimensions appeared in a
novel manner. A number of further technical hurdles remain in the way of determining the
remaining one loop corrections to the full set of EWPD observables, so our conclusions are
limited to the partial O(y2

t , λ) results known. These results establish that LEP data does not



constrain the SMEFT parameters appearing at tree level in EWPD to the per-mille level in a
model independent fashion.

When using the constraints resulting from EWPD to study LHC data, one must run the
determined constraints on Ci,j,k,l(mZ) to the various LHC measurement scales. This “fuzzes”
out the constraints due to EWPD when mapping between the data sets by renormalization
group equation (RGE) running. It is not advisable to set C6

i (µ) = 0 in LHC analyses to attempt
to incorporate EWPD constraints for all of these reasons. Doing so introduces inconsistencies
which defeats the purpose of the SMEFT approach. The challenge of combining EWPD with
Higgs data requires further development of the SMEFT. The results discussed here are part of
a one loop revolution in SMEFT calculations 31,32,33,34,35,36.

4 SMEFT reparameterization invariance

Even with the emergence of the SMEFT over the last few years, the existence of unconstrained
directions in certain operator bases (when considering EWPD) has caused enormous confusion.
The physics of these unconstrained directions is now understood in an operator basis inde-
pendent manner.20 A massive vector boson can always be transformed between canonical and
non-canonical form in its kinetic term by a field redefinition without physical effect, due to a
corresponding correction in the LSZ formula. Such a shift can be canceled by a corresponding
shift in the V ψ̄ψ coupling. The same set of physical scatterings can be parameterized by an
equivalence class of fields and coupling parameters in the SMEFT as a result 20

(V, g)↔
(
V ′ (1 + ε), g′ (1− ε)

)
, (12)

where ε ∼ O(v2/Λ2). We refer to this as SMEFT reparameterization invariance. Denoting
〈· · · 〉SR

as the class of ψ̄ψ → V → ψ̄ψ matrix elements, the following operator relations follow
from the SM EOM in Eqn.4 (here yi denotes the hypercharge of state i)

〈yh g2
1QHB〉SR

= 〈
∑
ψ

yk g
2
1 ψκ γβψκ (H† i

←→
D βH) + 2 g2

1 QHD −
1

2
g1 g2QHWB〉SR

, (13)

〈 g2
2QHW 〉SR

= 〈g2
2 (q τ Iγβq + l τ Iγβl) (H† i

←→
D I

βH)− 2 g1 g2 yhQHWB〉SR
. (14)

Because of the reparameterization invariance, a Wilson coefficient multiplying the left hand
side of these equations is not observable in ψ̄ψ → ψ̄ψ scatterings. The invariance of S matrix
elements under field configurations equivalent by use of the EOM means the corresponding fixed
linear combinations of Wilson coefficients that appear on the right-hand sides of these equations
are also not observable in the SR matrix elements. The SR class of data is simultaneously
invariant under the two independent reparameterizations (defining wB,W ) that leave the products
(g1Bµ) and (g2W

i
µ) unchanged. The unconstrained directions in the global fit, developed as

described in Section 2 in the {α̂, m̂Z , ĜF } input scheme, are found to be

w1 =
v2

Λ2

(
1

3
CHd − 2CHD + CHe +

1

2
C

(1)
Hl −

1

6
C

(1)
Hq −

2

3
CHu − 1.29(C

(3)
Hq + C

(3)
Hl ) + 1.64CHWB

)
, (15)

w2 =
v2

Λ2

(
1

3
CHd − 2CHD + CHe +

1

2
C

(1)
Hl −

1

6
C

(1)
Hq −

2

3
CHu + 2.16(C

(3)
Hq + C

(3)
Hl )− 0.16CHWB

)
.(16)

These unconstrained directions have their origin in SMEFT reparameterization invariance, as
they can be projected into the vector space defined by wB,W as 20

w1 = −wB − 2.59wW , w2 = −wB + 4.31wW . (17)



5 The non-minimal character of the SMEFT

LHC data is now enabling a SMEFT approach to physics beyond the SM. Does it nevertheless
make sense to only retain a few operators, not a general SMEFT, in a global analysis? It is
interesting to avoid fine tuned cases when examining the question of how extensively the SMEFT
can be reduced to a smaller subset of operators. Considering new physics sectors approximately
respecting the global symmetry group U(1)B⊗U(1)L⊗ SU(3)5, and a discrete CP symmetry to
accommodate flavour and EDM data, a study the non-minimal character of the SMEFT finds 37

• The RGE of the SMEFT 27,28,29,30 indicates that the full theory should be used in a
consistent analysis considering one loop effects.

• To reduce the operator profile in the SMEFT in tree level matchings, heavy field content
charged under the SM gauge groups with non-trivial representations is generally required.

• Heavy fermion fields generate a large number of operators matching to the SMEFT. Heavy
vector fields with nontrivial U(1)Y charges, forbid the three point vector self interaction.
As a result, these vectors have a cut off scale proximate to their introduced mass as
scattering amplitudes of these vectors scale as A ∝ s2/m4

V , leading to the expectation of a
large number of operators due to non-perturbative matchings. Heavy scalars can generate
the single operator (H†H)3, but if a mechanism is required to generate the heavy mass
scales in the UV sector, multiple operators also result.

The non-minimal character of the SMEFT37 largely follows from demanding a mechanism be
defined to generate UV masses Λ� v, so that a consistent IR limit can be defined for matching.

5.1 Do universal theories exist?

A universal theory assumption 12 is sometimes invoked as an alternative to a SMEFT analysis.a

A fully defined mechanism of dynamical mass generation in a UV sector has never been demon-
strated to be consistent with this assumption, to define a consistent IR limit.b Universal theories
have been motivated by considering the coupling of B′µ,W

′
µ states to the full gauge currents on

the right hand side of Eqn.4,5. Retaining the operators ([Dα,Wαβ]I)2, (DαBαβ)2 in an L6 basis,
then captures a tree level universal effect at µ ∼ Λ. Non-perturbative matching effects due to a
strongly interacting B′µ,W

′
µ mass generation sector, including non-universal effects, can also be

generated at this scale. If a UV Higgs mechanism is invoked to generate the B′µ,W
′
µ masses, one

can study a limit where this Higgs′ state is integrated out, generating a UV chiral Lagrangian
to embed the B′µ,W

′
µ states in, and subsequently match to the lower energy EFT. Operators

characterizing non-universal effects are present, and the assumed embedding of the SM fermions
in the UV sector plays a central role in determining the scaling of the Wilson coefficients. A
proof that non-universal effects can be neglected in a well defined framework where the B′µ,W

′
µ

masses are dynamically generated is not available in the literature. In any case, assumed uni-
versal theories generate non-universal theories 40,41 using the renormalization group to run the
operators matched onto from Λ→ m̂z.

6 Conclusions

The SMEFT is a theory of SM deviations that allows the study of LHC data in a unified
framework with EWPD, and other lower energy measurements. This framework is systematically

aThe author is aware of Hinchliffe’s rule.
bNonuniversal effects are present in extra-dimensional scenarios 38. These effects depend on the fermion and

Higgs embedding in the extra-dimensions in a sensitive manner38,39 allowing a vanishing of such effects in a rather
particular limit 39. Subsequently, these corrections were dropped from EWPD analyses in these frameworks and
these theories were argued to be universal in character.



improvable and requires further development to gain the most from combining EWPD and LHC
data. This theory is undergoing a rapid development, some of which was reviewed here.
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W boson mass measurement

N. ANDARI On behalf of the ATLAS and CMS Collaborations
Department of Physics and Astronomy, University of Birmingham, B15 2TT, England

I describe the first measurement of the W boson mass at the LHC performed using 4.6 fb−1

of proton–proton collision data recorded in 2011 at a centre-of-mass energy of 7 TeV with the
ATLAS detector, as well as the W-like Z boson mass measurement performed by the CMS
collaboration. The measured W boson mass in ATLAS is 80370±19 MeV, consistent with the
Standard Model prediction and with the world average obtained from the combination of the
LEP and Tevatron measurements. The ATLAS result is currently the most precise individual
measurement of the W boson mass. The overview of the analyses is given with an emphasis
on the ATLAS result.

1 Introduction

The loop-induced radiative corrections to the W boson mass in the electroweak (EW) sector of
the Standard Model (SM) 1,2,3 are dominated by the running of the electromagnetic coupling
due to light-quark loops, and the contribution from top (and bottom) quarks and Higgs bosons
loops in the W boson propagator. Therefore, probing the relation between the W boson, top and
Higgs boson masses provides a stringent test of the consistency of the SM. The global EW fit
predicts mW= 80358 ± 8 MeV4 setting a natural goal of 8 MeV for the precision of the W boson
mass measurement. Currently, the world average value of the W boson mass is mW=80385 ± 15
MeV 5 obtained from the combination of the LEP and Tevatron results, with the most precise
single measurement provided by the CDF collaboration with an uncertainty of 19 MeV 6.

The measurement of the W boson mass is particularly challenging at the LHC as compared
to the LEP and Tevatron experiments, due to the large number of interactions per beam cross-
ing and to the significant contributions of second-generation quarks to W boson production,
where 25% of the inclusive W boson production rate is induced by at least one s or c quark.
Recently, the first measurement of mW at the LHC collider was performed by the ATLAS collab-
oration7,8, using data recorded in 2011 at a centre-of-mass energy of 7 TeV. The W boson decays
into an electron or muon and a neutrino are considered. The mass is obtained by reconstructing
the Jacobian edges of the final-state kinematic distributions, the transverse momentum of the
charged lepton and the W boson transverse mass. The measurement requires an accurate cali-
bration of the detector response and a well defined physics modelling. A W-like measurement of
the Z boson mass using dimuon events collected in proton–proton collisions at a centre-of-mass
energy of 7 TeV was performed by the CMS collaboration 9,10 as a first step towards a W boson
mass measurement.

An overview of the W boson mass measurement in ATLAS is given, the strategy is described in
section 2, the experimental aspects of the measurement are discussed in section 3, the theoretical
ones are discussed in section 4. Section 5 summarises the results of the Z boson mass measure-



ments in ATLAS and CMS, the W boson mass measurement in ATLAS and the corresponding
uncertainties.

2 Strategy of the measurement

Since it is not possible to fully reconstruct the W boson mass, the measurement relies on mass-
sensitive final state variables, the transverse momentum of the charged lepton p`T and the W

boson transverse mass mT. mT is commonly defined as mT =
√

2p`Tp
miss
T (1− cosφ) where ~pmissT

is the neutrino missing transverse momentum and φ is the opening azimuthal angle between
the charged lepton and missing transverse momenta. The neutrino missing transverse momen-
tum is defined as ~pmissT = −(~uT + ~p`T), the hadronic recoil, ~uT, being the vector sum of the
transverse energy of all clusters reconstructed in the calorimeters excluding the lepton deposits.
Predictions of these final-state distributions for different values of mW are obtained by reweight-
ing the W boson invariant mass distribution in the simulated reference sample according to a
Breit-Wigner distribution. These distributions, referred to as templates, are compared to the
observed distributions and a χ2 minimisation is performed to extract the best fit template and
the corresponding measured W boson mass.

The event selection requires exactly one reconstructed lepton (electron or muon) in the de-
tector acceptance with ~p`T > 30 GeV, passing identification and isolation criteria. The leptons
are required to match the corresponding trigger selection. In addition, the following cuts are
applied: uT < 30 GeV, pmissT > 30 GeV and mT > 60 GeV. With these selections, a total of
5.89×106 of W boson candidates are selected in the electron decay channel and 7.84×106 in the
muon decay channel.

The final W boson mass is obtained from the combination of the electron and muon decay chan-
nels and of the charges and lepton pseudorapidity (η) categories. Fitting ranges of 32< p`T <45
GeV and 66< mT < 99 GeV, optimised to minimise the total expected measurement uncertainty,
are used to derive the W boson mass. The Z boson sample is used to validate the analysis and
to provide significant experimental (lepton and recoil calibration) and theoretical constraints
(using ancillary measurements).

3 Experimental precision

3.1 Lepton calibration

The procedures used in the W mass analysis for lepton calibration rely mainly on the published
results by ATLAS 11,12, based on W and Z samples at centre-of-mass energies of 7 and 8 TeV.
Lepton momentum and energy corrections are derived exploiting the precisely measured value of
the Z boson mass at LEP 13. Identification and reconstruction efficiency corrections are derived
from W and Z boson events using the tag-and-probe method.

Muon momentum scale and resolution corrections are derived using Z → µµ decays. The
linearity of the scales is checked by probing the muon momentum scale corrections as a function
of 1/pT of the muons in various η ranges. The remaining non-linearity is considered as a system-
atic uncertainty and dominates the systematic uncertainty in the muon momentum scale. The
systematic uncertainty in the resolution corrections is dominated by the statistical uncertainty
of the Z boson sample.
Sagitta bias corrections are derived from the combination of two methods using the peak of
the invariant mass distribution in Z → µµ events and the ratio of the measured energy in the
calorimeter to the electron momentum measured in the inner detector in W → eν events. The
combined uncertainty is dominated by the finite size of the Z boson sample. The muon efficiency



corrections are derived as a function of p`T and η separately for positive and negative charges.
The dominant uncertainty is the statistical uncertainty of the Z boson sample.

Combining the different η categories, the total muon calibration and efficiency uncertainty in
the W boson mass is 9.8 MeV when estimated using the p`T distribution and 9.7 MeV using
mT. The comparison in data and simulation of the dimuon invariant mass and the muon pseu-
dorapidity distributions after applying corrections for momentum scale and resolution, and for
reconstruction, isolation and trigger efficiencies, shows a very good agreement even in the tails
of the mass lineshape.

The electron energy scale and resolution calibration uses Z boson events. The main differ-
ence with regards to the procedure used in the ATLAS Run 1 electron calibration paper 11 is
the exclusion of the range 1.2< |η| < 1.82, as the amount of passive material in front of the
calorimeter and its uncertainty are largest in this region. In addition, corrections are derived
for the azimuthal variations of the electron-energy response due to gravity-induced mechanical
deformations of the electromagnetic calorimeter, especially in the endcaps. Electron reconstruc-
tion, identification and trigger efficiency corrections are derived using W → eν, Z → ee and
J/ψ → ee events as a function of the electron pT and η 14.

The comparison in data and simulation of the dielectron invariant mass and the electron pseu-
dorapidity distributions in Z events, after applying corrections for energy scale, resolution and
reconstruction, identification, isolation and trigger efficiencies, shows a very good agreement.
The total systematic uncertainty due to the electron calibration and efficiency after combining
the η categories is about 14 MeV on the W boson mass as derived from p`T or mT distributions.

3.2 Hadronic recoil calibration

The hadronic recoil has to be precisely calibrated, as it affects mostly the determination of the W
boson mass through its impact on the mT distribution where it enters directly in the definition
of mT, and only slightly for p`T through the selection cuts. The hadronic recoil is highly sensitive
to the pileup as well as to the underlying event activity. The calibration of the recoil corrects
first for the modelling of the overall event activity in simulation, separately in the W and Z
boson samples, which causes a recoil resolution mismodelling and as a second step for residual
discrepancies in the recoil response and resolution derived using Z boson events in data, and
transferred to the W boson sample. The uncertainties from the hadronic recoil calibration affect
the W boson mass by 2.6 MeV when fitting the p`T distribution and by 13 MeV for mT.

3.3 Backgrounds in the W boson sample

Background contributions to the W boson event sample from Z boson, boson pair, W → τν and
top-quark production are estimated using simulation. Contributions from multijet production
are estimated with data-driven techniques. The estimation of the multijet background contribu-
tion follows similar procedures in the electron and muon decay channels, and relies on template
fits to kinematic distributions in background-dominated regions. Three different observables,
pmissT , mT and p`T/mT, are used. Templates of the multijet background distributions for these
observables are obtained from data by inverting the lepton energy-isolation requirements. The
multijet background fraction is 0.6-1.7% and 0.5-0.7% depending on the η region in the electron
channel and muon channel respectively.

4 Physics modelling

There is no single generator able to describe the various observed distributions. The simulated
samples of inclusive vector-boson production are based on the Powheg MC generator interfaced
to Pythia 8, henceforth referred to as Powheg+Pythia 8. Ancillary measurements of Drell–Yan



processes are used to validate (and tune) the model and to assess systematic uncertainties. The
W and Z boson samples are reweighted to include the effects of higher-order QCD and EW
corrections, as well as the results of fits to measured distributions which improve the agreement
of the simulated lepton kinematic distributions with the data. The correction procedure is based
on the factorisation of the fully differential leptonic Drell-Yan cross section into four terms:

dσ

dp1 dp2
=

[
dσ(m)

dm

] [
dσ( y)

dy

] [
dσ(pT, y)

dpTdy

(
dσ(y)

dy

)−1] [
(1 + cos2 θ) +

7∑
i=0

Ai(pT, y)Pi(cos θ, φ)

]
, (1)

where p1 and p2 are the lepton and anti-lepton four-momenta; m, pT, and y are the invariant
mass, transverse momentum, and rapidity of the dilepton system; θ and φ are the polar angle
and azimuth of the leptona in any given rest frame of the dilepton system; Ai are angular coef-
ficients, and Pi are spherical harmonics of order zero, one and two.

The differential cross section as a function of the invariant mass, dσ(m)/dm, is modelled with
the Breit-Wigner analytic formula. For the other terms, the signal simulation is reweighted
according to various accurate predictions :

• The differential cross section as a function of rapidity, dσ(y)/dy, is modelled with pertur-
bative QCD fixed-order NNLO prediction.

• The boson pT at a given rapidity is modelled with Pythia 8 using the AZ tune 15.

• The polarisation coefficients, Ai, are modelled with perturbative QCD fixed-order NNLO
prediction.

4.1 Electroweak corrections

The dominant source of EW corrections originates from QED final-state radiation (FSR) and is
included in the simulated samples with PHOTOS. The associated systematic uncertainties are
negligible. The QED initial-state radiation (ISR) is included through Pythia 8 parton shower
(PS). Pure weak corrections due to virtual-loop and box diagrams, interferences between QED
FSR and ISR and final-state emissions of lepton pairs are not included in the simulation and
are considered as systematic uncertainties. The total uncertainties are similar in the electron
and muon channels and amount to about 5 MeV for p`T and 3 MeV for mT.

4.2 QCD corrections

Fixed-order predictions at NNLO are used to model the differential cross section as a function
of boson rapidity and the angular coefficients as a function of the transverse momentum and
rapidity of the boson. For the rapidity, the model is validated by checking its agreement with
the 7 TeV ATLAS W and Z differential cross section measurements 16. These data show a
weaker suppression of strangeness compared to the u-, d-quark sea densities in the PDF, which
motivates the choice of the CT10nnlo PDF set for the baseline model. The other PDF sets
which show a reasonable agreement with the data, MMHT14nnlo and CT14nnlo, are used to
assess the uncertainties.

The modelling of the Ai coefficients is validated by comparing with the 8 TeV measurement
of the angular coefficients in Z boson decays 17. The accuracy of the Z data is propagated as an
uncertainty in the W boson mass. Good agreement between the measurements and the NNLO
predictions is observed for the relevant angular coefficients, except for A2, for which the full

aHere, lepton refers to the negatively charged lepton from a W− or Z boson, and the neutrino from a W+

boson.



discrepancy is taken as an uncertainty.

The W boson transverse momentum at a given rapidity is modelled with Pythia 8 PS generator.
The QCD parameters of the PS model were determined by fits to the transverse momentum
distribution of the Z boson measured at 7 TeV 15. More advanced calculations, like resummed
predictions (DYRES, CuTe, Resbos) and Powheg MiNLO+Pythia 8, were tried but found to pre-
dict a much harder W boson transverse momentum for a given Z boson transverse momentum.
To validate the choice of Pythia 8 as a reference model for the W boson mass measurement, the
distribution of the parallel projection of the recoil along the lepton direction, a variable sensitive
to pT, is compared between data and the different predictions. These advanced calculations
were strongly disfavoured by the data while PS predictions like Pythia 8, Herwig 7 and also
Powheg+Pythia 8 show a very nice agreement.

To assess the systematic uncertainties from Z to W extrapolation, the ratio of boson trans-
verse momenta is considered:

RW/Z(pT) =

(
1

σW

dσW (pT)

dpT

)(
1

σZ

dσZ(pT)

dpT

)−1
(2)

Uncertainties in the parton shower predictions include :

• accuracy of the Z data used in the Pythia 8 AZ tune

• c-quark and b-quark mass variations

• factorisation scale variation in the QCD ISR, decorrelating W and Z for the heavy flavour
initiated production while correlating for the light quark production

• Leading order PS PDF variations, considering the maximum deviation on pWT /p
Z
T arising

from different PDF sets compared to the nominal LO PDF set used in Pythia 8 CTEQ6L1:
CT14lo, MMHT2014lo and NNPDF2.3lo PDF sets.

The uncertainty from the PDFs on the fixed-order predictions dominate the total uncertainty
in the measurement and amounts to 8.0 MeV in the p`T fit, and to 8.7 MeV in the mT fit. These
PDF variations are applied simultaneously to the boson rapidity, polarisation and transverse
momentum. The PDF uncertainties are strongly anti-correlated between W+ and W− due to
the fact that the total light-quark sea PDF is well constrained by deep inelastic scattering data,
whereas the u-, d-, and s-quark decomposition of the sea is less precisely known.

5 Results

5.1 Z mass measurement

The detector response corrections and the physics modelling are validated by performing the
measurement of the Z boson mass using the same method to determine the W boson mass and
comparing it to the LEP combined value of mZ = 91187.5 ± 2.1 MeV. This method provides
a closure test of the lepton calibration when using the lepton-pair invariant mass, and a test
of the pT dependence of the calibration and efficiency corrections and the modelling of the Z
boson transverse momentum and of the relative fractions of Z boson helicity states when using
p`T. The extraction of mZ from the mT distribution, where it is defined in Z boson events by
treating one of the reconstructed decay leptons as a neutrino, referred to as W-like Z boson
mass measurement, checks the recoil calibration. The precision of this validation procedure is
limited by the statistics of the Z boson sample. The combined extraction of mZ from the p`T
distribution yields a result compatible with the LEP value within 0.9 standard deviations. The
compatibility from the mT distribution is about 1.5 standard deviations. The consistency tests
based on the Z boson sample agree with the expectations within the uncertainties.



5.2 W-like CMS Z boson mass measurement

A similar Z boson mass measurement was performed by the CMS collaboration as a first mile-
stone towards a W boson mass measurement. The analysis uses a sample of W-like events, i.e
Z → µµ events where one of the muons has been removed to mimic the W → µν topology,
in 2011 data at a centre-of-mass energy of 7 TeV. The phase space is defined by the following
selection cuts: 30 < pµT < 55 GeV, 30 < pmissT < 55 GeV, 60 < mT < 100 GeV, uT < 15 GeV and
pZT < 30 GeV. Muon momentum scale and resolution are calibrated using J/ψ and Υ(1S); an
agreement at the 0.2 per mil level is achieved in the different η and pµT bins. Half of the Z boson
sample is used for hadronic recoil calibration and the second half for the fit of the W-like Z boson
mass. The hadronic recoil is reconstructed from all the reconstructed charged tracks compatible
with the primary vertex. This method has the advantage of being more pileup insensitive how-
ever shows a loss in the recoil response compared to the cluster-based method used in ATLAS.

The W-like fits are performed in the ranges 32 < p
µ/miss
T < 45 GeV and 65 < mT < 100 GeV.

The measured Z boson mass is in agreement with the LEP combined value within the statistical
uncertainties which dominate this measurement. The lowest uncertainty is obtained when using
the W+-like transverse mass, for which MW−like

Z = 91206± 36 (stat.) ±30 (syst.) MeV.

5.3 W boson mass measurement in ATLAS

Before unblinding, the W boson mass was checked to be consistent in the different categories
used for the measurement. In addition, the measurement was done using pmissT distribution and
in bins of pileup, recoil and u||, and by removing the pmissT selection requirement. The stability
of the result was also checked as a function of the charged-lepton azimuth and with respect to
variations of the fitting ranges. The simulation was compared to data for the different control
distributions and mass-sensitive variables and an overall good agreement was observed. The
final combination of all categories gives consistent result with a χ2/dof of 29/27, which indicates
the accuracy of the experimental and theoretical modelling. The obtained result is:

mW = 80370± 7 (stat.)± 11 (exp. syst.)± 14 (mod. syst.) MeV. (3)

where the first uncertainty is statistical, the second corresponds to the experimental systematic
uncertainty, and the third to the physics modelling systematic uncertainty. The final mea-
surement uncertainty is dominated by modelling uncertainties, mainly the strong interaction
uncertainties. Lepton calibration uncertainties are the dominant sources of experimental sys-
tematic uncertainty for the extraction of mW from the p`T distribution. The uncertainty in the
recoil calibration dominates the experimental systematic uncertainty for the mT distribution. In
the final result, the muon decay channel has a weight of 57% and the p`T dominates the measure-
ment with a weight of 86%. Finally the charges contribute similarly with a weight of 52% for
W+ and of 48% for W−. The result is compatible with the current world average and provides
a world leading precision measurement together with the CDF collaboration. The different mW

results are compared in Figure 1, together with the SM prediction.

The dataset available at centre-of-mass energies of 8 and 13 TeV can be exploited to improve the
precision of this measurement. An additional challenge with the increasing pileup will require
more studies to achieve a more pileup-robust recoil resolution while preserving a good response.
Further ancillary measurements can be used to provide more constraints on the PDFs and to
improve the QCD and EW predictions for Drell–Yan production. Moreover more work is needed
on the theory side to reduce the modelling uncertainties and to provide a single tool with an
accurate advanced computation.
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Figure 1 – The W boson mass measured in ATLAS is compared to the combined measurements in LEP and
Tevatron experiments, and to the SM prediction from the EW fit 8.
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Analysis and discussion of the recent W mass measurements

GIGI ROLANDI

CERN Ginevra and Scuola Normale Superiore Pisa

The ATLAS and CDF measurements of the W mass are compared discussing some similarities
and differences in the quoted systematic uncertainties.

1 Introduction

The Organizing Committee asked me to prepare a short presentation to stimulate the discussion
on the recent W mass measurement 1 of the ATLAS collaboration nicely presented by Nansi
Andari 2. I decided to show a comparison of this measurement with the old CDF measurement 3

that has the same precision of the ATLAS one: 19 MeV. Since I refer the reader quite often to
figures published in the two papers it is convenient to read this note having the two papers 1,3

at hand.

Both measurements are done using electronic and muonic decays of the W. The CDF sample
consists of 1.1 Millions W , evenly distributed between W+ and W−, produced in pp̄ collisions
at
√
s = 2 TeV ; the ATLAS sample comprises 7.8 Millions W+ and 5.9 Millions W− produced

in pp collisions at
√
s = 7 TeV.

The W mass is measured in W → `ν decays from the transverse momentum distribution of
the charged leptona (pT ) and from the transverse mass distribution (MT ), where the informa-
tion of transverse momentum of the lepton is combined with the transverse momentum of the

hadronic system recoiling to the W (~h): M2
T = 2

(
pT | ~pT + ~h|+ p2T + ~pT~h

)
. The CDF collabora-

tion uses also the missing transverse energy distribution pνT = | ~pT + ~h|. For each experimental
distribution (pT ,MT ,pνT ) a value of the W mass is determined comparing the measured distri-
bution to templates generated with different W mass hypotheses using a carefully calibrated
MonteCarlo. The correlated values of the W mass are combined in order to minimize the total
uncertainty.

aIn the following I will use the word lepton to indicate the charged lepton



In both analyses the events are selected requiring one identified lepton matched to the trigger
and 30 GeV < pT , 30 GeV < pνT and 60 GeV < MT . The cut of the recoil is h < 15 GeV in
CDF and h < 30 GeV in ATLAS. The comparison between the measured distribution and the
template distributions is done in a limited region (fit range) of the variable of interest. The fit
ranges in CDF are 32 < pT < 48 GeV and 65 < MT < 90 GeV in CDF and 32 < pT < 45 GeV
and 66 < MT < 99 GeV in ATLAS.

The result of the CDF analysis is MW = 80 387±12(stat.)±15(syst.) MeV; the result of the
ATLAS analysis is MW = 80 370± 7(stat.)± 11(exp. syst.)± 14(mod. syst.) MeV. The total un-
certainty is 19 MeV in both analyses. The weights of the muon and electron samples are similar
in the two analyses : 0.62/0.38 in CDF and 0.57/0.43 in ATLAS. The weights of the MT / pT fits
in ATLAS are 0.14/0.86; the weights of the MT / pT / pνT fits in CDF are 0.53/0.31/0.16. The
ATLAS measurement is mainly done using the pT observable while the CDF one is mainly done
using the MT observable that is less sensitive to prior knowledge of the transverse momentum
distribution of the W .

Table 1 shows a breakdown of the uncertainties in the two analyses using separately the pT
and MT observables. I have followed the uncertainties breakdown structure presented in the
CDF paper and I have adapted the uncertainties quoted in the ATLAS paper to this somewhat
different list.

Table 1: Break down of the uncertainties in the W mass measurement in CDF and ATLAS analyses. All figures
in MeV

CDF/pT CDF/MT ATLAS/pT ATLAS/MT

Statistical 16 15 7.2 9.6
Lepton Scale and Resolution 7 7 6.5 6.5
Recoil Scale and Resolution 5.5 6 2.5 13
Backgrounds 4 3.5 4.6 8.3
PDFs 9 10 9 10.2
W transverse momentum model / QCD 9 3 8.3 9.6
Photon Radiation/EWK 4 4 5.7 3.4

2 Statistical uncertainty

The ATLAS sample is about 12 times the CDF sample and one would naively expect a reduction
of the statistical uncertainty by a a factor

√
12 ' 3.5. Table 1 shows ratios of 2.2 and 1.5 for the

statistical uncertainties of the pT and MT analyses. The pT spectra in the two experiments are
quite similar and the smaller fit range in ATLAS accounts for less than 20% reduction of the
statistics. The MT spectrum in ATLAS is some 20% larger due to the worse recoil resolution.
These effects do not explain the observed difference between the statistical uncertainties.

The ATLAS sample is divided in categories that are also fitted separately. The sample of
W+ → µν with η < 0.8 has a roughly 1.2 Million events as can be estimated from figure 20 of
reference 1. The statistical uncertainty on the pT and MT fits done on this sample are 22 and
29 MeV (see table 10 of reference 1), a factor 1.3 and 1.8 larger than the CDF quoted statistical
uncertainty.



3 Uncertainty due to the recoil

The systematic uncertainty in the pT fit due to the recoil is caused by the event selection that
depends on the recoil 4. This uncertainty is evaluated in CDF modeling the recoil distribution
using Z data and assessing the uncertainty on Mw from the difference in the measured mass
obtained repeating the W mass fit with a 1σ variation of the recoil model. In CDF this re-
sults in an uncertainty of about 6 MeV in the pT fit and is caused by events that statistically
are accepted or rejected by the selection. The worse the recoil resolution the larger is this effect4 .

The measurement of the recoil in CDF has a response of 65% and a resolution on the true
recoil (eg corrected for the response) of 7 GeV. In ATLAS the response is larger, close to 90%
and the resolution is about 10 GeV. The systematic uncertainty due to recoil on the pT fit in
ATLAS is 2.5 MeV that is small compared to the 6 MeV of CDF. I wonder if this is due to
the optimization procedure of ATLAS that is choosing the fit range that minimizes the total
uncertainty. In CDF the fit range is decided a priori.

4 Uncertainty due to the PDFs

In CDF the uncertainty due to the Parton Distribution Functions (PDF) is computed repeating
the Mw fits with the different independent variations of the PDFsb and assessing the uncertainty
as the sum in quadrature of the variations of Mw resulting from each fit. They use CTEQ6.6
and MSTW2008 PDFs. The result is a systematic uncertainty of 10 MeV.

ATLAS uses CT10nnlo PDFs and has a procedure similar to the one adopted by CDF. In
ATLAS the fit is done in categories dividing the sample in four lepton rapidity bins, separately
for W+ and W−. The result of the fits shows large beneficial correlation when the PDF distri-
butions are varied. The PDF uncertainty in the fits of W+ and W− separate samples is 13.5
and 14.5 MeV respectively for the pT fit and 16.9 and 16.2 MeV for the MT fit. The uncertainty
on the fits combining W+ and W− are 9 MeV and 10 MeV respectively , i.e. a reduction of
40% of the uncertainty ! One of the reasons is that the cs̄ contribution to the W+ sample is
almost identical (bin by bin in the variable of interest) to the sc̄ contribution to the W−. When
combining the two samples the contribution to the PDF uncertainty of the less known s and c
quarks parton distribution functions is reduced.

Another interesting effect shown by the ATLAS analysis is that the PDF uncertainties in the
different η categories have also beneficial correlations. As shown in table 2 the PDF uncertainty
is reduced when combining the different η bins.

Table 2: Uncertainty due to Parton Distribution Functions in the fit done in different η categories in the ATLAS
analysis. Figures from table 10 and table 11 of reference 1. All figures are in MeV.

η range 0-0.8 0.8-1.4 1.4-2.0 2.0-2.4 combined

PDF W+/pT fit 24.7 20.6 25.2 31.8 14.5
PDF W+/MT fit 28.4 23.3 27.2 32.8 16.9

b The PDF distributions are given as a central set of distributions for each relevant parton and a number of
replicas each corresponding to 1σ of the uncertainty of the PDF fit. These replicas correspond to independent
variations in the PDF fit.



5 Uncertainty due to the modeling of the W transverse momentum

The W transverse momentum (pt) distribution is a very important ingredient of the W mass
analysis. It must be known to very good precision when fitting the lepton pT distribution and
its effect is somewhat mitigated in the fit of the MT distribution depending on the available
statistics and on the response and resolution on the measurement of the recoil.

The strategy adopted by ATLAS and CDF is to measure and model precisely the Z pt dis-
tribution and use the model to predict the W pt distribution.

CDF fits the measured Z pt distribution using RESBOS 5 determining the two parameter
of interest (g2 and αs) and gets an agreement at the 2% level between the fitted function and
the measured distributions as shown in figure 5 of reference 3. They use the same function to
predict the W pt distribution and they quote an uncertainty on the W mass of 9 and 3 MeV for
the pT and MT fits computed from the variations in 1σ of the fitted parameters of the model.
The smaller uncertainty in the MT fit is what one expects because of the reduced dependence
of the W transverse mass on the boson pt distribution.

ATLAS uses PYTIA8 to fit the Z pt distribution varying the intrinsic transverse momentum
of the incoming partons, the value of αs used for the QCD ISR, and the value of the ISR infrared
cut-off. The resulting tune (AZ tune) reproduces the Z pt spectrum with an agreement at 1-2%
level. When exporting the model to the W pt distribution the variation of the AZ tune fit
parameters produce a systematic uncertainty of about 3 MeV. In addition ATLAS consider sys-
tematic uncertainties due to other contribution to the W production model including the charm
mass, the variation of the factorization scale of the parton shower with heavy-flavour decorre-
lation, the parton shower PDF uncertainty and the uncertainty of the angular coefficients. The
resulting uncertainties on the W mass in the pT and MT fits from these sources are quite similar
as shown in table 3 of reference 1, resulting in an uncertainty of 8 MeV and 9 MeV on the PT
and MT fits.

Figure 1 – Plots from the talk of N. Andari 2. Left: ratio between the Z and W pt spectra of different calcu-
lations/generators. The blue band shows the systematic uncertainty in the ATLAS analysis. Right: u|| is the
component of the W recoil parallel to direction of the lepton in W events. The plot shows the ratio between the
predicted and measured distributions

Figure 1 left shows the ratio between the pt distribution of the W and Z bosons for the
model used by the ATLAS analysis and other predictions of the boson pt spectrum. Resummed
calculations like DYRES 6 predict an harder spectrum compared to the one used in the analysis
and the difference is not covered by the quoted systematic uncertainty band. In order to validate
the model ATLAS measures in W events the recoil component parallel to the lepton direction



u|| (both vectors in the transverse plane). Due to events selection cuts, when u|| is close to 30
GeV in absolute value the recoil is forced to be parallel or antiparallel to the lepton direction.
The rate of goes to zero approaching u|| of 30 GeV from below and -30 GeV from above as can
be seen in figure 19 of reference 1. Events where the W pt is parallel to the lepton appear near
-30 GeV in figure 1 b. These are events where the lepton transverse momentum exceeds 60
GeV. The events near +30 GeV in the same plot are events were the W pt is antiparallel to the
lepton direction: the neutrino momentum exceeds 60 GeV and the lepton momentum is larger
than 30 GeV. Because of the resolution and of the response of the recoil, the rate of events near
u|| ∼ +30 GeV is larger than the rate near -30 GeV. The plot shows that near u|| ∼ −30 GeV
the data are not in agreement with the resummed calculations that predict a larger cross section
than what measured in data by some 5%. This region is characterized by leptons with large
transverse momentum that are produced in events where the boson pt is large. This is not the
case in the region near u|| ∼ +30 GeV. Here the boson pt can also be quite small because of the
resolution in the measurement of the recoil.

The question why resummed calculations do describe the Z pt distribution in pp̄ at 2 TeV
and do not describe the pp data at 7 TeV remains open.

6 Conclusions

ATLAS has produced the first W mass measurement at LHC with the data collected at
√
s =

7 TeV. This is a very welcome event and opens the road to future measurements using even
larger data samples. This analysis shows that the systematic uncertainty due to PDFs can be
kept under control and possibly brought below the 10 MeV level. There are still few aspects
to be understood among which why the measured Z pt distribution is not in agreement with
prediction using resummation calculations.

Acknowledgments

I would like to thank Patrick Janot and the organizing committee for inviting me to give this
presentation. Moriond Electroweak is in my opinion the most stimulating conference in HEP
and it is always a pleasure to participate actively to the works.

References

1. M. Aaboud et al. [ATLAS Collaboration], “Measurement of the W -boson mass in pp
collisions at

√
s = 7 TeV with the ATLAS detector,” arXiv:1701.07240 [hep-ex].

2. Nansi Andari “W mass measurement in these proceedings
3. T. A. Aaltonen et al. [CDF Collaboration], “Precise measurement of the W -boson

mass with the Collider Detector at Fermilab,” Phys. Rev. D 89, no. 7, 072003 (2014)
doi:10.1103/PhysRevD.89.072003 [arXiv:1311.0894 [hep-ex]].

4. A. Kotwal, CDF collaboration, private communication.
5. C. Balazs, J. w. Qiu and C. P. Yuan, Phys. Lett. B 355 (1995) 548 doi:10.1016/0370-

2693(95)00726-2 [hep-ph/9505203].
6. S. Catani, D. de Florian, G. Ferrera and M. Grazzini, JHEP 1512 (2015) 047

doi:10.1007/JHEP12(2015)047 [arXiv:1507.06937 [hep-ph]].





PRECISION ELECTROWEAK MEASUREMENTS AT RUN 2 AND BEYOND

JENS ERLER
Instituto de F́ısica, Universidad Nacional Autónoma de México,
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After reviewing the key features of the global electroweak fit, I will provide updated results
and offer experimental and theoretical contexts. I will also make the case for greater precision
and highlight future directions.

1 Introduction

To chase out the elephants in the room, I recall that with the Higgs boson discovery the Standard
Model (SM) is now complete, and with very few marginal exceptions it passed all the tests.
Furthermore, the LHC did not yet find any convincing evidence for physics beyond the SM.
Nevertheless, if nothing else does, at least dark matter provides a solid observational hint at
the presence of new physics, and it may quite plausibly linger near the electroweak (EW) scale.
Perhaps we are witnessing a revival of the times where precision physics is guiding high energy
physics, like in the era of LEP. It could be that the renormalizable SM is merely the leading set
of terms in a non-renormalizable effective quantum field theory, where the former gives rise to
the (relatively) long-range physics.

Here I review and update the global electroweak (EW) fit, restricting myself to the CP-even
and flavor-diagonal part of the SM. For more flavorful observables I refer to the contribution by
Jure Zupan 1. I will also allow certain model-independent parameters describing new physics.

2 Precise inputs for the electroweak fit

2.1 Bosonic sector

The EW fit needs five input variables to define the bosonic sector of the SM, namely the three
gauge couplings associated with SU(3)C ×SU(2)L×U1)Y and the two parameters entering the
Higgs potential. It is inessential which parameters or observables we call inputs and which ones
output because there is no fundamental distinction between those in a global fit. Nevertheless,
one may think of the most precise ones as inputs parameters and these are listed in Table 1.



Table 1: Convenient set of input parameters to fix the bosonic sector of the SM. While the most precise value of
α in the Thomson limit currently derives from the anomalous magnetic moment of the electron, ge − 2, we list
here the value extracted from the Rydberg constant, saving ge − 2 as an additional derived observable which can
then be employed to constrain certain types of new physics models. GF is calculated using the measured muon
lifetime. MZ is an output of the Z line-shape fit at LEP 1. MH is the result of the kinematic event reconstruction
at the LHC and comparatively less precise, but except for the total Higgs width it enters only in loops. The value
of αs(MZ) is from the global electroweak fit and dominated by Z and τ decay observables.

quantity quoted as central value relative error reference

fine structure constant α−1 137.035999037 6.6× 10−10 2

Fermi constant (
√

2GF )−1/2 246.21965 GeV 2.6× 10−7 3,4

Z boson mass MZ 91.1876 GeV 2.3× 10−5 6

Higgs boson mass MH 125.09 GeV 1.9× 10−3 7

strong coupling constant αs(MZ) 0.1182 1.4× 10−2 4

2.2 Top quark mass

Greater precision in the top quark mass, mt, still matters in EW fits. Indeed, the small change
from the value used about 18 months ago 4, mt = 173.34 ± 0.81 GeV, reduces the fitted Higgs
boson mass by about 3 GeV. Very recently, ATLAS 8, CMS 8, and the Tevatron EW Working
Group9, each released combinations of their various top quark mass determinations. The results
are listed in Table 2. For the grand average, needed in the fits below, I assumed that there
is a systematic uncertainty of 0.29 GeV that is common among all three. It is the sum (in
quadrature) of the error components induced by the Monte Carlo generator, parton distribution
functions, and QCD, as obtained by ATLAS. For comparison, the Tevatron modeling plus theory
error amounts to 0.38 GeV and the CMS modeling error is 0.41 GeV. Other uncertainties are
assumed uncorrelated between collaborations. Notice, that the statistical precisiona of the grand
average is not simply the sum of the statistical precisions of the individual combinations, as is
sometimes assumed. Rather, the procedure developed in Ref. 10 should be applied.

Table 2: Recent combinations of top quark mass measurements by ATLAS 8, CMS 8, and at the Tevatron 9. The
grand average (see the main text) of the three combinations is also shown. Despite appearances (due to delicate
round-offs) the total (experimental) error of the grand average is the sum in quadrature of its statistical and
systematic components. All entries are in GeV.

central value statistical error systematic error total error

ATLAS 172.84 0.34 0.61 0.70
Tevatron 174.30 0.35 0.54 0.64

CMS 172.43 0.13 0.46 0.48

grand average 172.97 0.13 0.38 0.41

To the total experimental error one has to add a common theory error because the quoted
values are interpreted to either represent the top quark pole mass, mt, or some other operational
mass definition supposedly coinciding with the pole mass roughly within the strong interaction
scale ΛQCD (taken here as 500 MeV). Thus, the constraint used in the fits is

mt = 172.97± 0.28uncorr. ± 0.29corr. ± 0.50theory GeV = 172.97± 0.64 GeV, (1)

where I have split the experimental error into uncorrelated and correlated components. The
uncertainty ofO(ΛQCD) is assumed to also account for the uncertainty in the relation between the
top quark pole and MS mass definitions. By accounting for the leading renormalon contribution
in this relation, it may ultimately be possible to reduce this uncertainty to about 70 MeV 11.

aPrecision is defined as the inverse of the square of the uncertainty.



2.3 Charm and bottom quark masses

I should mention the increasing importance the charm and bottom quark masses, mc and mb,
have on the EW fit. If they are known very precisely, one can use perturbative QCD to calculate
the heavy quark contributions to the renormalization group evolution of α from the Thomson
limit to the Z pole12, and conversely of the weak mixing angle which has been measured precisely
near the Z pole (see Sec. 3.1) to lower energies 13.

Similarly, mc and mb enter the SM prediction 14 of the anomalous magnetic moment of the
muon, gµ−2. While I do not cover it here, I recall that gµ−2 deviates by more than 4 standard
deviations if one includes τ decay spectral functions corrected for γ–ρ mixing 15. The latter
brings τ decays into agreement with e+e− annihilation and radiative return data. Even though
the charm quark is technically decoupling, its numerical effect enters at the same level into gµ−2
as the hadronic light-by-light contribution, and an uncertainty of 70 MeV in mc would induce
an error comparable to the anticipated uncertainties in upcoming experiments at Fermilab and
J–PARC. Thus, one would like to know mc an order of magnitude more accurately than this.

Finally, the linear relationship 16 between Higgs couplings and masses of the particles in
the single Higgs doublet SM can be studied precisely at future lepton colliders. To match the
projections of the charm and bottom Yukawa coupling measurements from the corresponding
Higgs branching ratios one needs knowledge of mc and mb to 8 MeV and 9 MeV, respectively.
Interestingly, Ref. 17 calibrated the mc uncertainty in the first-principle relativistic QCD sum
rule approach and fortuitously found the minimally required 8 MeV accuracy (not accounting
for the parametric uncertainty induced by αs which should become negligible in the future).
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Figure 1 – The left-right polarization asymmetry at the SLC favors values of MH which are too low and excluded,
while the forward-backward asymmetry for bb̄ quark final states from LEP prefers Higgs boson masses of 300 GeV
or more, which are also excluded. It is only the average which actually agrees with the directly observed MH .

3 The weak mixing angle

3.1 High-energy measurements

The weak mixing angle, sin2 θW , is one of two observables at the heart of the EW fit. As
a derived quantity, the strategy is to compute it and to compare it with Z pole asymmetry
measurements at LEP, the Tevatron and the LHC, from which the effective weak mixing angle
for leptons, sin2 θeff

W , is obtained. An important application is to models with extra Z ′ bosons,
in which sin2 θW constrains the Z–Z ′ mixing angle typically to the 10−2 level 18. The hadron



collider measurements shown in Table 3 agree well with each other, but the two most precise Z
pole determinations are deviating by about 3 standard deviations as illustrated in Fig. 1.

Table 3: Measurements of sin2 θeff
W at the LHC 19 and the recent Tevatron combination 20. The LHC average to

be used in the fits is computed assuming that the smallest theoretical uncertainty (±0.00056 from LHCb) is fully
correlated among the three LHC experiments 4.

central value statistical error systematic error total error

ATLAS (µ and e) 0.2308 0.0005 0.0011 0.0012
CMS (µ) 0.2287 0.0020 0.0025 0.0032
LHCb (µ) 0.23142 0.00073 0.00076 0.00106

LHC 0.23105 0.00046 0.00074 0.00087
Tevatron 0.23179 0.00030 0.00017 0.00035

3.2 Low-energy measurements

One can also compare the measurements of sin2 θW near the Z pole with off-pole determinations
(see Fig. 2) to isolate possible new contact interactions. This works because any four-fermion
operator would be almost hopelessly suppressed under the Z resonance, but off the pole — one
could go to higher energies as well, but there are much more precise data at lower energies —
there is a milder power suppression. Thus, if a significant difference between on-pole and off-pole
measurements of sin2 θeff

W is observed it may be due to an effective contact interaction induced
by TeV scale new physics.
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Figure 2 – Current and future measurements of the weak mixing angle in the MS-bar scheme as a function of
scale µ 13. The upcoming MOLLER experiment 21 in polarized Møller scattering at Jefferson Laboratory (JLab)
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using the SoLID detector 24. Also shown is a recent projection for Run 2 at the LHC 25.



4 Boson masses

4.1 W boson mass

The other observable at the heart of the EW fit is the W boson mass, MW . Its measurements
at LEP 2 average to MW = 80.376 ± 0.033 GeV 26, while the Tevatron combination yields
MW = 80.387 ± 0.016 GeV 19. The ATLAS result, MW = 80.3695 ± 0.0185 GeV 19, represents
the first at the LHC, and while it is based on only 4.6 fb−1 of 7 TeV data, it is already at the
level of the most precise result at the Tevatron. For what follows I assume a common PDF error
of 7 MeV between the Tevatron and ATLAS uncertainties and will work with the average,

MW = 80.379± 0.012 GeV (world average), (2)

corresponding to the weak mixing angle in the on-shell scheme,

sin2 θon−shell
W ≡ 1−

M2
W

M2
Z

= 0.22301± 0.00023 . (3)

However, the physics of MW and sin2 θW is quite different, and while it is popular to convert
one into the other, this is a fairly pointless exercise, especially in the context of new physics.
Rather, the two observables are complementary and provide, for example, constraints on the
oblique parameters (see Sec 5.1) that are linearly independent. The global fit returns

MW = 80.362± 0.005 GeV (global fit), (4)

which is now driven by the directly measured MH and somewhat lower than the world average.
MW is of interest as it is easily affected by new physics in general and Higgs sector modifica-

tions in particular, but it needs the top quark mass, mt, as an input. Fig. 3 compares the direct
measurements of MW and mt from the colliders to everything else in precision EW physics,
including the direct value of MH . It is quite interesting that the measured MW is somewhat
high, because most kinds of new physics models addressing the EW hierarchy problem can easily
affect the MW prediction. This includes the Minimal Supersymmetric Standard Model, where
the shift in MW is predicted to be positive throughout parameter space 27, in agreement with
what is currently favored by the data.
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Figure 3 – Direct and indirect determinations of the W boson and top quark masses and the fit to all data 4.



4.2 Higgs boson mass

There are three different methods to determine MH . One employs Higgs boson branching
ratios 4, since especially the branching fractions into pairs of gauge boson feature a strong MH

dependence. Using furthermore ratios of branching ratios, such as B(H → γγ) relative to
B(H →WW ) or B(H → ZZ), cancels the dominant production uncertainties, and we find 4,

MH = 126.1± 1.9 GeV (branching ratios). (5)

The global EW fit including updates presented at this meeting favors the rather low range,

MH = 94+18
−16 GeV (global fit). (6)

This is about 1.7 σ below the direct kinematic reconstruction result 7,

MH = 125.09± 0.24 GeV (direct). (7)

Thus, while MH is now known, it still provides a very valuable cross-check of the SM.
Before discussing the prospects at future LHC runs, it is entertaining to review how previous

experimental projections compare with the actual achievements. Table 4 shows projections 28

at the time of the Snowmass 2001 gathering on what was then thought to be the future of
high-energy physics. As one can see at the example of the Tevatron, with less than the expected
integrated luminosity the goals were either achieved or surpassed and the finalized uncertainties
may well turn out to be smaller, yet. Similarly, the uncertainty of the first measurement of MW

at the LHC with only one detector and just a few fb−1 of data is approaching the 100 fb−1

projection. And mt from the LHC is already more accurate than anticipated.

Table 4: Projections made in 2001 for various high-energy colliders. For the LHC and Run IIB at the Tevatron
the numbers in parentheses show the currently achieved uncertainties. The δ sin2 θeff

W entry for the linear collider
(LC) assumed a polarized fixed-target experiment analogous to the planned MOLLER experiment 21 at JLab,
using the electron arm of the LC. GigaZ refers to the Z factory option at the LC.

2001 Tev. Run IIA Tev. Run IIB LHC LC GigaZ∫
L [fb−1] — 2 15 (10) 100 (30) 500 —

δ sin2 θeff
W (×105) 17 78 29 (35) 14–20 (87) (6) 1.3

δMW [MeV] 33 27 16 (16) 15 (19) 10 7
δmt [GeV] 5.1 2.7 1.4 (0.64) 1.0 (0.5) 0.2 0.13
δMH [MeV] — — O(2000) (—) 100 (240) 50 50

The result in Eq. (6) is dominated by MW , which by itself corresponds to MH = 89+22
−19 GeV.

A hypothetical measurement of MW = 80.376±0.008 GeV (the assumed central value is adjusted
so as to reproduce the current best fit value for MH and the error is motivated by Ref. 29) at the
LHC after the accumulation of 150 fb−1 of data yields MH = 94+17

−15 GeV. For this I assumed
that the total mt error will be completely dominated by the QCD uncertainty in Eq. (1). And
I neglected the theoretical error in the prediction of MW , but to compensate I did not assume
any improvement in other parameters like αs or the electromagnetic coupling at the Z scale.
Similarly, the hypothetical result sin2 θeff

W = 0.23135± 0.00020 25 would yield MH = 94+47
−32 GeV.

Adding these improvements to the current data gives MH = 90+13
−12 GeV. Finally, at the high-

luminosity LHC (HL–LHC) the uncertainty in MW may optimistically be reduced to 5 MeV,
and the one in sin2 θeff

W to 1.4× 10−4, which would then result in MH = 89± 10 GeV.

5 Constraints on physics beyond the SM

5.1 Oblique physics beyond the SM

The oblique parameters, S, T and U , describe corrections to the W and Z boson self-energies.
The SM contributions are subtracted out by definition, so that S, T and U are new physics
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parameters, where S and T (see in Fig. 4) correspond to dimension six operators in the effective
field theory, and U is of dimension eight. T breaks the custodial SO(4) symmetry of the Higgs
potential. A multiplet of heavy degenerate chiral fermions contributes a fixed amount to S,

∆S =
NC

3π

∑
i

(ti3L − ti3R)2, (8)

where t3L and t3R are the third components of weak isospin of the extra left and right-handed
fermions, respectively. Thus, for example, an additional degenerate fermion family yields

∆S =
2

3π
≈ 0.21 (9)

The updated EW fit with S and T allowed simultaneously gives a range of values

S = 0.06± 0.08 T = 0.09± 0.06 ∆χ2 = −4.0 (10)

which are in marginal agreement with the SM but the decrease in χ2 relative to the SM is not
insignificant.

5.2 Implications of the T parameter

The T parameter has the same effect as the ρ parameter — the ratio of interaction strengths
of the neutral and charged currents — as it is proportional to ρ − 1, but T is often quoted for
loop effects. The ρ parameter constrains vacuum expectation values of higher dimensional Higgs
representations to . 1 GeV. There is also sensitivity to degenerate scalar doublets up to 2 TeV,
a result based on an effective field theory approach 30.

Most importantly, non-degenerate doublets of additional fermions or scalars contribute an
amount 31,

∆ρ =
GF√

2

∑
i

Ci
8π2

∆m2
i ∆m2

i ≥ (m1 −m2)2, (11)

where Ci is the color factor. ∆m2
i is not exactly m2

1 −m2
2, where mi are the masses of the two

members of the doublet, but is a more complicated function bounded by (m1 −m2)2 and thus
gives rise to a positive-definite contribution. Despite the appearance of this form which seems



to suggest that there is sensitivity to mass splittings even when the mi increase all the way to
the Planck scale, there is decoupling of these heavy fermions or scalars, because in models one
will always face a see-saw type suppression of ∆m2

i for very large mi.
I updated the one-parameter fit — just allowing ρ (or T ) in addition to the SM parameters

— with the result that ρ is now 1.9 σ above the SM prediction of unity,

ρ = 1.00036± 0.00019, (12)

and thus one can constrain the sum of contributions of any additional EW doublet,∑
i

Ci
3

∆m2
i ≤ (46 GeV)2 (95% CL). (13)

Looking ahead, the LHC after the accumulation of 150 fb−1 of data (with the same assumptions
as in Sec. 4.2) could reduce the error in ρ to imply a stronger constraint on the mass splittings,

ρ = 1± 0.00014 =⇒
∑
i

Ci
3

∆m2
i ≤ (27 GeV)2. (14)

Or assuming that there is no change in the central value from today, one would actually obtain
a precise measurement of ∆m2

i ,

ρ = 1.00036± 0.00014 =⇒
∑
i

Ci
3

∆m2
i = (34+6

−7 GeV)2. (15)

Finally, turning to the HL–LHC one would find even stronger constraints,

ρ = 1± 0.00012 =⇒
∑
i

Ci
3

∆m2
i ≤ (25 GeV)2. (16)
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Figure 5 – Experimentally determined axial-electron and vector-quark coupling combination 2geuAV − gedAV vs. the
orthogonal combination (left) and the vector-electron and axial-quark combination 2geuV A − gedV A (right) 33.

5.3 Compositeness scales from low energies

Returning to the contact interactions in Sec. 3.2 that may be derived by comparing on-pole and
off-pole measurements of sin2 θW , Fig. 5 shows constraints on effective couplings corresponding
to various parity-violating effective four-fermion operators (as before, the couplings are defined
to vanish in the absence of new physics). These can be translated into compositeness scales that



can be tested b. As shown in Fig. 6 the new physics reach already surpassed 40 TeV and will
increase beyond 50 TeV when the future experimental results from polarized electron scattering
briefly mentioned in Sec. 3.2 are combined with measurements of atomic parity violation (APV).
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Figure 6 – Compositeness scales33 corresponding to the couplings in Fig. 5. They can be displayed as two overlaid
planes since the horizontal axes coincide. The lines define the coupling combinations tested by various types of
experiment. The blue segment is accessible to PVDIS 24,34 (yellow lines) and defines the plane containing the
brown 95% CL exclusion contour. Perpendicular to this is the plane containing the green contour and the red
segment accessible to elastic polarized electron scattering (white lines) and APV (maroon lines).

6 Conclusions

The SM remains in remarkable health. It is over-constrained, as MW , sin2 θW , gµ − 2, and
many other quantities have been simultaneously computed and measured. If there is strongly
coupled new physics its energy scale can be tested up to O(50 TeV) through parity-violating
four-fermion operators.

There are some inconclusive, yet interesting deviations. MH extracted from the EW fit
is 1.7 σ below the direct value, and it is therefore mandatory to increase the precision in mt

further and to obtain mutual consistency among different experiments. In a one-parameter fit
(S = U = 0) the T parameter appears 1.9 σ high, and future measurements of MW at the LHC
may increase this to a 3 σ effect. Given that MW is particularly sensitive to physics beyond the
SM and theoretically clean, one may argue that a deviation in MW may be even more tantalizing
than the current 4 σ SM discrepancy in gµ − 2. Thus, greater precision in MW is a must, with
or or without an LHC discovery.

bThe numerical values of such scales are convention dependent. We use those laid out in Ref. 32.
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High-precision measurements of the proton radius from laser spectroscopy of muonic hydrogen
demonstrated up to six standard deviations smaller values than obtained from electron-proton
scattering and hydrogen spectroscopy. The status of this discrepancy, which is known as the
“proton radius puzzle” will be discussed in this paper, complemented with the new insights
obtained from spectroscopy of muonic deuterium.

1 The muonic hydrogen 2S-2P experiment

At the Paul Scherrer Institute (PSI), Switzerland, we performed laser spectroscopy of the 2S-
2P transition in muonic hydrogen (µp), an atom formed by a negative muon and a proton,
with 10 ppm accuracy.1,2 A 6σ discrepancy corresponding to 4 transition linewidths has been
observed between the measured 2S-2P resonance frequency and its prediction computed in the
framework of bound-state quantum electrodynamics (QED). This prediction requires the knowl-
edge of fundamental constants such as the fine-structure constant, the electron mass, the muon
mass etc, but also the proton charge radius Rp. Because bound-state QED is well established,
this discrepancy pointed the attention to Rp which is by far the least well-known of the needed
fundamental constants.3

The principle of the experiment is as follows: a negative low-energy (1 keV) muon beam is
stopped in a low-pressure hydrogen gas target (1 mbar, 300 K) whereby µp in a highly excited
state is formed. About 1% of the formed µp atoms end-up in the 2S-state which is metastable
(with a lifetime of 1 µs at 1 mbar H2 gas pressure4) and thus amenable to laser spectroscopy.

aspeaker
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Figure 1 – Proton charge radius from muonic hydrogen (red), hydrogen spectroscopy (blue) and electron-proton
scattering (green). The CODATA value accounts for e-p scattering, H and deuterium (D) spectroscopy but does
not consider the muonic results.

With a delay of about 1 µs after formation, the muonic atom is illuminated by a laser pulse
at a wavelength of 6.0 µm. On resonance, the laser light induces the 2S→2P transition. The
2P state decays immediately to the ground state emitting a 2 keV X-ray. The number of these
laser-induced X-rays as a function of the laser frequency is used to reveal the 2S-2P resonance.

A fit of the resonance with a line shape model which accounts for the energy fluctuations of
the laser pulses has been used to deduce the 2S-2P transition frequency with a relative accuracy
of 1× 10−5 (corresponding to Γ/30, where Γ ≈ 20 GHz is the FWHM of the transition). From
the laser frequency measured in Hz, the transition energy in meV can be obtained using the
conversion factor h/e which is known with 9 significant digits.3 The obtained experimental value
has been compared with the theoretical predictions5

Eµp(2S − 2P ) = 206.0336(15) meV − 5.2275(10) meV/fm2 ×R2
p + 0.0332(20) meV (1)

and a proton radius of Rp = 0.84087(39) fm has been extracted.
The first term of Eq. 1 accounts for several bound-state QED contributions (radiative, re-

coils, binding and relativistic corrections), the second takes into account the shift of the energy
levels caused by the finite size of the proton, and the third – called the two-photon exchange
contribution (TPE) – is related with the proton polarizability. The finite-size effect arises from
the reduced Coulomb attraction when the orbiting particle is inside the extended proton. It
scales as R2

p and depends linearly on the overlap between the orbiting particle wave function
and the nucleus which is proportional to m3

r , where mr is the reduced mass of the bound system.
Because the muon mass is 200 times larger than the electron mass, the finite-size contribution

in muonic atoms is enhanced by about 2003, enabling a precise determination of Rp from laser
spectroscopy of muonic hydrogen.

2 The proton radius puzzle

There are now three methods to measure Rp. The CODATA-2014 world average3 of Rp includes
elastic scattering of electrons off protons (e− p)6 and high-precision continuous-wave laser spec-
troscopy of hydrogen (H).7,8 The accuracy of Rp extracted from µp surpasses the accuracies
obtained from the two other methods by an order of magnitude. Yet, as visible in Fig. 1, a large
discrepancy exists between the muonic results and the other determinations. The status of this
discrepancy, which is known as the “proton radius puzzle”,9–11 will be discussed here.

2.1 Correctness of the muonic hydrogen experiment?

Due to the m3
r scaling, the finite-size effect in µp is strongly enhanced, while typical atomic

physics systematics (e.g. the Zeeman effect) scaling as m−1r are suppressed. Other systematic
effects such as the static and dynamic Stark effects, quantum interference,12 pressure shift etc,
are also strongly suppressed because of the large separation between muonic energy levels. The
hypothesis of having performed spectroscopy of µpe ions as suggested in13 has been discarded
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levels (absolute values). Also the discrepancy (green) and the experimental accuracy are shown.

based on the measured rates and line-shapes in the muonic experiments. In addition, many-body
calculations14,15 concluded that these molecular-ion states do not exist.

So µp turns out to be very sensitive to Rp, but insensitive to possible systematic effects.
The challenge in the µp experiment was to develop suitable experimental techniques and to
find the resonances. Indeed, the rate of 6 events/h observed on resonance made the search
and thereafter the scanning of the 2S-2P resonances time consuming. Eventually, the statistical
uncertainty limited the total experimental accuracy making the muonic results less prone to
systematic results. In this context, note that the uncertainties of the theoretical prediction and
experiment limits in almost equal parts the extraction of Rp (see also Fig. 2).

2.2 Correctness of the hydrogen spectroscopy?

The description of the energy levels in atomic H requires the knowledge of R∞, Rp and other
fundamental constants. In principle to deduce both R∞ and Rp only two measurements in H
are sufficient as these other fundamental constants can be deduced with sufficient accuracy from
independent experiments.3 As “first” transition usually the 1S-2S transition is used, being by far
the most accurate one (relative accuracy of 4×10−15) and having the largest sensitivity to Rp.

16

As “second” transitions, usually the 2S-n`, with n` = 4S, 8S, 8D, 12D, etc. are considered.17

These latter transitions have been measured with relative accuracies in the 10−11 region and are
limiting the Rp extraction.8

It turns out, that the value extracted by pairing the 1S-2S and the 2S-8D transitions is
showing a 3σ deviation from µp while all the others differ only by .2σ.9,18 A 4σ discrepancy
between Rp from µp and H spectroscopy alone emerges only after averaging all measurements
in H.3 Therefore, a small systematic effect in these “second” transition measurements could be
sufficient to explain the discrepancy. Such a systematic effect would amount to only a tiny
fraction of 10−3 of the line width. New measurements of R∞ are urgently needed and underway
in hydrogen atoms19–22 and molecules/molecular ions,23–26 in He+27–32 and in positronium.33

2.3 Correctness of the muonic hydrogen theory?

To extract Rp from the measurement in µp we used the prediction of Eq. 1.5 The most important
contributions underlying this equation34–37 are shown in Fig. 2 together with their uncertainties.
The largest contribution is given by the one-loop electron vacuum polarization, the second largest
by the finite-size contribution. All other contributions are thus smaller than the effect we aim to
measure. The third largest contribution is given by the two-loop electron vacuum polarization



followed by the one-loop muon self-energy and muon vacuum polarization. As the discrepancy
itself is larger than any other contribution, it is highly improbable that the discrepancy can be
ascribed to an erroneously computed or missing higher-order contribution in µp.

Even though the TPE contribution is smaller than the discrepancy (see Fig. 2), it has
attracted a large interest because it can not be simply computed using proton form factors.
It was reckoned that the uncertainty related with this hadronic contribution and its difficult
modeling could bear the solution to the proton radius puzzle.38 Two approaches are used to
compute this challenging contribution. The first and most precise is an empirical approach
based on dispersion relations and measured structure functions of the proton,39 the second is
based on chiral perturbation theory (χPT).40 In the dispersive approach a subtraction term41,42

is needed to cancel a divergence which requires some modeling of the proton. This modeling
and its uncertainty was the center of a debate.43,44 Ultimately, the more recent modelings show
that the uncertainty of the subtraction term is much smaller than the discrepancy.11,41,42 The
reliability of the TPE prediction has been also strongly supported by the fact that the two
approaches – the dispersive one and χPT based one – give consistent results. Thus, both the
purely bound-state QED part (first term in Eq. 1) and the TPE contribution (third term in
Eq. 1) used to extract Rp from µp are sound and have been confirmed by various groups.34–37

2.4 Correctness of electron proton scattering?

The proton charge radius is defined as the derivative of the Sachs electric form factor GE versus
the four-momentum Q2 exchanged

R2
p = −6

dGE(Q2)

dQ2

∣∣∣
Q2=0

. (2)

This covariant definition has been applied consistently in the description of the atomic energy
levels and the electron scattering processes.45

Because the form factor GE can be measured only down to a minimal Q2, a fit with an
extrapolation to Q2 = 0 is needed to deduce Rp. Fit functions given by truncated general
series expansions such as Taylor, Padé, splines and polynomials have been used:6,46,47 some
authors additionally enforcing analyticity and coefficients with perturbative scaling,48,49 some
others constraining the low Q2 behavior of the form factor, others using vector meson dominance
models.50 In Ref.6 the large-r behavior of the charge distribution has been modeled by the least-
bound Fock component of the proton formed by the pion bound to a neutron (π+n), while in51

the higher moments of the Taylor expansion were fixed using the higher moments of the charge
distributions predicted from χPT.

In Fig. 3 the most recent Rp determinations are given: some compatible with µp,50,52,53 and
some at variance.6,46,48,54 The more traditional analyses6,46,48,54 obtain Rp values systemati-
cally larger than obtained by other authors that restricted their fits to very low Q2 and used
low-order power series. Possible issues of fits restricted to very low Q2 have been demonstrated
by analyzing pseudo-data generated with known Rp.

55,56

Because data at lower Q2 would facilitate the extrapolation to Q2 = 0, two electron-proton
scattering experiments have been initiated: one by the PRad collaboration at JLAB,57 the other
at MAMI Mainz,58 both aiming at Q2

min ≈ 2× 10−4 GeV2/c2. To reach the lower Q2, the PRad
collaboration uses of a windowless H target and a novel non-magnetic calorimeter, the Mainz
collaboration utilized initial state radiation. The PRad collaboration is currently analyzing the
high-quality data collected in 2016.59 A pilot measurement was accomplished in Mainz in 2013
demonstrating the feasibility to extract form factors at very low Q2 using initial state radiation.58

In future, a windowless hypersonic jet target is expected to reduce background arising from the
target walls and will eventually yield a competitive Rp value.

The measurement of Rp using elastic muon-proton scattering at low Q2 has been proposed by
the MUSE collaboration at PSI.60 More precisely, they plan to measure µ−-p, µ+-p, e+-p, and
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Figure 3 – Proton radius from muonic hydrogen (red), hydrogen spectroscopy (blue) and electron-proton scattering
(green). The CODATA value does not account for the muonic results.

e−-p scattering. Despite the challenges of performing such an experiment at a secondary beam
line with large phase-space and particle contamination, the measurement of the cross sections
of these four channels with the same setup and beam line has two advantages. Each individual
scattering process can be used to deduce Rp. However, muon-electron universality can be best
addressed by considering the ratio between µ+-p and e+-p cross sections. Common systematic
effects such as efficiencies, acceptances and extrapolation issues are partially canceling out in the
ratio. The TPE contribution on the other hand can be measured by comparing the scattering
of µ+-p with µ−-p or e+-p with e−-p.

2.5 Beyond standard model explanations

Several beyond standard model (BSM) extensions have been proposed but their majority have
difficulties to resolve the discrepancy without conflicting with low energy constraints. Still some
BSM theories able to solve the proton radius puzzle have been formulated.61–63 However, to avoid
conflicts with other observations, these models require fine-tuning (e.g. cancellation between
axial and vector components), and coupling preferentially to muons and protons. Moreover
they are problematic to be merged in a gauge-invariant way into the standard model.62,63

Other possibilities have been articulated but without clear impact on the proton radius
resolution. Examples are breakdown of the perturbative approach in the electron-proton inter-
action at short distances,64 the interaction with sea µ+µ− and e+e− pairs,65,66 the breakdown of
Lorentz invariance,67 the breakdown of the Lamb shift expansion due to non-smooth form fac-
tors,68 higher-dimensional gravity,69 and renormalization group effects for effective particles.70

2.6 Muonic deuterium

Measurements in muonic deuterium (µd) have recently provided new insights. The deuteron
charge radius Rd can be obtained from the measurements71 using the prediction72

Eµd(2S − 2P ) = 228.7766(10) meV − 6.1103(3) meV/fm2 ×R2
d + 1.7096(200) meV. (3)

Relative to µp, the finite-size effect and the TPE contribution in µd are increased by a factor
of 7 and 50, respectively. Computation of the TPE has been greatly improved recently, using
two different techniques: ab-initio few-nucleon calculations based on modern expressions of
the nuclear potential73,74 and the phenomenological approach based on dispersion relations.75

Nevertheless, given its size and hadronic nature, the TPE contribution is still the contribution
having by far the largest uncertainty.

The Rd value extracted from µd spectroscopy is given in red in Fig. 4. Its error bar is
dominated by the uncertainty of the TPE prediction, while the purely QED and experimental
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uncertainties are negligible. This value is in fair agreement with the value given in brown
extracted by pairing Rp from µp with the difference R2

d − R2
p obtained from the measurement

of the isotopic shift of the 1S-2S transition in H and D:2,76

H-D isotopic-shift: R2
d −R2

p = 3.82007(65) fm2

µp : Rp = 0.84087(39) fm

}
⇒ Rd = 2.12771(22) fm . (4)

This agreement demonstrates the consistency of the muonic results, in particular with the 1S-
2S isotopic shift, which is a reliable quantity. The 2.6σ difference could be attributed to an
incomplete treatment of the TPE contribution, or to BSM physics. In fact, a hypothetical
BSM force carrier explaining the proton radius puzzle that does not couple to neutrons61 could
produce a shift of the µd 2S-2P splitting by the observed 0.4 meV (obtained by scaling the
0.3 meV discrepancy in µp by reduced mass effects), explaining both muonic radii.

The Rd from µd deviates by 6σ from the Rd CODATA value. The latter is however tightly
linked to the proton radius by the H-D isotopic-shift. The blue point in Fig. 4 is obtained from D
spectroscopy alone,8 and displays a 3.5σ discrepancy to the µd value. Therefore we are facing a
double discrepancy: one in the proton, the other in the deuteron. Unfortunately, the value from
electron-deuteron scattering, though known with a relative accuracy of 0.5%, is not sufficiently
accurate to distinguish between Rd from D and µd.

A common solution of the atomic part of these two discrepancies could be obtained either
by changing R∞ by 6σ or the bound-state QED theory in H/D by 50σ, or by BSM physics with
preferential coupling to protons and muons.

Note that the reasoning leading to Eq. 4 can be inverted yielding a proton radius from Rd
value from µd, see Fig. 3, purple point. This confirms the small proton radius.

3 Conclusions

The proton radius puzzle which to date is still unsolved has motivated refinements of bound-state
QED calculations, of theories describing the low-energy structure of the proton77 and deuteron,
and analysis of electron scattering data. The bound-state QED predictions agree between sev-
eral authors, while the Rp extraction from electron scattering remains a controversial subject.
Advances in the understanding of the proton structure through the TPE, and the extrapolation
to Q2 = 0, represent an interesting platform to test the description of analogous processes as
neutrino scattering, fundamental for the long baseline neutrino program.11 Interestingly, this
advances could affect also the description of the photon parton distribution of the proton, whose
knowledge has become important for a range of physics studies at the Large Hadron Collider.78

Rapid progress has been observed and is expected in the near future in lattice QCD which offers
an alternative route to the proton form factors.79,80 Also novel methods to access the radii
on lattice avoiding the form factors and its extrapolation to Q2 = 0 are very promising.81 The
proton radius puzzle has prompted as well several BSM extensions studies. Only few predictions
are able to evade the various existing constraints at the price of introducing targeted coupling,



fine tuning etc. BSM extension could become much more natural if the Rp values from the
atomic systems would agree and be smaller than the value from electron scattering. Recently,
µd spectroscopy has confirmed the small value of Rp as extracted from µp. New insight from
muonic helium spectroscopy, whose data analysis is being concluded promises further insight.82

Still new experimental effort in both the atomic and electron scattering sectors which are com-
ing online are needed to shed light onto this puzzle. This includes also the measurement of the
ground state hyperfine splitting in µp which is our next experimental step.
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Laser spectroscopy of antiprotonic helium, and the antiproton-to-electron mass
ratio measured by ASACUSA

M. HORI
Max-Planck-Institut für Quantenoptik,

Hans-Kopfermann-Strasse 1, D-85748 Garching, Germany

The Atomic Spectroscopy and Collisions Using Slow Antprotons (ASACUSA) collaboration at
CERN’s Antiproton Decelerator is carrying out laser spectroscopy experiments to measure the
atomic transition frequencies of antiprotonic helium (pHe+). Techniques such as sub-Doppler
two-photon laser spectroscopy and buffer-gas cooling of pHe+ to cryogenic temperature T =
1.5–1.7 K are employed to measure the frequencies to a precision of 2.5 parts in 109. By
comparing the results with three-body quantum electrodynamics calculations, the antiproton-
to-electron mass ratio was determined as Mp/me = 1836.1526734(15). This agreed with the
known proton-to-electron mass ratio at a precision of 8 parts in 1010.

1 Introduction

Various kinds of hadronic exotic atoms (i.e., atoms in which the orbital electrons are replaced by
a π−, K−, Σ−, or p) have been experimentally studied since the 1950’s and 1960’s. The energies
of the fluorescence X-rays that are emitted when the atoms deexcite between states of low
principal quantum number n have been systematically measured with an experimental precision
between 10−3 and 10−6. These atoms are typically destroyed within picoseconds following
formation, as the atom rapidly deexcites to states of low orbital angular momentum quantum
number ` by undergoing fast electromagnetic cascade processes, before being absorbed into
the atomic nucleus. Antiprotonic helium (pHe+) is a three-body atom composed of a helium
nucleus, an electron in the 1s ground state, and an antiproton occupying a Rydberg state of
quantum numbers n ∼ ` − 1 ∼ 38. This atom is unique because it retains a microsecond-
scale lifetime against antiproton annihilation in the helium nucleus, even when it is formed in
a dense helium target where it collides with other helium atoms at high rates. This is because
the electromagnetic cascade processes such as Auger emission of the 1s electron and collisional
Stark mixing are highly suppressed in pHe+ due to its large (25 eV) ionization potential. With
the 1s electron in place, the antiproton is protected against atomic collisions. The longevity
makes pHe+ amenable to laser spectroscopic measurements of its transition frequencies with a
relative precision of ∼ 10−9 or better, from which the antiproton-to-electron mass ratio Mp/me

can be determined 1,2. A comparison between the antiproton- and proton-to-electron (Mp/me)



mass ratios would constitute a consistency test of CPT symmetry 3,4,5. In the current system
of scientific units 6, Mp/me is a dimensionless fundamental constant of nature that can be
determined to particularly high precision, as it is the mass ratio between the only stable hadron
and charged lepton; laser spectroscopy of pHe+ also provides an independent way to determine
this constant.

The E1 optical transition frequencies of pHe+ have recently been calculated 7,8,9 to a rel-
ative precision of ∼ 10−10 by evaluating the complete set of quantum electrodynamics (QED)
corrections up to order meα

7 in atomic units. These a priori calculations used the International
Council for Science Committee on Data for Science and Technology (CODATA) 2010 recom-
mended values of the fundamental constants, which include the fine structure constant, the 3He-
and 4He-to-electron mass ratios, the Rydberg constant, and the Bohr radius. By comparing
these calculated and experimentally-measured pHe+ frequencies, Mp/me can in principle be de-
termined to a fractional precision of < 1×10−10. This may rival the most precise determinations
of Mp/me in experiments involving a hydrogenic carbon ion 12C5+ confined in a Penning trap
10,11,12.

The pHe+ can be readily synthesized via the reaction 13, p + He → pHe+ + e−, which
occurs when a beam of antiprotons are allowed to slow down and come to rest in a helium
target. The antiproton is preferentially captured into an orbit with the same radius and binding
energy as that of the displaced 1s electron. This corresponds to a principle quantum number of
n ∼ n0 =

√
M∗/me = 38, where M∗ denotes the reduced mass of the antiproton–helium nucleus

system.

The Atomic Spectroscopy and Collisions Using Slow Antprotons (ASACUSA) collaboration
carried out experiments in which laser pulses excited transitions between pHe+ states with 1 µs
lifetimes, and states that led to Auger emission of the 1s electron within nanosecond lifetimes.
The pHe2+ ion that remained after Auger decay was rapidly destroyed by Stark effects, which
mixed the Rydberg ionic states with s, p, and d states at high n during collisions with other
helium atoms. This led to antiproton absorption into the helium nucleus within picoseconds.
The charged pions that emerged from the annihilation were detected with a Cherenkov detector,
thus revealing the resonance condition between the laser and pHe+ as a sharp spike in the
annihilation rate. ASACUSA has developed various techniques to measure the pHe+ frequencies
to progressively higher precision.

2 Two-photon laser spectroscopy

In past experiments, the fractional measurement precision of single-photon laser spectroscopy
of pHe+ was limited to 10−7–10−8 by the Doppler broadening effect. As in normal atoms, the
thermal motion of pHe+ at temperature T strongly broadens the measured width of the laser
resonances, by ν

√
8kBT log 2/Mc2, where ν denotes the transition frequency, kB the Boltzmann

constant, M the atom’s mass and c the speed of light. The corresponding loss in spectral
resolution limited the precision by which the resonance centroid could be determined.

One way to reach a precision beyond this Doppler limit was provided by two-photon spec-
troscopy 2. In the experiment, the pHe+ was irradiated by two counterpropagating laser beams,
the optical frequencies ν1 and ν2 tuned so that their sum ν1 + ν2 corresponded to the pHe+

transition frequencies of the type (n, `)→ (n− 2, `− 2). The Doppler shift involving the atom
and ν1 laser was cancelled by the opposite shift relative to the counterpropagating ν2 laser.
To enhance the two-photon transition probability, the laser frequencies were tuned so that the
virtual intermediate state of the two-photon transition lay close (within ∆νd ≈ 10 GHz) to a
real state, (n− 1, `− 1). At resonance between the atom and laser beams, the antiprotons were
transferred between the parent and daughter states via the nonlinear transition. The first-order
Doppler width was then reduced by a factor |ν1 − ν2| /(ν1 + ν2), revealing narrow spectral lines.

Three two-photon transition frequencies of p4He
+

and p3He
+

isotopes at ultraviolet wave-



Figure 1 – Schematic drawing 1 of the experimental setup used to synthesize pHe+ atoms and cooled them to
T = 1.5–1.7 K (top). Laser system used for laser spectroscopy (bottom).

lengths (λ = 140, 193, and 197 nm) were measured 2 to a precision of 2.3–5 parts in 109.
The results agreed with the results of three-body QED calculations 7,8 within the experimental
uncertainties.

3 Gas-buffer cooling of antiprotonic helium

More recently, ASACUSA cooled some 2× 109 pHe+ atoms to a temperature T = 1.5–1.7 K by
allowing the atoms to undergo elastic collisions with cryogenic helium gas 1. The density of the
buffer helium gas (T ∼ 1.5K and P = 40–170 Pa) was adjusted so that the pHe+ atoms, once
formed, rapidly underwent a few hundred or more cooling collisions before being interrogated
by the laser beam. The 1s electron protected most of the pHe+ atoms during this cooling.

The experiment (see Fig. 1) was carried out at the Antiproton Decelerator of CERN, which
provided a pulsed beam containing 2 × 107 to 3 × 107 antiprotons of kinetic energy E = 5.3
MeV and repetition rate 0.01 Hz. About 25% of the antiprotons were decelerated to E = 75
keV by allowing them to traverse a 3 m long radiofrequency quadrupole decelerator. The slow
antiprotons were then allowed to enter the cryogenic helium gas target in thermal contact with
an open-cycle Joule-Thomson cryocooler at T = 1.3 K. The pHe+ thus formed were irradiated
by ∆t = 40 to 100 ns long laser pulses with peak powers P = 0.5 to 10 kW and wavelengths
λ = 264 to 841 nm.

Figs. 2 (A)–(C) show the profiles of the p4He
+

transitions (n, `) = (37, 35)→(38, 34),
(39, 35)→(38, 34), and (38, 35)→(39, 34) obtained by plotting the intensities of the annihila-
tion signals induced at laser frequencies between −1 and 1 GHz around the resonance centroid.
In each profile, pairs of fine structure sublines arise from the dominant interaction between the
orbital angular momentum of the antiproton and the electron spin. The positions of the four
hyperfine sublines that arise from the spin-spin interaction between the antiproton and electron



Figure 2 – Resonance profiles of the single-photon transitions (A) (n, `) = (37, 35)→(38, 34), (B) (n, `) =

(39, 35)→(38, 34), and (C) (n, `) = (38, 35)→(39, 34) of buffer-gas cooled p4He
+

atoms. (D) The profile

(36, 34)→(37, 33) of cooled p3He
+

atoms. The x-abscissa indicates the offset of the optical frequency of the
laser relative to the resonance centroid. Blue curves indicate best fit of an ab initio model based on the optical
Bloch equation.

are indicated in Fig. 2 with arrows. Due to the low T = 1.5–1.7 K temperature of the atoms, the
single photon resolution seen here exceed those of sub-Doppler two-photon spectroscopy exper-
iments using higher-temperature atoms 2. Fig. 2 (D) shows the profile of the p3He

+
resonance

(n, `) = (36, 34)→(37, 33). The three-peak structure arises from the eight unequally spaced
hyperfine sublines caused by the interactions between the 3He nuclear, electron, and antiproton
spins. The spin-independent transition frequencies were determined by fitting the profiles with
a theoretical line shape (blue lines), which were obtained by solving the optical Bloch equations.

Some of the experimental uncertainties involved in the determinations of the pHe+ frequen-
cies involve the statistical uncertainty (±1 MHz) arising from the finite number of measured
atoms, and a systematic uncertainty of 0.4–3 MHz caused by the fitting function itself. The
laser used to excite the atoms contain a spurious frequency modulation which was measured with
a precision of 0.4–1.0 MHz. The ac Stark effects and magnetic Zeeman shifts caused systematic
effects of order < 0.1 MHz and < 0.2 MHz, respectively.

4 Experimental results

In this way, 13 transition frequencies in p3He
+

and p4He
+

were measured. All the frequencies
νexp (Fig. 3A, open circles with error bars) agree with theoretical νth values (filled squares)
within the experimental uncertainties of 2.5 × 10−9 to 15 × 10−9. This agreement is factor 1.4
to 10 times better than previous single-photon experiments of pHe+. The uncertainties for most
of the theoretical frequencies νth are due to uncalculated QED contributions of orders higher
than meα

7. The corrections of νth due to the finite charge radii of the helium nucleus (4 to 7
MHz) and of the antiproton (< 1 MHz) are small because the Rydberg antiproton orbital has
negligible overlap with the nucleus and is polarized away from the 1s electron.

The calculated frequencies νth of the pHe+ transitions changed by 2.6× 10−9 to 2.7× 10−9

when the antiproton-to-electron mass ratio used in the calculations was changed by 1×10−9. By
minimizing the difference between the calculated and experimental frequencies, the mass ratio
was determined as,

Mp

me
= 1836.1526734(15). (1)

The one-standard deviation uncertainty in the parenthesis includes the contributions 9× 10−7,
11 × 10−7, and 3 × 10−7 of the experimental statistical and systematic uncertainties, and the
theoretical uncertainty, respectively.

The atomic mass of the electron was recently determined 12 with a relative precision of
3 × 10−11 by confining a 12C5+ ion in a Penning trap, and measuring the cyclotron frequency
of its motion in a magnetic field and the precession frequency of the electron spin. The results
were then compared with QED calculations of its g-factor. From this and the known proton



Figure 3 – (A) Comparison of experimental and calculated transition frequencies, showing the fractional differences
between the experimental (open circles) and theoretical (squares) values of 13 transition frequencies of cooled

p4He
+

and p3He
+

atoms. (B) Proton-to-electron mass ratios measured in Penning traps and laser spectroscopy
of HD+ molecular ions, compared with the antiproton-to-electron mass ratio determined by laser spectroscopy of
pHe+.

mass, the proton-to-electron mass ratio was determined as,

Mp

me
= 1836.15267377(17). (2)

This implies that the proton-to-electron mass ratio is now know with a precision ∼ 9 times
higher than the antiproton-to-electron value. Fig. 3(B) compares the experimental mass ratios
determined by comparing the cyclotron frequencies of protons and electrons in a Penning trap
14, the CODATA recommended value6, and the ratio determined by means of laser spectroscopy
of HD+ molecular ions 15.

The TRAP and BASE experiments of CERN have compared the cyclotron frequencies of
antiprotons and H− ions confined in a Penning trap 16,17. By combining the results with the
pHe+ data of ASACUSA, limits of 5× 10−10 were set 18,1 on any possible deviation between the
antiproton and proton masses and charges.

5 Future developments

The experimental precision of this experiment is now limited by the large emittance, and in-
tensity, position, and energy fluctuations of the antiproton beam provided by the AD which is



subsequently decelerated by a radiofrequency quadrupole. CERN is currently constructing the
Extra-Low Energy Antiproton Ring (ELENA) facility which provides an antiproton beam of
energy 100 keV, the emittance of which is reduced by a factor ∼ 100 compared to the current
RFQ beam using electron cooling techniques. Using this beam and by incorporating various
new lasers, ASACUSA intends to improve the precision of the laser spectroscopy experiments
to a precision of < 1× 10−10. Besides providing a consistency test of CPT symmetry and deter-
mining an important fundamental constant Mp/me, these experiments also allow tests of QED
calculations for three-body systems at the highest levels of precision.

Laser spectroscopy of metastable pionic helium (πHe+) is also being attempted at the 590
MeV ring cyclotron facility of the Paul Scherrer Institute. These are three-body atoms 19,20,21

composed of a helium nucleus, an electron occupying the 1s ground state, and a negative-charged
pion in a Rydberg state of quantum numbers n ∼ ` − 1 ∼ 16. This experiment may lead to a
determination of the charged pion-to-electron mass ratio with a precision of 10−8.
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Pushing limits on generic squarks and gluinos with 13 TeV data
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The Large Hadron Collider delivered pp collision data at a record energy of
√
s = 13 TeV

during 2015 and 2016. This increase in centre-of-mass energy from 8 to 13 TeV yields a
significant increase in the production cross section for squarks and gluinos. Here, the first
results of dedicated searches for strongly produced supersymmetric particles making use of the
full 13 TeV dataset from 2015 and 2016 are presented by the ATLAS and CMS Collaborations.
No significant excess beyond the Standard Model expectation is observed in any analysis, and
limits are placed on sparticle masses in the context of Supersymmetry-inspired simplified
models.

1 Introduction

Supersymmetry 1,2,3,4,5,6 (SUSY) is a highly favoured extension to the Standard Model (SM),
which postulates that for every particle in the SM there exists a supersymmetric partner particle.
These supersymmetric particles (sparticles) differ from their SM counterparts by a half unit of
spin, with the squarks (q̃) being the scalar partners to the SM quarks and gluinos (g̃) the
fermionic partners to the SM gluons. Should these sparticles exist at the TeV scale, they could
be accessible at the LHC collision energy, with a production rate such that they could be detected
by the LHC experiments. In this case, SUSY could offer a solution to the hierarchy problem, and
for R-Parity conserving (RPC) models the lightest supersymmetric particle (LSP) may present
a candidate for Dark Matter.

A comprehensive search program was carried out by the ATLAS 7 and CMS 8 experiments
during the LHC Run 1 (8 TeV), which failed to yield any significant evidence for beyond-
Standard Model (BSM) physics. The higher collision energy in Run 2 (13 TeV) offers a large
increase in the production cross section of squarks and gluinos, thus the first searches to take
advantage of this new dataset are those with a focus on squark and gluino production. The
searches presented herein make use of the 13 TeV dataset, with results from 36.1 fb−1 and
35.9 fb−1 of pp collision data from ATLAS and CMS, respectively.

Most of the analyses discussed in these proceedings consider R-Parity conserving SUSY
models, and so target final states with high transverse momentum (high-pT) objects and the
large missing transverse momentum (Emiss

T ) characteristic of weakly interacting LSPs escaping
the detector. Examples of the SUSY signal topologies probed by such searches can be seen in
Figure 1, with squarks or gluinos being pair-produced and subsequently undergoing either direct
or cascade decays to the stable LSP. In other cases, where R-Parity violating (RPV) decays are
considered, analyses select multi-object final states indicative of an unstable LSP decaying to
multiple SM particles. Two examples of such signal models are illustrated in Figure 2.

Despite the wide range of final states and signal scenarios probed, the general analysis
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Figure 1 – Example decay topologies 11,13 for three simplified models considered by analyses targetting RPC
scenarios. These models include direct squark (left) and gluino (middle, right) production, with subsequent direct
decays via off-shell squarks (left, middle), or otherwise via intermediate bosons (right).

g̃

g̃

χ̃0
1

χ̃0
1

p

p

q q

λ′

q

q

ℓ/ν

q q

λ′

q

q

ℓ/ν

g̃

g̃

χ̃0
1

χ̃0
1

p

p

t t̄

λ′′
112

u

d
s

t t̄

λ′′
112

s
d
u

Figure 2 – Example decay topologies16 for two simplified models considered by analyses targetting RPV scenarios.
These models include direct gluino production, with subsequent decays via top squarks (left) or light squarks
(right), with LSP decays to qq`/ν (left) or uds (right).

strategy follows a similar structure for all analyses considered. Control regions, designed to
be dominated by the background process of interest, are constructed to measure the reducible
backgrounds. Monte Carlo (MC) samples modelling the relevant background process are nor-
malised to data in these regions, with this global scale factor being applied to the same process
in the signal regions (SR). Irreducible backgrounds are often final state specific, and data-driven
estimates are commonly exploited in order to model these processes in the SRs. The background
estimations are cross-checked either in dedicated validation regions (VRs), or else by way of MC
or data closure tests.

2 All hadronic searches

The first class of searches discussed here are those that consider final states with jets and
missing transverse momentum. These analyses seek to exploit the large branching fractions
of squarks and gluinos to jets. With large Emiss

T and high-pT jets expected in the case of
high gluino/squark masses and heavy or potentially boosted LSPs, simple variables such as
HT (where HT is the scalar sum of the pT of the jets in the event) and Emiss

T can be used
to effectively isolate signal-like events. The HT-Hmiss

T analysis 9 (where Hmiss
T is defined as

the negative vector sum of the pT of the jets in a given event) from CMS employs just such
a strategy. In order to cover as much kinematic phase-space as possible, the analysis divides
the HT-Hmiss

T plane into 10 exclusive regions, with those themselves being further split into 5
(4) bins in (b-tagged) jet multiplicity, resulting in a total of 174 search regions. Other analyses
make use of more involved techniques. For example, the MT2 CMS analysis 10, while also
making use of jet multiplicity, b-jet multiplicity and HT, has SRs with exclusive bins in MT2 =



min
~p
missX(1)
T +~p

missX(2)
T =~pmiss

T

[max(M
(1)
T ,M

(2)
T )], where the final state objects are clustered to form two

pseudo-jets and M
(i)
T is the MT of pseudo-jet J(i) paired with one of the trial vectors ~p

missX(i)
T :

(M
(i)
T )2 = (mJ(i))

2 +m2
X + 2(E

J(i)
T E

X(i)
T − ~p J(i)

T · ~pX(i)
T ).

The SM multijet background tends to be largely confined to low MT2, making this a powerful
discriminant for searches that probe all hadronic final states. Other analyses enforce ∆φ cuts
between the final state jets and the Emiss

T in order to reject events in which fake Emiss
T is

introduced via mismeasurement of final state objects. This approach is adopted by the ATLAS
zero lepton analysis 11, which uses two distinct, complementary techniques to isolate signal-like
events. The meff -based part of the analysis enforces high meff thresholds in the SRs, where

meff =
∑n

i=1 |~p
(i)
T | + Emiss

T , in order to target models with high mass squarks or gluinos. In
addition, regions requiring ≥ 2−5 jets are constructed to target events where gluinos or squarks
undergo direct decays, whereas SRs with higher jet multiplicity requirements (≥ 5 − 6 jets)
aim to isolate scenarios with longer decay chains, such as those illustrated in Figure 1 (middle).
Finally, dedicated SRs that use large-radius jets probe models where the mass difference between
the produced heavy sparticle and the LSP is large enough that intermediate bosons are highly
boosted. These techniques are complemented by further SRs defined using the so-called recursive
jigsaw reconstruction technique 12. For topologies such as those in Figure 1 (left), the recursive
jigsaw variables allow enhanced sensitivity to compressed regions of kinematic phase space,
where the squark and LSP masses are very close together.

With the multijet backgrounds being suppressed, the dominant backgrounds in the SRs of
these searches originate from SM W+jets and tt̄. The W+jets and tt̄ backgrounds tend to
enter the all hadronic SRs by way of a lepton from a W -decay being missed in the physics object
reconstruction (so-called “lost-lepton” background), or else as a result of a hadronically decaying
τ -lepton (so-called “hadronic τ” background). To model these backgrounds data control samples
requiring a single isolated and well-identified lepton (electron or muon) are constructed. For the
former case, the CMS analyses reweight the data samples according to the probability for one
of the leptons to be missed. For the latter, data events containing isolated muons only are
selected, and the muons are subsequently smeared according to the pT-distribution expected
from a hadronically decaying τ -lepton. Closure tests performed on MC background samples
demonstrate the validity of the method, as illustrated in Figure 3.
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Figure 3 – Closure test showing the lost-lepton background determined directly from MC compared to the pre-
diction from simulated electron and muon control samples 9.

The ATLAS analysis, while also making use of data control regions with isolated leptons,
instead use these regions to normalise tt̄ and W+jets MC, enforcing orthogonality vetoing events



containing b-tagged jets, respectively.

The observed data in all SRs are shown to be in agreement with the SM prediction. These
results are interpreted in the context of several SUSY-inspired simplified models. In the case
of the ATLAS searches, a combination of the recursive jigsaw and meff results is presented,
deriving the limit at each mass point using the SR with the best-expected exclusion. The
resulting exclusion contours from both the CMS HT-Hmiss

T and ATLAS searches are presented
in the m(q̃)−m(LSP ) plane in Figure 4. These analyses exclude squark masses up to ∼ 1.6 TeV
and LSP masses up to ∼ 850 GeV.
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Figure 4 – Exclusion limits at 95 % confidence level for simplified models with direct squark production, where
the squarks undergo direct decays to a quark and an LSP. The resulting exclusion countours are shown for the
CMS HT-Hmiss

T analysis 9 (left) and the ATLAS zero lepton analysis 11 (right).

3 Searches with leptons and jets

Several searches select events with leptons in the final state in order to essentially remove the SM
multijet background from the SRs. The ATLAS 0/1-lepton ≥ 3 b-jets search 13 uses SRs with
single isolated leptons in addition to those with a lepton veto so as to maximise sensitivity to
simplified models with gluinos decaying via intermediate stops and sbottoms (the former being
illustrated in the middle diagram of Figure 1). This analysis uses SRs with 5-7 (7-8) jets to
target models with off-shell sbottoms (stops), with orthogonal SRs binned further in meff . SRs
with high Emiss

T and meff target high mass sparticle production, while SRs requiring a high-
pT leading jet probe models with small mass splittings. Control regions used to normalise the
dominant backgrounds are also orthogonal, with cuts mimicking those of the SRs they model,
and as such a simultaneous fit of all control and signal regions is possible in order to derive the
limits for exclusion.

The CMS 1-lepton ≥ 6 jets analysis 14 also targets a simplified model with gluino mediated
stops, and makes use of large-radius jets to target signal-like events containing boosted bosons.
Here, 18 SRs, made orthogonal using cuts on (b-tagged) jet multiplicity, Emiss

T , MJ(=
∑

i≤4mJ,i)
and MT, are used to derive limits on these models. The cuts on MT ensure that the W+jets
background in the SRs is negligible, resulting in a background composition dominated with SM
top quark production. With the MJ distribution demonstrating invariance as a function of MT,
the MJ distribution for this background is extrapolated from control regions with low MT.

The SRs of both the ATLAS 0/1-lepton ≥ 3 b-jets search and the CMS 1-lepton ≥ 6 jets
search yield data in good agreement with the predicted SM background. Exclusion limits are
presented in the m(g̃) −m(LSP ) plane for models with intermediate stops in Figure 5. These
analyses exclude gluino masses up to ∼ 1.95 TeV and LSP masses up to ∼ 1.2 TeV.
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Figure 5 – Exclusion limits at 95 % confidence level for simplified models with gluino mediated stop production.
The resulting exclusion countours are shown for the ATLAS 0/1-lepton ≥ 3 b-jets analysis 13 (left) and the CMS
1-lepton ≥ 6 jets analysis 14 (right).

The expected background from SM processes in the SRs are further reduced by selecting
events containing two leptons with the same charge. This final state is probed by the CMS
same sign (SS) 2-lepton analysis 15, which targets simplified models such as those illustrated
in Figure 1 (middle and right). Events are separated into three categories according to lepton
pT. The first category requires both leptons to have low pT (between 10 and 25 GeV), the
second category requires the leading lepton to have pT> 25 GeV and the sub-leading lepton
to have 10 < pT< 25 GeV, and the third category requires both leptons in the event to have
pT> 25 GeV. Once divided into these three exclusive categories, events are further classified
according to (b-tagged) jet multiplicity, Emiss

T , HT, and MT, resulting in 51 SRs in total. The
main backgrounds in this analysis are estimated using data. The non-prompt lepton background
makes use of a tight-to-loose lepton ratio based on data control samples, and the background
due to charge mis-identification is modelled using a data sample containing events with two
oppositely-charged leptons reweighted according to the charge-misidentification probability.

No significant excess is observed in any of the SRs in this analysis. The resulting exclusion
limits in the m(g̃)−m(LSP ) plane for the simplified model with gluino decays via intermediate
W -bosons are shown in Figure 6.
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1 ) = m(LSP ) + 20 GeV (right).



Here the limits are presented with differing assumptions on the chargino mass. In one case
the chargino mass is set halfway between the gluino and LSP mass, and the other case assumes
a chargino mass only 20 GeV above the LSP mass. The results from the low-pT lepton SRs
are of particular importance to drive the exclusion for the latter case, where there is very little
kinematic phase space between the chargino and LSP.

In order to target SUSY scenarios with RPV it is important to tailor the SR event selection
accordingly. Here, requirements on large Emiss

T are less relevant, with the focus being rather
on high object multiplicity final states. The ATLAS 1-lepton multijet analysis 16 aims to probe
signal topologies such as those illustrated in Figure 2. Events are selected with ≥ 5 jets with pT>
40, 60, 80 GeV, and are then separated according to jet multiplicity. The highest jet multipicity
SR accepts events with 12 jets. Those events with exactly 5, 6 and 7 jets none of which are
b-tagged, are further divided based on the charge of the leading lepton in the event, or whether
or not they contain two same-flavour opposite-sign leptons within 81 < m`` < 101 GeV.

In order to extrapolate the dominant W+jets (tt̄) in the b-veto (≥ 1b-tagged jet) regions,
a scaling law is used. For tt̄, the b-tagged jet distribution is taken from a sample of events
with a 5 jet requirement. The evolution in jet multiplicity is then parameterised using the
probability to get additional b-tags thereafter. A closure test, demonstrating the validity of
the method, is performed using semi-leptonic and dileptonic tt̄ MC, as well as a dileptonic tt̄
enriched data sample, as shown in Figure 7. In all cases the data or simulation follow closely
the parameterisation.
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Figure 7 – Validation of the jet-scaling parameteristion used in the ATLAS 1-lepton multijet analysis 16. The plot
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overlaid with a line indicated the relevant parameterisation.

The data in the SRs are in good agreement with the background prediction, and limits are
derived on several simplified models with RPV couplings. Exclusion limits are shown for one
of the models illustrated in Figure 8, with the best sensitivity coming from the SRs with an
80 GeV jet pT requirement. For the model with gluino decays via virtual stops and LSP decays
to uds, the analysis exclude gluino masses up to ∼ 2 TeV and LSP masses up to ∼ 1.4 TeV.
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model with gluino production, with subsequent decays via top squarks, with LSP decays to uds.

4 Summary

The LHC had a productive year during 2016, providing a large 13 TeV dataset for experiments.
The first SUSY searches to exploit this high centre-of-mass energy relative to 8 TeV were those
targetting strongly produced squarks and gluinos. No significant excesses are reported in the
analyses presented in this document, with the mass limits on squarks and gluinos being pushed
ever further. New results are still expected for these production modes in different final states,
with more results from SUSY searches dedicated to electroweak production on the way. There
is still much to learn at 13 TeV, and the existing dataset is set to grow again when data-taking
resumes in 2017.
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Progress with electroweakino searches with 13 TeV data
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ETH Zürich, Zürich, Switzerland

Recent results from searches for production of supersymmetric partner of electroweak bosons
are presented, using 13 to 36 fb−1 13 TeV data sets collected by the ATLAS and CMS
experiments in 2016. The various results are interpreted in simplified SUSY models. No
signal of physics beyond the Standard Model has been observed so far.

1 Introduction

The Supersymmetry (SUSY) is a powerful and favored extention of the Standard Model (SM)
able to solve several unanswered questions left open by the SM, with the ability to explain the
naturalness problem, or the ability to provide a potential candidate for the nature of the dark
matter.

In this paper are summarized a selection of electroweakino searches for supersymmetric
signatures performed by the ATLAS 1 and CMS 2 collaborations, with proton-proton collision
data recorded in 2016 at

√
s = 13 TeV. The production of electroweak boson supersymmetric

partners, the ”electroweakinos”, χ̃±
i and χ̃0

i , i = 1, 2, 3, 4, is probed in the frame of simplified
SUSY production models 3. Fig.1 illustrates a subset of the production modes probed. Other
searches for SUSY are discussed in other proceedings of the Moriond EW 2017 conference.

In Section 2 are presented the results of searches for χ̃±
1 χ̃

∓
1 or χ̃±

1 χ̃
0
2 production modes with

slepton ˜̀, ν̃, mediated decay, where χ̃±
i , χ̃∓

i denote the charginos and χ̃0
i the neutralinos. In

Section 3, the production of χ̃±
1 χ̃

0
2 pair with a direct decay into a SM electroweak boson Z,W

or H and a χ̃0
1 are discussed. Searches for a specific Gauge Mediated Supersymmetry Breaking

(GMSB) model are presented in Section 4, and finally the probe of χ̃±
1 χ̃

∓
1 production mode with

R-parity violating decay is presented in Section 5.

Figure 1 – Non exhaustive list of diagrams illustrating the supersymmetric signatures searches covered in this
paper.



2 χ̃±
1 χ̃

∓
1 and χ̃±

1 χ̃
0
2 production with ˜̀/ν̃ mediated decays

The electroweakino pair production with slepton mediated decays has been probed in several
searches performed by the ATLAS and CMS collaboration.

Two searches, one performed by the ATLAS collaboration 4 with 16 fb−1 of 13 TeV data,
and one performed by the CMS collaboration 5 with 36 fb−1 of 13 TeV data target the general
case, with no flavor assumption on the SUSY partner mediating the electroweakino decay. Those
searches target final states with two leptons of opposite sign 4 or of same-sign 5, as well as final
states with three leptons. Both analyses classify the selected events into so-called signal regions,
5 for 4, and 158 for 5, based on different kinematic variables, such like the invariant mass of
a dilepton system, the number of hadronic jets or the missing transverse energy EmissT or the
“s-transverse” mass mT2, useful variable to identify events containing a top-antitop quark pair,
and which is defined as

m2
T2 = minqT [max(m2

T (p`1T ,qT),m2
T (p`2T , ~E

miss
T − qT))] (1)

where p`iT, with i = 1, 2 are the transverse momentum of the two leading leptons, where

mT =
√

2p`TEmissT (1− cos(∆φ(`,EmissT ))), and where qT is the optimized fraction of the EmissT as-
sociated to one of the two W boson produced by the top quarks decays. The dominant back-
grounds are controlled with data, by measuring the associated yields in control regions and
propagating the estimation to the signal regions using transfer factors, measured independently
in collision data. Major uncertainties are related to the theoretical knowledge of rare SM pro-
cesses (diboson production, top antitop pair production in association to a W or Z boson) and
to the knowledge of the hadronic jet energy scale. The observations are in good agreement with
the expectations (Fig.2) and limits are set on the SUSY particles mass plane (Fig.3a and Fig.3b.
In 5, several models with different slepton masses are considered. Electroweakino χ̃±

1 /χ̃
0
2 masses

up to 1.15 TeV are excluded, for χ̃0
1 masses up to 700 GeV.
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Figure 2 – Subset of the signal regions defined in 5. Collision data are represented by black points and SM
predictions in color.

The search presented in 6 focuses on τ̃ mediated decay by selecting events with a pair of
two hadronic taus with opposite sign in the final state, and looking for an excess of event
with large EmissT or with large mT2 values. A data set of 15 fb−1 of 13 TeV data has been



used. The dominant backgrounds originating from QCD processes and Drell-Yan processes are
estimated or controlled from dedicated regions, defined with relaxed EmissT and mT2 selection
and relaxed hadronic tau identification. No evidence of deviation with respect to the Standard
Model expectation has been found, and exclusion limits were set in the (χ̃±

1 χ̃
0
2,χ̃

0
0) mass plane

(Fig. 3c). Results obtained in5 also contribute to the search of τ̃ mediated decays, with a better
exclusion of the compressed part of the mass spectrum where the χ̃0

1 mass is close from the
χ̃±
1 /χ̃

0
2 masses, but with a lower sensitivity at low χ̃0

0 masses.
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Figure 3 – Most stringent limits on EWK SUSY partner masses for χ̃±
1 χ̃

∓
1 from 4 (a) and χ̃±

1 χ̃
0
2 from 5 (b)

production mode for general slepton mediated decays, and for χ̃±
1 χ̃

0
2 production mode with τ̃ mediated decays

from 6 (c).

3 χ̃±
1 χ̃

0
2 production with direct decay in SM electroweak boson

The processes χ̃±
1 χ̃

0
2 → (χ̃0

1W
±)(χ̃0

1V ), with V = Z, have been probed by the analysis presented
in 5. Another analysis presented in 7 probed the model where V = H, requesting that the
produced Higgs boson decays into a b quark pair. Only events containing a well identified and
isolated lepton, as well as two jets tagged as originating from b quark decays are selected. A min-
imal requirement of EmissT > 100 GeV and a minimal 150 GeV selection on both the transverse

mass of the lepton-EmissT system and on the con-transverse mass mCT =
√

2pb1T p
b2
T (1 + cos∆φbb)

are also applied. The final selection requires the invariant mass of the b-tagged jet pair to be
consistent with an on-shell Higgs boson decay. As can be seen on Fig.4a, no evidence of any
excess above the SM prediction is observed and exclusion limits are set. The sensitivy of the
analysis appeared to be limited with 13 fb−1, showing no exclusion of electroweakino masses.
With 36 fb−1 of 13 TeV pp collision data, a similar search should be able to probe mid-range
electroweakino masses, from ∼ 200 to 500 GeV. The search performed in 5 is complementary to
7 with an exclusion of low electroweakino masses, up to 200 GeV for low χ̃0

1 masses.

The interpretation of 5 results in a χ̃±
1 χ̃

0
2 → (χ̃0

1W
±)(χ̃0

1Z) context leads to an exclusion of
SUSY masses illustrated on Fig.4b.

4 Gauge Mediated Supersymmetry Breaking SUSY model

A specific SUSY model with Gauge Mediated Supersymmetry Breaking has been also probed
by the CMS collaboration 8,9 with 36 fb−1 of 13 TeV data. In this model, the super-partner
of the Higgs boson, the higgsino, is considered as the next-to Lightest Supersymmetric Particle
(LSP) and the Goldstino G̃ is considered as the LSP.

The analysis presented in8 focuses on the production mode χ̃iχ̃j → HHG̃G̃ with each of the
two Higgs boson decaying into two b quarks, while in 9 the production mode χ̃±

1 χ̃
0
1 → γW±G̃G̃

is probed.
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Figure 4 – Left: invariant mass of the H → bb candidate for the χ̃±
1 χ̃

0
2 → W±Hχ̃0

1χ̃
0
1 search with a Higgs boson

decay into b quarks 5. Right: Exclusion limits in the electroweakino mass plane for the χ̃±
1 χ̃

0
2 → W±Zχ̃0

1χ̃
0
1

production mode 5.

The former uses events with at least four jets, ranked accordingly to their likelihood to
originate from a b quark. Events are selected online using triggers requesting a large amount
of EmissT . Advanced kinematic variables are used, such like the maximal angle between two b-
tagged jets, the difference of reconstructed Higgs masses, ∆mH < 40 GeV, or the median of the
two reconstructed Higgs masses 〈m〉 which has to be compatible with an on-shell Higgs boson
decay (Fig. 5a). No significant excess above the SM expectation has been seen, and exclusion
limits are set on the Higgsino mass (Fig.6), excluding a range between 225 and 770 GeV.

The search introduced in 9 looks for an excess of events containing a high transverse mo-
mentum photon as well as a fair amount of missing transverse energy. The minimal photon
momentum is 180 GeV. The observable used to quantify the presence of potential signal is
defined as

SγT = EmissT +
∑
γ

pT . (2)

The SM background is highly dominated by the associated production of an electroweak boson
recoiling against a photon with large pT , and which decays into either a neutrino pair or a neu-
trino and a charged lepton. The sub-dominant background originates from γ + jets production
processes. If the background shapes are taken from the Monte Carlo simulation, the normaliza-
tion is determined in a control region by a simultaneous fit of the collision data, using Monte
Carlo templates of the variable ∆φ(EmissT , nearest jet/γ). Again, data are observed to be in good
agreement with the SM expectation and limits are set on Higgsino masses, with an exclusion of
the Higgsino mass up to 750 GeV (Fig. 5b).

5 χ̃±
1 χ̃

∓
1 production mode with RPV decay

Finally, a search 10 performed by the ATLAS collaboration targets χ̃±
1 χ̃

∓
1 → (Wχ̃0

1)(Wχ̃0
1)

production with R-parity violating decay into charged leptons ` and neutrinos: χ̃0
1 → `k`i/jνj/i,

with i, j, k ∈ e, µ. For such models, a large number of leptons is expected in the final state.
Events with at least four leptons are selected. A minimal pT requirement of 5 (7) GeV is applied
on muons (electrons). Those requirements correspond to the pT selection used at the trigger
level. Low masses resonances and Z resonances are vetoed. The main discriminant variable used
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Figure 5 – (a) reconstructed median Higgs mass distribution in events with 4 b-tagged jets 8. (b) SγT distribution
in γ + `+ EmissT events 9.
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is the effective mass meff , defined as

meff = EmissT +
∑

leptons

pT +
∑
jets

pT (3)

where jets should satisfy pT > 40 GeV. An excess at large meff is expected in the presence of
SUSY signal. The observed data are in agreement with the SM prediction (Fig.7), and exclusion
limits are set in the (χ̃±

1 ,χ̃0
1) mass plane. Chargino χ̃±

1 masses below 1.14 TeV are excluded.

6 Conclusion

Various simplified SUSY models have been probed in various final states with data collected
by the ATLAS and CMS experiments at

√
s = 13 TeV. No evidence of physics beyond the

Standard Model has been observed so far. Exclusion limits have been set on SUSY particles
masses. Further searches for new physics signatures are still ongoing, and will increase our
knowledge of the possibility of the existence of SUSY-like particles.



Figure 7 – Effective mass meff distribution in multilepton events in the context of RPV SUSY search 10.

A complete list of results published by the ATLAS and CMS experiments can be found
online 11,12.
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Naturalness arguments for weak-scale supersymmetry favour supersymmetric partners of top
quarks and Higgsinos with masses not too far from those of their Standard Model counterparts.
The increase in the center of mass energy of the proton-proton collisions gives us a unique
opportunity to extend the sensitivity of the production of these supersymmetric particles at the
Large Hadron Collider. This talk presents recent ATLAS and CMS results from searches for
direct stop, sbottom and electroweakino pair production using 2015+2016 data at

√
s = 13

TeV. These searches include several final states with leptons, jets and missing transverse
momentum.

1 Introduction

Supersymmetry (SUSY) is one of the most favorable extensions of the Standard Model (SM). It
is a generalization of space-time symmetries that predicts new bosonic partners for the fermions
and new fermionic partners for the bosons of the SM. If R−parity is conserved, then SUSY
particles (called sparticles) are produced in pairs and the lightest supersymmetric particle (LSP)
is stable and represents a possible dark-matter candidate. 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
also mix to produce charginos (χ̃±) and neutralinos (χ̃0) also called Electroweakino (EWKino).
Naturalness suggests that gluinos should not be too heavy, stops should be light (≤∼ 1 TeV)
while higgsinos must be below 350 GeV.

This document summarises the ATLAS 1 and CMS 2 searches for the third generation super-
partners (stops and sbottoms) as well as the searches for compressed EWKino production. The
word compressed represents the cases where the mass difference between the next to lightest
supersymmetric particles (NLSP) and the LSP are small, leading to soft final state products.

2 Searches for stop pair production

The variety of spectra that the supersymmetric particles can have, requires dedicated searches to
cover the different regions of the two-dimension (2D) mass plane mt̃ −mχ̃0

1
. Figure 1 illustrates
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The analyses that have already been published are only briefly reviewed, while those presented for the83

first time in this paper are discussed in detail. Appendix C provides further details of a combination of84

analyses which is performed for the first time in this paper. Finally, Appendix D provides details about85

the generation and simulation of the signal Monte Carlo samples used to derive the limits presented.86

2. Third-generation squark phenomenology87

The cross section for direct stop pair production in proton–proton collisions at
p

s = 8 TeV as a function88

of the stop mass as calculated with PROSPINO [43, 44] is shown in Figure 1a. It is calculated to next-to-89

leading order accuracy in the strong coupling constant, adding the resummation of soft gluon emission at90

next-to-leading-logarithmic accuracy (NLO+NLL) [45–47]. In this paper, the nominal cross section and91

its uncertainty are taken from an envelope of cross-section predictions using di↵erent parton distribution92

function (PDF) sets and factorisation and renormalisation scales described in Ref. [44]. The di↵erence in93

cross section between the sbottom and stop pair production is known to be small [46], hence the values94

of Figure 1a are used for both.95
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Figure 1: (a) Direct stop pair production cross section at
p

s = 8 TeV as a function of the stop mass. The band
around the cross section curve illustrates the uncertainty (which is everywhere about 15–20%) on the cross section
due to scale and PDF variations. (b) Illustration of stop decay modes in the plane spanned by the masses of the
stop (t̃1) and the lightest neutralino (�̃0

1), where the latter is assumed to be the lightest supersymmetric particle and
the only one present among the decay products. The dashed blue lines indicate thresholds separating regions where
di↵erent processes dominate.

Searches for direct production of stops and sbottoms by the ATLAS collaboration have covered several96

possible final-state topologies. The experimental signatures used to identify these processes depend on97

the masses of the stop or sbottom, on the masses of the other supersymmetric particles they can decay98

into, and on other parameters of the model, such as the stop and sbottom left-right mixing and the mixing99

between the gaugino and higgsino states in the chargino–neutralino sector.100

Assuming that the lightest supersymmetric particle is a stable neutralino (�̃0
1), and that no other super-101

symmetric particle plays a significant role in the sbottom decay, the decay chain of the sbottom is simply102

b̃1 ! b�̃0
1 (Figure 2a).103
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Figure 1 – A sketch of the two dimensional mass plane mt̃ −mχ̃0
1

with the decay topologies considered in each

region 3.

the different decay topologies that both ATLAS and CMS consider to cover these regions.
According to that figure, the 2D plane can be divided in three regions:

• High mass (∆m = mt̃ − mχ̃0
1
> mt): This region is characterized from highly energetic

final production objects leading to boosted topologies;

• Intermediate mass (∆m = mt̃ − mχ̃0
1
≤ mt): This region is covered by examining the

three-body-decays of t̃1 → bWχ̃0
1;

• Compressed (∆m = mt̃ −mχ̃0
1
< mW +mb): This region is explored by examining either

the four-body-decays of t̃1 → bffχ̃0
1 or t̃1 → cχ̃0

1. It is one of the most challenging regions
due to the very soft products of the decays, the high background rates that need to be
controlled and due to the tagging of the c− quark.

Both ATLAS and CMS have dedicated searches for direct stop-pair production with decays
into t̃→ tχ̃0

1. The decay products of the tt̄ system in the all-hadronic decay mode can often be
reconstructed as six distinct jets. The jet reconstruction is performed using the anti-kt clustering
algorithm with a distance parameter of R = 0.4. The signal models of high ∆m involve the
production of highly boosted top quarks. In such cases, it is possible to reconstruct the top
quark decay products within a single large-radius jet. The hadronic decay products of the W
bosons may be reconstructed in a similar manner. ATLAS and CMS use reclustered jets of
R = 1.2 and 0.8 respectively.

2.1 Search for a Scalar Partner of the Top Quark in the Jets+EmissT Final State at
√
s =13

TeV with the ATLAS detector

These searches4 consist of two complementary analyses, one targeting the high ∆m region, while
the other probes the case where the mass difference between the t̃ and the χ̃0

1 is of theO(mt). The
former analysis relies on the number of t− and W−tagged reconstructed jets, the minimum and
maximum transverse mass between the two b−tagged jets and the missing transverse momentum,
(mb,min

T ), the magnitude of the missing transverse moment (EmissT ), the opening angle between

the two b−tagged jets (∆R(b, b)) and the stransverse mass (mχ2

T2) which is constructed from
the direction of magnitude of the EmissT in the transverse plane as well as the direction of
two top quark candidates recontructed using a χ2 method. The latter analysis (∆m ∼ mt)
requires an Initial State Radiation (ISR) jet and employs the Recursive Jigsaw Reconstruction
technique 5. According to this technique, each event is divided into an ISR hemisphere and a
sparticle hemisphere, where the latter consists of the pair of candidate top squarks. Objects are



grouped together based on their proximity in the lab frame’s transverse plane by minimizing the
reconstructed transverse masses of the ISR system and sparticle system simultaneously over all
choices of object assignment. Based on this assignment a series of observables are constructed
as the jet multiplicities in the two hemispheres, the transverse mass between the entire sparticle
system (including the invisible part) and the EmissT (mS), the pT of the ISR system in the CM
frame, the azimuthal angle between the ISR system and the EmissT in the CM frame and the
ratio of the EmissT to the pT of the ISR system in the CM frame, RISR (This ratio is proportional
to the ratio of the χ̃0

1 and t̃ masses).
The dominant backgrounds in the former analysis arise from Z(νν) + jets followed by tt̄Z

(where Z → νν) while for the latter from tt̄. All these backgrounds have been normalized to
the data in Control Regions (CR) enriched in such events. Figure 2 shows the expected SM
events and the observations in each Signal Region (left) while the middle and right ones show
the statistical interpretation based on two simplified models, direct stop-pair production and
gluino-pair production.
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Figure 2 – Left: A comparison of the Stanadard Model expected yields and observed events in the Signal Regions
(left). Center: the statistical interpretation based on a simplified model of stop-pair production (t̃1 → tχ̃0

1).
Right: statistical interpretation based on a simplified model of gluino-pair production (g̃ → tt̃1 → tχ̃0

1) 4.

2.2 Search for direct top squark pair production in the all-hadronic final state in proton-proton
collisions at

√
s =13 TeV with the CMS detector

These searches 6 are divided in two categories. The first (second) category targets high (low)
∆m scenarios and consists of multiple disjoint regions which are then combined to produce the
final result. To target signal models with moderate values of ∆m, in the low-mT (b1,2, E

miss
T )

region, the presence of at least one “resolved-top” (Nres ≥ 1) and Nj ≥ 7 to benefit from the
potential of ISR in signal events is required. The resolved-top category is an alternative way of
reconstructing top quarks and recovering sensitivity in the low pT top region. Event samples
are then subdivided according to the number of b−tagged jets and different EmissT thresholds. A
similar subdivision in Nb and EmissT is performed for events in the high-mT (b1,2, E

miss
T ) region

with Nj ≥ 7 but containing no top or W objects. The signal models with larger values of
∆m and sufficiently boosted top quarks or W bosons are covered by subdividing the high-
mT (b1,2, E

miss
T ) region into regions that require the presence of at least one recontructed top

(Nt ≥ 1), reconstructed W (NW ≥ 1), or resolved top. These regions are then subdivided into
disjoint SRs according to Nb, E

miss
T and the multiplicities of the top and W objects. There are

in total fifty one disjoint regions.
The low ∆m region is explored by examining the four-body-decays of stop production and

it is based on the ISR approach. A novel soft b−tagging algorithm based on the presence of
a secondary vertex has been developed for recovering b−tagged jets below pT < 20 GeV. This
analysis consists from fifty three disjoint SRs which are combined for the final result. Figure 3
shows the statistical interpretation of the results.
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Figure 3 – Left: Exclusion limits at 95% CL for simplified models of top squark pair production in the pure
t̃1 → tχ̃0

1 (left), t̃1 → bffχ̃0
1 (middle) and t̃1 → cχ̃0

1 (right) decay scenarios. The solid black curves represent the
observed exclusion contours and the bands corresponding to the theory uncertainty on the cross section. The
dashed red curves indicate the expected exclusion contour and the ±1σ with experimental uncertainty 6.
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Figure 4 – Left: Exclusion limits at 95% CL from the analysis on the masses of the t̃1 and χ̃0
2, for a fixed mχ̃0

1
= 0

GeV, assuming BR(χ̃0
2 → Zχ̃0

1)=0.5 and BR(χ̃0
2 → hχ̃0

1)=0.5. The dashed line and the shaded band are the
expected limit and its ±1σ uncertainty, respectively. The thick solid line is the observed limit for the central
value of the signal cross-section. Middle: Exclusion limits at 95% CL from the analysis on the masses of the t̃2
and χ̃0

1, for a fixed m(t̃1)−m(χ̃0
1) = 180 GeV, assuming BR(t̃2 → Zt̃1)=1 (middle) and BR(t̃2 → ht̃1)=1 (right)7.

3 Complementary models with top squarks

This section is dedicated to the ATLAS and CMS searches targeting cascade decays of stop-pair
production.

3.1 Search for direct top squark pair production in events with a Higgs or Z boson, and missing
transverse momentum in pp collisions at

√
s =13 TeV with the ATLAS detector

This analysis 7 presents a search for direct top squark pair production with the Higgs and/or
Z bosons appearing in the stop decay chains. In specific, the two models considered are (i)
t̃1 → tχ̃0

2 → h/Zχ̃0
1 and (ii) t̃2 → h/Zt̃1 → tχ̃0

1. The first model is interesting in its own right
since it shows that new physics directly couples to the SM Higgs/Z bosons while the second
model can provide additional sensitivity in the region ∆m(t̃1, χ̃

0
1) ∼ mt.

The models involving a Z boson in the top squark decays have been examined in a three-
lepton plus a b−tagged jet signature. The dominant bacgkrounds in this search are tt̄Z and
multi-boson production. The normalization of these backgrounds is obtained by fitting the yield
to the observed data in two CRs and then extrapolating this yield to the SRs. The top squark
decays involving a Higgs boson have been studied in the one-lepton plus four b−tagged jets final-
state. The dominant background contribution is coming from tt̄ and again this contribution has
been normalized to data in a dedicated CR. Both searches contain three overlapped SRs each,
targeting different mass splits (∆m(t̃, χ̃0

1)). The statistical interpretation of the results can be
seen in Figure 4.
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Figure 5 – Left: Observed and SM yields in the two-lepton search regions. Middle: Expected and observed limits
at 95% CL for the chargino decay mode t̃ → bχ̃±

1 → Wχ̃0
1 and right for the cascade-decay mode t̃1 → bχ̃±

1 →
˜̀ν → `χ̃0

1
8.

3.2 Search for direct stop pair production in the dilepton final state at
√
s = 13 TeV with the

CMS experiment

These searches 8 have been designed to target cascade decays of stop-pair production (t̃1 →
bχ̃±

1 → W±χ̃0
1 and t̃1 → bχ̃±

1 → ˜̀ν → `χ̃0
1) and they are based on the selection of opposite-

sign (OS) lepton pairs (electrons or muons). The main search variables in this analysis is the
stransverse mass 9 (mT2) constructed with two different ways, either considering only the two-
leptons and the vector of EmissT or by using the two-leptons, the two b−tag jets and the EmissT .

The background processes from SM processes entering in the search regions are coming from
single−t and tt̄ production followed by top quark pair production in association with a Z, W , or a
Higgs boson and Drell-Yan and di- or multi-boson production (WW, WZ, ZZ, WWW, WWZ,
WZZ and ZZZ). For these backgrounds dedicated CRs have been constructed which have been
used to normalize the MC predictions to data. Figure 5 (left) shows the predicted backgrounds
and observed yields in each search region in the same-flavor (SF) OS channel. The shaded band
covers the systematic uncertainties. The middle one shows the expected and observed limits
at 95% CL for the decay mode t̃ → bχ̃±

1 (assuming that the χ̃±
1 mass is halfway between the t̃

and χ̃0
1 masses) while the one on the right shows the statistical interpretation for the “cascade

decay” mode t̃1 → bχ̃±
1 → ˜̀ν → `χ̃0

1.

4 Searches for bottom squark pair production

The following two searches have been performed by the CMS experiment and target the direct
sbottom-pair production.

4.1 Search for direct production of bottom and top squark pairs in proton-proton collisions at√
s = 13 TeV with the CMS detector

Similarly to the other analyses presented in this talk, there are two dedicated searches 10, one
targeting the non-compressed region (∆m(b̃1, χ̃

0
1) > 150 GeV) and another search for the com-

pressed (∆m(b̃1, χ̃
0
1) < 150 GeV). The main discriminant variables in the high mass region are

the scalar sum of the transverse momenta of the two leading jets (HT ) and the boost-corrected
contransverse mass11 (mCT ). For processes with two identical decays of heavy particles, b̃→ bχ̃0

1

the mCT distribution is characterized by an endpoint defined by m(b̃) and m(χ̃0
1), which for the

topology in question is at (m(b̃)2 −m(χ̃0
1)

2)/m(b̃) (see left Figure 6). The philosophy for the
design of the compressed SRs is based on the requirement of an ISR jet recoiling against the
vector of the missing transverse momentum. The compressed SRs are then binned in EmissT
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Figure 6 – Left: Distribution of mCT ; Middle: Distributions of the combined b−, c−tagged jet, and SV multiplic-
ities; Right: The 95% CL limits on the cross section, assuming 100% BR for the decay of the sbottom quark to
b−quark and χ̃0

1
10.

and the b/c−tagged jet multiplicities. The distribution of the combined b−, c−tagged jet, and
secondary vertex (SV) multiplicities at preselection level can be seen in Figure 6 middle plot.

The right plot of Figure 6 shows the statistical interpretation of the results based on a
simplified model of sbottom quark pair production decaying to b−quark and χ̃0

1.

4.2 Search for Excess Higgs production in diphoton final states using the razor variables at√
s = 13 TeV with the CMS detector

In the Minimal Supersymmetric Standard Model (MSSM) Higgs bosons may be produced
through the cascade decays of heavier sparticles. This search 12 targets the direct sbottom
pair production where the sbottoms decay through b̃→ bχ̃0

2 → Hχ̃0
1 and the study has been per-

formed in the H → γγ decay mode and in association with at least one jet. The selected events
are categorized into four mutually exclusive categories. An event is categorized as “HighPt” if
the pT of the selected Higgs candidate is larger than 110 GeV. Otherwise, if the event contains
two b−tagged jets whose invariant mass is between 76 GeV and 106 GeV, or between 110 GeV
and 140 GeV, it is categorized as “H(γγ)−H/Z(bb)”. The remaining events are categorized as
“HighRes” and “LowRes” if the diphoton mass resolution estimate σM/M is smaller or larger
than 0.85%, respectively. These four categories are then subdivided further based on the razor
variables 13 MR and R2.

There are two main classes of background events that pass the search selection criteria:
SM Higgs production and non-resonant QCD production, with either two promptly produced
photons or one prompt photon and one jet that is mistakenly identified as a photon. The SM
Higgs background is estimated from the MC simulation, while the non-resonant background is
predicted using a data-driven fit to the diphoton mass distribution.

Figure 7 shows the statistical interpretation of these searches. The figure on the left shows
the observed significance in units of standard deviations per search region while the one on the
right shows the results in terms of limits on the production cross-section times branching-ratio
for bottom squark pair production decaying to a Higgs boson, a bottom quark and the LSP.

5 Searches for compressed Electroweakinos

Naturalness imposes constraints on the masses of higgsinos which are expected to be light and
most likely have a compressed mass spectrum. The following search has been performed from
the CMS experiment and targets EWKino production in nearly degenerated mass spectrum
(∆m = mχ̃±

1 /χ̃
0
2
− χ̃0

1 < 40 GeV) by employing very soft leptons.



Bin Number
0 2 4 6 8 10 12

 O
bs

er
ve

d 
S

ig
ni

fic
an

ce

6−

4−

2−

0

2

4

 (13 TeV)-135.9 fb Searchγγ→Razor HCMS Preliminary

H
ig

h
P

t 
C

at
eg

o
ry

H
Z

b
b

 C
at

eg
o

ry

H
ig

h
R

es
/L

o
w

R
es

C
at

eg
o

ry

 [GeV]
b
~m

250 300 350 400 450 500

 [G
eV

]
10 χ∼

m

0

50

100

150

200

250

300

350

400

1

10
CMS Preliminary  (13 TeV)-135.9 fb

1

0χ∼  bH→ 
2

0χ∼ b→ b
~

, b
~

b
~

 →pp 

NLO+NLL exclusion

=130 GeV
1

0χ∼-m
2

0χ∼mtheoryσ 1 ±Observed 

experimentσ 1 ±Expected 

95
%

 C
.L

. u
pp

er
 li

m
it 

on
 c

ro
ss

 s
ec

tio
n 

[p
b]

Figure 7 – Left: Observed significance in units of standard deviations per search region. The yellow and green
bands represent the 1σ and 2σ regions, respectively. Right: The observed 95% confidence level (C.L.) upper limits
on the production cross section for bottom squark pair production decaying to a bottom quark, a Higgs boson,
and the LSP are shown. The solid and dotted black contours represent the observed exclusion region and its 1σ
bands, while the analogous blue contours represent the expected exclusion region and its 1σ bands 12.

5.1 Search for new physics in events with two low momentum opposite-sign leptons and missing
transverse energy at

√
s = 13 TeV with the CMS experiment

The phase space of this search 14 is defined in the low lepton transverse momentum (pT > 3.5
GeV) regime by imposing an upper limit of 30 GeV on the leading lepton pT . To suppress
contributions from the non-prompt and SM background processes a series of preselection cuts is
applied. These requirements include the selection of OS pairs, moderate EmissT and the presence
of at least one jet in the event which acts as an ISR jet for boosting the system. The events
satisfying the preselection requirements are then binned according to the dilepton invariant mass
and EmissT .

The main background contributions resulting in two prompt-leptons, like tt̄, DY+jets and
dibosons have been estimated by defining CRs (enriched in each of these processes) which are
close to the SR and then using a Transfer Factor (calculated from Monte Carlo) to extrapolate
these contributions to the SRs. The non-prompt lepton contribution has been estimated using
a “tight to loose” method 15.

The dilepton invariant mass distributions for EmissT > 200 GeV and > 250 GeV can be seen
in Figure 8, left and middle plots respectively. The results have been interpreted in the context
of direct χ̃±

1 χ̃
0
2 simplified models and assuming pure Wino cross sections (right Figure 8).
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Figure 8 – Left: Electroweakino search region for 200< EmissT <250 GeV; Center: Electroweakino search region
for EmissT >250 GeV; Right: Statistical interpretation based on a simplified model of EWKino production 14.
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Searches for dilepton resonances at high mass (Z’, W’) and other non hadronic
final states with 13 TeV data

Raffaella Radogna
on behalf of the ATLAS and CMS Collaborations

Istituto Nazionale di Fisica Nucleare (INFN), Sezione di Bari
Via E. Orabona n.4,I-70126 Bari, Italy

The latest results of searches for new heavy resonances decaying in lepton pairs and new
physics beyond the Standard Model with multi-lepton final states from the ATLAS and CMS
collaborations are presented, based on

√
s = 13 TeV proton-proton collisions data at the LHC.

No evidence of new heavy particles is observed and limits are set at the 95% confidence level
on various benchmark models.

1 Introduction

The Standard Model (SM) of particle physics is one of the most successful theories, with ex-
perimental results being consistently in agreement with its predictions. It is known however,
that the SM does not describe the nature completely and it is usually seen as a low energy
approximation of a more general theory. Therefore there exist many theories extending beyond
the SM (BSM) which predict new particles at the TeV mass scale. Models with extended gauge
groups often feature additional U(1) symmetries with corresponding heavy spin-1 bosons (W ′,
Z ′). Among the models aimed to justify the neutrino masses, the type-III seesaw mechanism
predicts new heavy fermions with multilepton final states. Such new massive particles would
appear as a clear excess over a falling SM background in the mass spectrum.

The ATLAS 1 and CMS 2 experiments both have a rich program of searches for new exotic
phenomena and a complete review of all results can be found in 3 (ATLAS) and 4,5 (CMS).
Almost any combination of two SM particles can form a resonance in BSM models. This doc-
ument details several of the most recent ATLAS and CMS searches for heavy particles using√
s = 13 TeV proton-proton LHC data. In particular, single charged lepton based searches

(W ′ → `ν), charged lepton pair based searches (Z ′ → ``, or Z ′ → ``′), and multilepton final
states searches are described in this document.

2 Charged lepton and neutrino channel

Both ATLAS and CMS collaborations have searched for a heavy charged boson (W ′) selecting an
high-energy isolated electron or muon and missing transverse momentum due to the undetected
neutrino using respectively 36.1 fb−1 and 2.3 fb−1 of data 6,7.

Figure 1 displays the transverse mass (mT ) distributions in the electron (left) and muon
(right) channels observed by ATLAS 6. As examples, to the SM prediction were added the
expected signal spectra for W ′ bosons predicted by the benchmark Sequential Standard Model
(SSM). The middle panels of figure 1 show the ratio of the data over the SM predictions, and the



Figure 1: Transverse mass distributions for ATLAS selected events in the electron (left) and muon (right) chan-
nels 6. The distributions in data are compared to the stacked sum of all expected backgrounds. Expected signal
for three different W ′

SSM boson masses are added to the SM prediction. The middle panels show the ratios of
the data to the expected background. The lower panels show the ratios of the data to the adjusted expected
background (post-fit) that results from the statistical analysis.

lower panels show the ratio of the data to the adjusted background that results from a common
fit to the electron and muon channels.

No significant excess of events relative to the SM expectations was observed in the mT

spectra and upper limits at 95% confidence level were set on the product of the production
cross-section and branching fraction, as shown in figure 2.
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Figure 2: Observed and expected 95% confidence level upper limits on the production cross-section times branching
fraction of the (a) W ′ boson using ATLAS (left) 6 and CMS (right) 7 mass spectra interpreted in terms of SSM,
and (b) model-independent results from CMS data.

The results were interpreted in the context of the SSM that predicts W ′SSM with the same



couplings as the SM W boson (figure 2a). Lower limits of 5.1 TeV and 4.1 TeV were established
on the W ′SSM mass respectively by ATLAS 6 and CMS 7 combining both the electron and muon
channels. The CMS transverse mass spectra were used to set model independent limits vs
transverse mass as well, as shown in figure 2b.

The CMS collaboration also reported on a search for a W ′ boson decaying into tau lepton
and neutrino, using 2.3 fb−1 of data 8. Only the hadronic decays of the τ were considered.
No deviations from the predicted background was observed on the transverse mass distribution,
therefore upper limits were set on the production cross-section times branching fraction, as shown
in figure 3, and the results were interpreted in terms of the SSM (left) and model independent
(right). A lower limit of 3.3 TeV was established on the W ′SSM mass in this channel.
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Figure 3: Observed and expected 95% confidence level upper limits on the production cross-section times branching
fraction of the W ′ boson decaying into tau and neutrino interpreted in terms of the SSM (left) and model
independent results (right) 8.

3 Dilepton channel

Both ATLAS and CMS collaborations have searched for heavy neutral new particles selecting
high-energy isolated electron or muon pairs 9,10,11.

In addition to the SSM, that predicts the Z ′SSM boson with couplings to fermions identical
to those of the SM Z boson, the Grand Unifies Theories (GUT) inspired models, based on the
E6 gauge group, yield Z ′ signals defined by the two gauge fields associated to two separate U(1)
groups resulting from a particular choice of the E6 group symmetry-breaking, and specific values
of their mixing angle. ATLAS and CMS collaborations have searched for such heavy spin-1 Z ′

bosons using approximately 13 fb−1 of data 9,10.

The CMS collaboration have also searched for the Kaluza-Klein spin-2 graviton (GKK)
of the extra dimensions Randall-Sundrum (RS) model combining results from the analysis of
approximatively 3 fb−1 of data collected from proton-proton collisions at

√
s = 13 TeV and

results from the previously analyzed 20 fb−1 of data collected at
√
s = 8 TeV 11.

Figure 4 displays the invariant mass distributions in the electron (left) and muon (right)
channels observed by ATLAS 9 (figure 4a) and CMS 10 (figure 4b).

No evidence for non-SM physics was found in the invariant mass spectra, either in the 13 TeV
data set alone, or in the combined data set. Upper limits at 95% confidence level were set on
the product of the production cross-section and branching fraction by the ATLAS collaboration
and on the same quantity normalized at the Z peak by the CMS collaboration.

A complete review of all these results is beyond the scope of this document, but can be found
in 9 (ATLAS) and 10,11 (CMS). The most stringent limits on the mass of a spin-1 resonance are
shown on figure 5 for the ATLAS (left) and CMS (right) collaborations, combining both the
electron and muon channels.

The resulting lower mass limit was of 4.05 TeV for the Z ′SSM boson. ATLAS excluded the
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Figure 4: Invariant mass distributions for selected dielectron (left) and dimuon (right) events using data collected
by (a) ATLAS 9 and (b) CMS 10. The distributions in data are compared to the stacked sum of all expected
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χ boson masses are added to the SM prediction
in (a).
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terms of SSM and GUT-inspired models.

GUT-inspired Z ′χ and Z ′ψ with masses lower than 3.66 TeV and 3.36 TeV respectively. Other
E6 Z

′ models mass limits were also constrained in the range between those quoted for the Z ′χ
and Z ′ψ. CMS obtained a lower mass limit of 3.5 TeV for the Z ′ψ boson.

The limits on the mass of a RS graviton are shown on figure 6 for different coupling param-
eters of the extra dimensions theory, combining both the electron and muon channels. The cor-
responding limits for the GKK with coupling parameters 0.01 and 0.10 were 1.46 and 3.11 TeV,
respectively.

The ATLAS and CMS collaborations also reported on a search for a Z ′ decaying into tau
lepton pairs, using respectively 3.2 and 2.2 fb−1 of data 12,13. The search is performed selecting
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high transverse momentum oppositely charged τ leptons considering both the leptonic and fully
hadronic decays of the τ . No deviations from the predicted background was observed on the
di-tau mass distribution, therefore upper limits were set on the cross section times branching
fraction by ATLAS and to the same quantity normalized at the Z peak by CMS, as shown in
figure 7.
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fraction of the Z′ boson decaying into a tau pair interpreted in terms of the SSM using data collected by ATLAS
(left)12, and limits on the production cross-section times branching fraction of the Z′ divided by the same quantity
at the Z peak using CMS data (right) 13.

The results were interpreted in terms of the SSM and, combining all the final states, the
Z ′SSM was excluded with masses less than 2.1 TeV. The CMS collaboration interpreted the results
also in terms of the topcolor-assisted technicolor (TAT) models aimed to explain the high mass
of the top quark and that predict Z ′ bosons (Z ′TAT ) characterized by a reduced coupling to light
fermions and enhanced coupling to heavy third-generation fermions. Combining all the final
states, the Z ′TAT was excluded with masses less than 1.7 TeV.

4 Lepton flavor violation (LFV) channel

Direct production of lepton pairs with different flavours (``′) is forbidden within the SM. Models
with additional gauge symmetries predicting Z ′ bosons or low-scale gravity models predicting
quantum black holes (QBH) can produce LFV final states.

Both ATLAS and CMS collaborations have searched for heavy particle decaying into differ-
ent flavour dilepton pairs with approximately 3 fb−1 of data 14,15. The selection strategy was



very similar as the one used for the same-flavour dilepton channel. The ATLAS collaborations
considered the Z ′ → eµ, eτ , µτ decay channels 14. The CMS collaboration only reported about
the eµ final state 15.

Figure 8a displays the invariant mass distribution in the eµ channel observed analyzing
ATLAS data. No significant excess over the SM prediction was observed in the measured
invariant mass spectra. Therefore limits at the 95% confidence level were set on the signal cross
section times branching fraction, as shown in figure 8 for the eµ channel only.
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Figure 8: Example of the invariant mass distribution (a) of final selected eµ pairs using ATLAS data and MC
predictions 14. Three selected signals are overlaid. Observed and expected 95% confidence level upper limits
on the production cross-section times branching fraction of the (b) Z′ boson using ATLAS mass spectra, and
(c) QBH models using ATLAS (left) 14 and CMS (right) 15 mass spectra.

The ATLAS collaboration interpreted the results in terms of a Z ′ model that has the same
fermion couplings as the SM Z boson in the quark sector, but allows only leptonic decays that
violate the lepton flavour conservation (figure 8b). The existence of such Z ′ boson was excluded
for masses lower than ∼ 3.0, 2.7, and 2.6 TeV separately for the eµ, eτ and µτ channels.

Both ATLAS and CMS interpreted the results in terms of QBH theories and set limits on
the threshold mass Mth for QBH prediction in models with a number n of extra dimensions from
one up to six (figure 8c). The resulting observed limits on the Mth were 2.5 TeV and 4.5 TeV
respectively for n =1 and n =6, in the eµ channel. Lower values for the exclusions limits on
Mth were set considering the eτ and µτ final states by ATLAS.

5 Search for type-III seesaw heavy fermions

The CMS collaboration has searched for evidence of the heavy Dirac charged leptons Σ±, and the
heavy Majorana neutral lepton Σ0, postulated to generate neutrino masses by the type-III seesaw



mechanism using 35.9 fb−1 of data 16. Such heavy fermions may be produced both in charged-
charged and charged-neutral pairs through electroweak interactions, resulting in multilepton
final states due to the following decays Σ± → W±ν, Σ± → Z`±, Σ± → H`±, Σ0 → W±`∓,
Σ0 → Zν, and Σ0 → Hν (` = e, µ or τ). Searches for these signals considering the final
states with at least three electrons or muons have been considered. The primary selection was
based on the number of leptons and the invariant mass of opposite-sign lepton pairs, and helps
discriminate the signal against the standard model background. The final optimization for
the type-III seesaw signal was based on the sum of leptonic transverse momenta and missing
transverse energy (LT + EmissT ), as well as the transverse mass.

No significant excess over the SM expectations was observed in the various signal regions
probed. Figure 9a shows the results in the signal region with three charged leptons and one
opposite-sign same-flavour lepton pair with mass above the Z peak. Assuming a flavour-
democratic scenario, 95% confidence level upper limits were set on the cross-section sum for
the production of heavy fermion pairs (Σ0Σ+, Σ0Σ−, or Σ+Σ−). These limits are shown in
figure 9b and exclude the production of heavy fermion pairs for masses less than 850 GeV.

(a)

 Mass (GeV)Σ
400 500 600 700 800 900 1000

 (p
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Figure 9: Sum of leptonic transverse momenta and missing transverse energy LT + EmissT distribution (a) for
events with three charged leptons and one opposite-sign same-flavour lepton pair with mass above the Z peak.
The total SM background is shown as a stack of all contributing processes. The predictions for signal models
with mΣ = 700 and 380 GeV (sum of all production and decay modes) are also shown. Observed and expected
95% confidence level upper limits on the cross-section sum for production of heavy fermion pairs (b) in the
flavour-democratic scenario 16.

6 Conclusions

Searches for physics beyond the standard model are one of the more active areas of both the
ATLAS and CMS collaborations. A wide range of searches was performed on data from the√
s = 8 TeV LHC Run 1 and large regions of phase space for new models were excluded. The

increased centre-of-mass energy of the LHC Run 2 provides scope for accessing higher mass
objects and rarer processes.

In summary, we have shown part of the latest ATLAS and CMS results on the search for
heavy new particles with leptons in the final state, using

√
s = 13 TeV proton-proton collisions

delivered by LHC in 2015 and 2016. No significant excess has been observed so far and limits at
the 95% confidence level have been set on a variety of models, extending results from the Run 1
analyses. Further searches for new heavy resonances and in more complicated final states are
underway.
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SEARCHING FOR EXOTIC PHYSICS BEYOND THE STANDARD MODEL:
EXTRAPOLATION UNTIL THE END OF RUN-3
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LPSC, Université Grenoble-Alpes, CNRS/IN2P3

53 rue des Martyrs, 38026 Grenoble Cedex, France

The prospects of looking for exotic beyond-the-Standard-Model physics with the ATLAS and
CMS detectors at the LHC in the rest of Run-2 and in Run-3 will be reviewed. A few selected
analyses will be discussed, showing the gain in sensitivity that can be achieved by accumulating
more data and comparing the current limits with the predicted reach. Some limiting factors
will be identified, along with ideas on how to improve on the searches.

1 Introduction

Since the beginning of Run-2 in 2015 and up to the end of 2016, the LHC delivered around
45 fb−1 of proton-proton collision data at a centre-of-mass energy of 13 TeV. Data taking at
the same energy should resume in June 2017, accumulating another 45 fb−1 by the end of the
year, thanks to an instantaneous luminosity which is expected to reach up to 1.9× 1034 cm2s−1.
Run-2 will finish at the end of 2018, with an expected total of 120 fb−1 delivered to the ATLAS
and CMS experiments.

Run-3 is scheduled to start in 2021, after a two-year shutdown which will be devoted to
maintenance and upgrades of both the LHC and the detectors, possibly allowing to run at the
nominal centre-of-mass energy of 14 TeV. It will last until the end of 2023, with the goal of
delivering around 300 fb−1.

The significant increase expected in the dataset size will offer the opportunity to search more
thoroughly for physics beyond the Standard Model (SM) in various sectors, as will be described
in the next sections.

2 Searching for Dark Matter Candidates

2.1 Events Containing a Jet and Large Missing Transvserse Momentum

If dark-matter (DM) candidates are pair produced at the LHC, they are invisible to the detector:
one needs to rely on an object, such as an initial-state-radiation (ISR) jet with high transverse



momentum (pT), in order to tag the events and measure the recoiling DM candidates as large
missing transverse momentum (Emiss

T ). The SM backgrounds are further suppressed by requiring
the Emiss

T to be well separated from the jets and by vetoing events which contain other objects,
such as electrons, muons, or too many extra jets. The main background, Z(→ νν̄)+jets, is
estimated by normalising the Monte Carlo yields in control regions (CRs) enriched in W (µν)+jet
events (an additional γ+jet CR, which benefits from higher statistics than the leptonic CR, can
also be used).

Projection studies for the reach of this analysis as a function of the integrated luminosity
Lint (5 to 3000 fb−1) were performed before the start of Run-2 1. They are therefore based
on the DM production model which was used at the time, namely an effective field theory
(EFT) with a vector-like operator, characterised by a suppression scale M∗. These studies
showed that the limit which can be set on M∗ quickly reaches a plateau after Lint=5 fb−1 if
the same analysis selections are kept (Emiss

T > 400 GeV), as the analysis starts being dominated
by systematic uncertainties. The limits can however be pushed towards significantly higher
M∗ values by requiring higher Emiss

T thresholds as Lint increases, or by reducing the systematic
uncertainties below the assumed 5% level: going down to 1% would translate into a 0.5 TeV gain
in M∗. The DM model considered changed in Run-2, following the ATLAS/CMS DM Forum
recommendations 2: simplified models with an explicit s-channel mediator are used in order
to avoid the EFT validity issues. These tend to have a softer Emiss

T spectrum with respect to
EFT models, which could somewhat change the conclusions of the perspective studies: while
adding new signal regions (SRs) at higher Emiss

T values would still be interesting, these will not
necessarily dominate the sensitivity as is the case for the EFT models.

The ATLAS Run-2 analysis3 performed on the 3.2 fb−1 2015 dataset uses multiple SRs, with
various Emiss

T thresholds, the highest one being Emiss
T > 700 GeV. The limits reach the TeV scale

in the mediator mass, and the highest-Emiss
T SR is dominated by statistical uncertainties (10%,

while the total uncertainty is 12%). There are however important systematic uncertainties,
at the level of 4%, in the highest-Emiss

T SR, associated with the use of the W CR for the
Z background estimation. They come from differences in the electroweak radiative next-to-
leading-order corrections of the W+jets and Z+jets processes. These could quickly become a
limiting factor, especially at high values of Emiss

T , as they increase with the boson pT. This issue
is currently being addressed in the LHC Dark Matter Working Group.a

2.2 The Higgs-to-Invisible Decay Channel

The Higgs boson could potentially decay into a pair of DM candidates if these are sufficiently
light, leading to an invisible Higgs signature. Predictions on the sensitivity of such a search were
done before the start of Run-2 4,5, considering the Z(``)H(inv) associated-production channel.
They are reported in table 1. Two scenarios are considered: the best scenario, which assumes
that the systematic uncertainties will scale down as Lint

−1/2 (the CMS Collaboration considers
the theoretical uncertainties to be halved in this scenario), and the conservative scenario, in
which the systematic uncertainties remain unchanged with respect to Run-1.

Table 1: Limits at the 95% confidence level on the Higgs-to-invisible branching ratio, as expected in the
Z(``)H(inv) channel for 300 fb−1 of 14 TeV data, compared with the Run-1 limits 6,7 in this channel.

CMS ATLAS

Best scenario 17% 23%
Conservative scenario 28% 32%
Run-1 observed (expected) limit 81% (83%) 75% (62%)

ahttp://lpcc.web.cern.ch/LPCC/index.php?page=dm_wg

http://lpcc.web.cern.ch/LPCC/index.php?page=dm_wg


While significantly lower limits on the invisible branching ratio can be obtained with more
data in this channel, even in the conservative scenario, the most sensitive channel currently
is the vector-boson-fusion (VBF) channel, for which the expected limit obtained by the CMS
Collaboration is already at the 30% level when combining the Run-1 dataset with 2.3 fb−1 of
Run-2 data 8. As in the jet+Emiss

T analysis discussed in section 2.1, the main background in
the VBF channel is Z(→ νν̄)+jets and it is estimated using a W (→ µν) CR: it is thus also
important for this analysis to see the Z/W ratio theoretical uncertainty reduced.

3 Searching for Di-jet Resonances

Another staple of exotica searches at the LHC is to look for resonant structures which could
appear on top of the smoothly-falling SM dijet mass (mjj) spectrum: the shape of the SM back-
ground mjj distribution is fitted with a functional form of the type f4(x) = p1(1−x)p2xp3+p4 lnx,
where the pi with i = 1, 2, 3, 4 are the free parameters, and x ≡mjj/

√
s.

3.1 Exploring Higher Masses

The expected limit was studied as a function of Lint for some benchmark scenarios 9, including
an excited quark (q∗) production model. With 25 fb−1 of 14 TeV data, the expected limits was
predicted to be mq∗ > 6.6 TeV, while the current expected limit with 37.0 fb−1 of 13 TeV data10

is slightly worse, at 5.8 TeV. While this channel mainly benefits from an increase in the centre-
of-mass energy (the Run-1 limits obtained with 20.3 fb−1 of 8 TeV data11 were superseded
with less than 0.1 fb−1 of 13 TeV data12), there is still some gain which can come from simply
accumulating data until the end of Run-3, with a mq∗ > 7.4 TeV limit predicted for 300 fb−1.

3.2 Exploring Lower Masses

While the search continues to explore the high-mjj tail, there are also some recent analysis
developments at the other end of the spectrum. It is indeed interesting to probe for more weakly
coupled resonances in the bulk of the distribution, at low dijet masses. There, the analysis faces
the issue of the jet-trigger threshold. The lowest unprescaled single-jet trigger used in Run-2
so far by ATLAS requires pjetT > 440 GeV: this translates into a TeV-scale mjj threshold for the
search. There are two ways to go below this mass threshold: using data scouting or requiring
the presence of a high-pT ISR object.

Data scouting relies on the fact that the limiting factor is the trigger bandwidth, which is
directly proportional to the event rate and the size of the events. While the rate of low-mass
dijet events is very large at the LHC, one can play with the event size by performing part
of the analysis at the trigger level, saving only the relevant part of the data. When used on
27 fb−1 of 13 TeV data, this technique allowed the CMS Collaboration to probe mjj values down
to 600 GeV 13.

The other idea is to trigger on a high-pT ISR jet or photon. While this ISR requirement
lowers the signal-selection efficiency, it also allows to probe very low values of mjj: the search
for a resolved resonance in ATLAS was in this way able to cover the 169–1493 GeV range in
15.5 fb−1 of 13 TeV data 15. Very-low-mass resonances can also be boosted against the high-
pT ISR: a targeted analysis by the CMS Collaboration, using jet substructure techniques, was
able to set limits in the 100–300 GeV range using 2.7 fb−1 of 13 TeV data 14.

3.3 Exploring New Interpretations

Another recent development in the dijet searches is their interpretation in the context of DM
models. Indeed, if DM candidates can be produced at the LHC through an s-channel mediator,
as described in section 2.1, then this mediator could also decay back to jets. The dijet resonance
search can hence be used to set limits in the DM mass/mediator mass plane for given couplings



of the mediator to quarks and to DM candidates . The interplay of the dijet resonance and the
jet+Emiss

T searches depends heavily on these couplings, and the development of both types of
analyses with more data will allow to explore a larger parameter space.

4 Searching for New Gauge Bosons

Multiple theories beyond the SM postulate the existence of extra gauge bosons, which can be
probed in various channels.

4.1 The Dilepton Resonance Search

For example, a dilepton resonance search can be used to look for a so-called sequential SM Z ′,
which has the same fermionic couplings as the SM Z boson. In this search, the main Z-boson
background is estimated using a Monte Carlo simulation which is normalised in the low dilepton
mass region. Such a Z ′ could be discovered by the end of Run-3 in this channel if its mass is
below 5.1 TeV 4. For comparison, the mass limit currently placed on this model by the CMS
Collaboration is around 3.6 TeV when analysing 13.0 fb−1 of 13 TeV data 16, including an extra
1.3 scale factor on the production cross-section to take into account higher-order effects. There
is thus still some room to cover in this search, and as for the dijet resonance searches, this search
has recently started investigating its potential interplay with DM searches.

4.2 Searching for a W ′ → `ν

The leptonic decay of a heavy W ′ can instead be probed by looking for an excess in the tail of
the lepton–Emiss

T transverse mass distribution. Again, one can push the limits to higher mass
values than the currently excluded 5.11 TeV 18 with the data which will be accumulated by the
end of Run-3 4, but another interesting avenue to explore with the extra data, as in the dijet
low-mass case, is the possibility of smaller couplings in the bulk of the distribution. Prospective
studies 17 show that the discovery reach could gain a factor of around 2 in the coupling strength,
depending on the W ′ mass, by the end of Run-3.

4.3 Di-top Resonances

In some models such as topcolour assisted technicolour, the Z ′ can preferentially decay into
top-quark pairs, giving rise to a tt̄ resonance. In this search, which uses large jets with substruc-
ture techniques at high masses, the main tt̄ SM background is estimated using a Monte Carlo
simulation. Prospective studies indicate that a topcolour Z ′ mass of 3 TeV could be excluded
by the end of Run-3 if no excess is seen 9, while the current mass limit placed by the ATLAS
Collaboration in this channel is around 2 TeV with 3.2 fb−1 of 13 TeV data 20. In this study,
the main systematic uncertainties (related to the background normalisation and the large jets)
are conservatively taken to be at the same level as they currently are; these could however most
probably be reduced with a larger dataset which should allow for a better comprehension of the
tt̄ background and of the large jets.

5 Vector-Like Top Quarks

Third-generation quarks are also used in the search for heavy vector-like T quarks, which are
predicted by some Higgs compositeness models and which would decay to bW , Ht and Zt final
states. Prospective studies of the discovery reach as a function of Lint were performed by the
CMS Collaboration 4, based on the Run-1 searches for the pair production of such particles
through strong interaction. Eight signal regions are considered in the search, requiring at least
one electron or muon, a number of jets identified as originating from b-quarks, and a boosted
W or Z boson. The predicted discovery reach is about 1.3 TeV for the T mass by the end



of Run-3, while the current limit obtained by the CMS Collaboration is around 750 GeV with
2.3 fb−1 of 13 TeV data 21. The single-T production is also a promising channel which is being
thoroughly explored, with many analyses already performed in Run-2 22: while these analyses
are more model dependent than the search for pair production (as the production depends on
the couplings), they can reach higher T masses.

6 Long-lived Particles

A sector which will be of increased importance in the years to come is the search for long-lived
particles. Models predict a plethora of final states which have not yet all been thoroughly
investigated, as they can lead to particularly challenging experimental signatures: displaced
vertices, out-of-time decays, emerging jets, disappearing tracks, heavy stable charged particles,
etc. These final states not only often necessitate rewriting parts of the reconstruction algorithms,
they can also require dedicated triggers which may not have been in place in earlier data taking.
They can also suffer from rare experimental backgrounds which need involved studies, leading
to longer data-to-publication times. There is currently an ongoing effort between the LHC
experiments and theorists to produce a white paper on this topic by the end of the year 2017. b

The aim is to ensure the best possible coverage for such signatures by identifying the gaps in
the current coverage, new search ideas, and possible ways to present the results to ease later
re-interpretation.

7 Conclusions

The 13 TeV dataset should increase by roughly a factor of three by the end of Run-2 in 2018.
After the second long shutdown, data taking should resume in 2021, possibly at a centre-of-mass
energy of 14 TeV, with Run-3 lasting until the end of 2023. By then, 300 fb−1 are expected.

Searches for physics beyond the SM will continue to explore uncharted territories as more
data will populate the tail of kinematic distributions and as smaller new-physics couplings will
be probed in the bulk of these distributions.

The improvements in these searches will come from many sources. First, by continuing to
improve on the selection of existing analyses as data is taken, and by reducing some relevant
systematic uncertainties as data allows to understand better some objects and SM backgrounds.
Second, by finding ways of maintaining the excellent performance in an increasingly challenging
high-pileup environment, as both experiments have done so far. Third, by including theoretical
improvements on the SM predictions. And finally, by continuing to develop new analyses to
leave no stone unturned.
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A Clockwork Theory
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The clockwork is a mechanism where O(1) couplings exponentiate, generating tiny couplings
from a theory with no exponentially small parameters at the fundamental level. In this
talk I discuss the difference between mass scales and interaction scales. Then introduce the
clockwork mechanism for scalars and sketch how it could work for gravitons. The linear dilaton
theory naturally provides a 5D setup in which this scenario arises for gravitons, and I will
sketch its phenomenology.

1 The clockwork mechanism

The clockwork mechanism rests on the crucial difference between masses and interaction scales.
To appreciate the difference between the two it is useful to reinstate in the Lagrangian the
appropriate powers of ~, while working in units with c = 1. Consider a general 4D action
involving scalar (φ), fermion (ψ), and vector gauge fields (Aµ), normalised such that all kinetic
terms and commutation relations are canonical. In our basis, there are no explicit factors of ~
in the classical Lagrangian in position space. The dimensionality of the quantities of interest,
including gauge couplings g, Yukawa couplings y, and scalar quartic couplings λ, are

[~] = EL , [L] = EL−3 , [φ] = [Aµ] = E1/2L−1/2 , [ψ] = E1/2L−1 , (1)

[∂] = [m̃] = L−1 , [g] = [y] = E−1/2L−1/2 , [λ] = E−1L−1 . (2)

Canonical dimensions in natural units with ~ = 1 are recovered by identifying E = L−1. Unlike
the case of natural units, our dimensional analysis shows that couplings, and not only masses,
are dimensionful quantities. It is useful to introduce convenient units of mass M̃ ≡ L−1 and
coupling C ≡ E−1/2L−1/2.

Let us now add to the Lagrangian an effective operator of canonical dimension d, of the
general form

1

Λd−4
∂nD ΦnB ψnF . (3)

Here nD is the number of derivatives, nB the number of boson fields (Φ = φ, Aµ), and nF the
number of fermion fields, with nD + nB + 3

2nF = d. The dimensionful quantity Λ that defines



the strength of the effective interaction will be called scale. Its dimensionality is

[Λ] =
M̃

C
n−2
d−4

, (4)

where n = nB + nF is the total number of fields involved in the operator. This result can be
immediately understood by recalling that each field carries an inverse power of C ([φ] = [Aµ] =
M̃C−1, [ψ] = M̃3/2C−1) and the Lagrangian dimensionality is [L] = M̃4C−2.

Since the exponent of C in eq. (4) is strictly positive, scales and masses are measured in
different units and are not commensurable quantities. A scale is the ratio between a mass and
a certain power of couplings. Equation (4) dictates the minimum number of couplings required
to define the corresponding scale.

Not only have masses and scales different dimensionality, but also carry different physical
meanings. A mass is associated with Em = m̃~, the energy at which new degrees of freedom

appear. A scale is associated with EΛ = Λ~
2d−n−6
2(d−4) , the energy at which the theory becomes

strongly coupled, if no new degrees of freedom intervene to modify the effective description.
Therefore, a scale carries information on the strength of the interaction, but gives no information
about the energy scale of new dynamics. The latter is given by the product of a scale times
couplings, i.e. by mass.

Let us now consider the graviton coupling in linearised general relativity. With n = 3 and
d = 5, eq. (4) gives

[MP ] =
[Ms]

[gs]
, (5)

where we can interpret Ms and gs as the string mass and string coupling, respectively. From
this perspective it is evident that MP is a scale and not a mass. Therefore, without any specific
assumptions on the underlying couplings, we cannot conclude that the new degrees of freedom
of quantum gravity must appear in the proximity of MP .

This then suggests that, if there is an extremely small coupling in the theory gs � 1, it may
be that the fundamental scale of gravitational interactions Ms is near the weak scale, thereby
ameliorating the problem of the hierarchy between the weak scale and the Planck scale. How-
ever, requiring an exponentially small coupling appears unnatural. We will now see that the
clockwork mechanism provides a concrete example where extremely small couplings can be gen-
erated without introduction of any exponentially large or small parameters at the fundamental
level, and then study its continuum version.

1.1 Clockwork scalar

The simplest way to implement the clockwork mechanism is with scalar fields, as it was proposed
in 1,2. Let us consider a theory with a global symmetry G = U(1)N+1 spontaneously broken at
the scale f . Below f , the effective degrees of freedom are N+1 Goldstone bosons πj , conveniently
described in terms of the fields

Uj(x) = eiπj(x)/f j = 0, .., N (6)

which transform by a phase under the corresponding Abelian factor U(1)j . For simplicity, we
assume that the spontaneous breaking of all Abelian factors contained in G occurs at the same
scale f .

We also explicitly, but softly, break G by means of N dimension-two parameters m2
j (with

j = 0, ..., N−1), which can be regarded as the background values of N spurion fields with charge

Qi[m
2
j ] = δij − q δi j+1 (7)



⇤ ⇤N = qN⇤

Figure 1 – A schematic representation of the clockwork mechanism increasing the interaction scale of a non-
renormalisable operator.

under the Abelian factor U(1)i. We take q > 1 and assume that the explicit breaking is small
with respect to the scale of spontaneous breaking, i.e. m2

j � f2. The smallness of m2
j/f

2 is

technically natural because m2
j/f

2 → 0 enhances the symmetry of the theory.
The low-energy description of the Goldstone boson and the N pseudo-Goldstones is captured

by an effective Lagrangian, which can be expanded in derivatives and powers of m2. The two
leading terms area

L = −f
2

2

N∑

j=0

∂µU
†
j ∂

µUj +
m2f2

2

N−1∑

j=0

(
U †j U

q
j+1 + h.c.

)
. (8)

With no loss of generality the parameter m2 can be chosen real. The mass eigenvalues for the
(pseudo) Goldstone bosons are given by

m2
a0 = 0 , m2

ak
= λkm

2 , k = 1, .., N (9)

λk ≡ q2 + 1− 2q cos
kπ

N+1
, (10)

and the elements of the rotation matrix between the mass eigenstates and the πj are

Oj0 =
N0

qj
, Ojk = Nk

[
q sin

jkπ

N+1
− sin

(j + 1)kπ

N+1

]
, j = 0, .., N ; k = 1, .., N (11)

N0 ≡
√

q2 − 1

q2 − q−2N
, Nk ≡

√
2

(N+1)λk
. (12)

Equation (9) shows that the physical spectrum contains a massless Goldstone (a0) and N
massive pseudo-Goldstone states (ak), which are the “gears” that make the clockwork mechanism
work. The masses of the clockwork gears fill a band that ranges from ma1 ≈ (q − 1)m to
maN ≈ ma1 + ∆m, with ∆m/ma1 = 2/(q − 1).

The crucial point of the clockwork lies in the expression of Oj0 in eq. (11). Oj0 measures the
component of the massless Goldstone boson contained in πj . Since Oj0 ∝ q−j , the Goldstone
component at each successive site is q times smaller than for the previous site. This means that,
for sufficiently large N , the Goldstone interaction can be very efficiently secluded away from the
last site. If a theory is coupled to the clockwork sector only through its N -th site, the decay
constant of the Goldstone interactions will appear exponentially enhanced with respect to the
actual scale of spontaneous symmetry breaking.

To illustrate this further, consider the case in which the N -th site πN is coupled to the
topological term of a gauge theory

L =
πN

16π2f
GµνG̃

µν . (13)

aThroughout the paper we use positive signature for the metric in flat space, η = (−,+,+,+).



Once we express πN in terms of mass eigenstates, using πN =
∑N

j=0ONj aj , the effective
interaction in eq. (13) becomes

L =
1

16π2
GµνG̃

µν

(
a0

f0
−

N∑

k=1

(−)k
ak
fk

)
(14)

f0 ≡
fqN

N0
, fk ≡

f

Nk q sin kπ
N+1

. (15)

The first term in eq. (14) exhibits the clockwork mechanism. The coupling of the Goldstone
(a0) to gauge bosons is determined by the effective scale f0, which is exponentially enhanced
with respect to the scale f at which the symmetry-breaking dynamics takes place (f0/f ∼ qN ).
This is shown schematically in fig. 1. From eq. (14) we see that the clockwork gears inherit
couplings to gauge bosons as well. However, their decay constants grow only mildly with N
(fk/f ∼ N3/2/k) and are modulated by the index k.

This mechanism allows for the construction of axion models in which the PQ-breaking dy-
namics can occur at or below scales as low as the weak scale, and yet the axion is nearly invisible.
Related previous investigations of weak-scale axions with the large axion decay constant arising
from clockworking, including some intriguing cosmological signatures, may be found in 3,4,5.

1.2 Clockwork graviton

Let us sketch how such a mechanism might work for gravitons. Consider N+1 copies of general
relativity, withN+1 associated massless gravitons. TheN+1 different diffeomorphism invariances
act on each metric as gjµν → gjµν + ∇(µA

j
ν). These symmetries may be clockworked if the

nearest neighbour interactions break these symmetries down to the diagonal subgroup gjµν →
gjµν + 1

qj
∇(µÃν), where Ã is a gauge transformation acting at all sites.

In the linear approximation we can describe each graviton through an expansion of the
metric around flat space-time, gµνj = ηµνj + 2hµνj /M2

j . The clockworking may be seen at the

linear level through near-neighbour Pauli-Fierz terms for massive gravitonsb

L = −m
2

2

N−1∑

j=0

([
hµνj − qh

µν
j+1

]2
−
[
ηµν(hµνj − qh

µν
j+1)

]2
)

. (16)

Limiting our considerations to the linear approximation, we see that the mass terms in
eq. (16) are indeed invariant under a clockworked gauge symmetry

hµνj → hµνj +
1

qj
∇(µÃν) . (17)

This gauge symmetry enforces the masslessness of the clockwork graviton and is respected by
the clockwork structure of the mass terms. The mass matrix is again of the clockwork form, with
the heavy gravitons as the gears and one remaining massless graviton. The massless graviton
is described by the same linear combination of the original gauge eigenstates as for the scalar
clockwork.

Suppose that the SM sector, with energy-momentum tensor Tµν , is coupled only to the last
site of the clockwork, with a corresponding ‘Planck-like’ scale MN . Then the coupling to the
true massless graviton will bec

− 1

MN
hµνN Tµν → −

1

MP
h̃µν0 Tµν MP =

qN MN

N0
. (18)

bMass terms such as this typically arise in deconstructions of gravity 6.
cThroughout the paper MP refers to the reduced Planck scale, equal to 2.4× 1018 GeV.



We have found that the effective Planck scale MP , which measures the strength of gravity in
the low-energy sector of the theory, is exponentially larger than the fundamental gravity scale
MN , being enhanced by a factor qN . This offers the possibility of a solution to the hierarchy
problem in which all new physics, including the completion of quantum gravity, may lie close to
the weak scale, in full analogy with the solutions offered by LED or RS extra dimensions.

We will now explore an overarching framework in which these features arise. This is obtained
by considering the limit in which the number of fields goes to infinity, N → ∞, and the fields
span a physical, albeit compactified, spatial dimension. We will see that such an extra dimension
realises the continuum limit of the clockwork for scalars, and also gives rise to the graviton
properties discussed here, where consistency of the setup reveals the need for a crucial added
ingredient: The Dilaton. The dilaton naturally provides a hierarchy of 5D Planck scales, which
gives rise to the graviton action above.

2 The Linear Dilaton Theory

In 7,8 it was shown the continuum limit of the scalar clockwork theory is described by a massless
bulk scalar in the linear dilaton model. This model (see e.g. 9) approximates the dual of Little
String Theory (LST)10,11, after compactifying additional dimensions (for more formal aspects see
12,13,14,15,16,17). This identifies the solution of the hierarchy problem sketched in sect. 1.2 with
the LST solution 18,19,20,9, including the corresponding phenomenological implications 19,9,21,22.

In the linear dilaton theory bulk 5D action is

S = −1

2

∫
d4x

∫ πR

−πR
dy e2k|y| [(∂µφ)2 + (∂yφ)2

]
. (19)

We may find the continuum description of the clockwork fields by expanding the 5D field as

φ(x, y) =

∞∑

n=0

φ̃n(x)ψn(y)√
πR

, (20)

where φ̃n(x) satisfy the 4D free equation of motion ∂2
µφ̃n(x) = m2

nφ̃n(x), while the equation of
motion for ψn(y) is [

∂2
y − k2 +m2

n

]
ek|y| ψn(y) = 0 . (21)

Setting Neumann boundary conditions ∂yψ = 0 at y = 0 and |y| = πR and normalising the
modes ψ such that φ̃ have canonical kinetic terms in 4D, we find

ψ0(y) =

√
kπR

e2kπR − 1
(22)

ψn(y) =
n

mnR
e−k|y|

(
kR

n
sin

n|y|
R

+ cos
ny

R

)
, n ∈ N (23)

with mass

m2
0 = 0 , m2

n = k2 +
n2

R2
. (24)

In the continuum, the gears play the role of the Kaluza-Klein (KK) excitations and their mass
spectrum and wave function coincides precisely with the result obtained in the large-N limit
of the discrete clockwork 7,8. This is shown schematically in fig. 2. From eq. (19) we see that,
taking into account the integration measure, the density of the n-th KK mode is given by
dP = e2k|y| ψ2

n(y) d(y/πR). Thus, the solutions in eqs. (22)–(23) show that the zero mode has a
probability density exponentially localised at y = πR, while the excited modes have oscillating
densities along the extra dimension. This is completely analogous to the case of the discrete
clockwork, as exhibited by eq. (11), once we recall that in the continuum case we have inverted
the role of y = 0 with y = πR for phenomenological reasons.
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Figure 2 – The mass spectrum of the discrete (left) and continuum (right) clockwork.

3 Phenomenology

The most interesting aspects of the clockwork concern the phenomenology. Clockwork axion
models may have a radically different cosmological history to the standard axion models. For
example, if the fundamental symmetry breaking scale is near the weak scale then the PQ symme-
try may be restored after inflation, even for reheat temperatures well below the axion coupling
f < TRH � qNf . This modifies the usual cosmological constraints, and can lead to a thermal
axion population, since the clockwork gears become thermalised and they have unsuppressed
interactions with the true axion, generating a thermal population.

The phenomenology of the linear dilaton theory is equally intriguing. Previous studies
include 20,22,21. An intriguing aspect that has remained unexplored until now follows from a
fundamental prediction of this scenario. For weak scale fundamental parameters M5 and k, the
hierarchy problem is only resolved for kR ∼ 10. However, the masses of the clockwork gears are
given by

mn = k

√
1 +

n2

(kR)2
∼ k

(
1 +

n2

2(kR)2

)
, (25)

thus for 2 . n . 50 the mass splitting between modes is δm
m & 2%, and peaks near 5% for

n ∼ 10. Importantly, such mass splittings are within detector resolution at the LHC in dilepton
and diphoton final states. This reveals that evidence for this scenario can arise by observing a
‘comb’ of resonances in these final states. Furthermore, for some regions of parameter space the
strongest evidence for this scenario could arise by performing a Fourier Transform of the data,
to search for the ‘comb-like’ periodic structure of resonances. This suggests a new class of new
physics searches at the LHC involving Fourier transforms, or more general spectral analysis, to
search for periodic structures hiding in the data. This will be presented in forthcoming work 23.
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CLOCKWORK DARK MATTER

D. TERESI

Service de Physique Théorique, Université Libre de Bruxelles,
Boulevard du Triomphe, CP225, 1050 Brussels, Belgium

I give a pedagogical discussion of thermal dark matter (DM) within the clockwork mechanism.
The clockwork mechanism, which is a natural way to generate small numbers starting from
order-one couplings, allows to have a long-lived, but unstable, DM particle that nevertheless
has O(1) couplings with electroweak- or TeV-scale states. Remarkably, DM decays on time
scales much longer than the age of the Universe and has at the same time sizeable couplings
with light states, which therefore allow to produce it thermally within the WIMP paradigm.
These new particles with large couplings can be searched for at current or future colliders. I
also briefly comment on how this setup can minimally emerge from the deconstruction of an
extra dimension in flat spacetime.

1 Introduction

The clockwork mechanism 1,2,3 is an elegant and economical way to generate tiny couplings
much smaller than unity, or equivalently large hierarchies between different dimensionful or
dimensionless quantities, in a theory with only O(1) couplings and hierarchies. The important
point here is that the mechanism is economical, in the sense that to generate a hierarchy X one
only needs a number of fields O(logX). This should be contrasted to what happens in different
setups, e.g. the one of Ref. 4, where a number of fields O(X) are needed.

The mechanism was originally introduced in the context of relaxion models 1,2, to overcome
a theoretical difficulty present generically there, namely the fact that the relaxion field needs
to have a huge super-Planckian excursion during the relaxation phenomenon, together with the
fact that tiny (with respect to the other scales involved) dimensionful couplings are needed in
the original formulation of the relaxion mechanism 5.

However, it has been recently shown that the clockwork mechanism is much more general
than that3, and that it could be indeed useful for a number of physical situations where large hi-
erarchies/small couplings are indeed present 3,6,7,8,9: axion models that are “invisible” although
the relevant physics is at the weak scale 3,7, cosmic inflation 6, the flavour puzzle and, most
remarkably, the long-standing (and these days more disturbing than ever) gauge hierarchy prob-
lem 3, although in this case the consistency of the clockwork solution has been questioned 10.



Last but not least, dark matter 9, which is the main focus of this work and that I will now
review, following the original study of Ref. 9.

Dark matter (DM) must be stable over cosmological time scales. This means that it could
be absolutely stable or very long lived. Absolute stability is typically realized by invoking a
symmetry, either continuous or discrete, local or global, motivated or ad-hoc. This is the most
popular option and is certainly fine. On the other hand, the possibility that DM may be unstable,
but long lived, is in turn very interesting as its decay could be probed through indirect-detection
searches. In this case the lifetime of a DM candidate in the WIMP mass range, which I will
consider in the sequel, must be typically larger than τ ∼ 1026 sec. To obtain such a large
lifetime, one may typically assume that the decay is induced by the exchange of very heavy
particles. From the effective field theory perspective at low energy, assuming couplings of order
one, instability associated to a dimension-5 operator would require that the heavy degrees of
freedom have masses above the Planck scale. The situation is better for dimension-6 operators,
although still these particles need to be around the GUT scale or heavier. In alternative, one
could assume that the particles that trigger the decay of DM are much lighter, but then with
tiny coupling. In all these cases, the physics involved in the decay of DM would be essentially
impossible to test.

The clockwork mechanism can come to our aid. In Ref. 9 we have shown that, by making
use of the clockwork mechanism, a DM particle could be made very long lived, at these same
time having a decay into SM particles induced by O(1) interactions with particles that could be
produced at colliders, and therefore tested directly and indirectly. Such O(1) interactions make
DM annihilate into SM or hidden-sector particles fast, so that its relic density is determined by
the standard freeze-out mechanism. We arrive at the (at first sight paradoxical) fact that DM
is unstable and at the same a WIMP.

One may still think that O(logX) fields are too many, and that the clockwork mechanism
is not that economical, after all. For the appreciators of minimalism the good news is that the
clockwork setup may originate from the deconstruction of an extra dimension, in which only
one or few fields are introduced. Although in the original Ref. 3 such a construction involved
a curved spacetime (with an exponential metric in the extra dimension), we have subsequently
shown9 that the clockwork setup can originate from a flat extra dimension and boundary terms,
as I will briefly review below. It has been recently argued that this is, remarkably, the only way
to obtain consistently the clockwork mechanism from an extra dimension 10, although possibly
the last word has not yet been said.

2 Clockwork dark matter

The clockwork mechanism is based on the very simple observation that a product such as:

1/q × 1/q × 1/q × 1/q × . . . × 1/q , (1)

with q > 1, quickly becomes tiny when the number of factors increases. To implement this idea
in quantum field theory, one wants to introduce N fields φi, which interact schematically as

φ0
1/q φ1

1/q φ2
1/q φ3

1/q . . . 1/q φN SM , (2)

with couplings 1/q . 1. The key feature of the clockwork mechanism is that, if thanks to an
appropriate symmetry one of the mass eigenstates φlight (typically the lightest one) is essentially
given by φ0, its interaction with the Standard Model (SM) will be suppressed exponentially as

φlight SM ∼ 1/qN . (3)

Therefore, to generate a tiny coupling 1/X by making use of O(1) couplings 1/q, one only need
a logarithmically large number of fields N ∼ logqX. In the case of fermions, the convenient
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Figure 1 – Example spectrum for the clockwork dark matter framework, consisting of a light dark-matter particle
N and a band of clockwork gears ψi.

symmetry just mentioned can be taken to be the chiral symmetry. Thus, we introduce a set of
chiral fermions Ri, Li interacting schematically as

R0
m L1 R1︸ ︷︷ ︸

qm

m L2 R2︸ ︷︷ ︸
qm

m L3 R3︸ ︷︷ ︸
qm

m . . . m LN RN︸ ︷︷ ︸
qm

LSM , (4)

where LSM is the SM lepton doublet. Since there are 2N + 1 chiral symmetries

U(1)R0 × U(1)L1 × U(1)R1 × . . .× U(1)LN
× U(1)RN

, with U(1)RN
≡ U(1)LSM

, (5)

and 2N breaking parameters m, qm, there is a massless mode N . Intuitively, for q > 1, since
R0 does not have a chiral partner, the massless mode N approximately coincides with R0. The
conclusion is not changed if we add a Majorana mass mN < qm, so that the light mode N
acquires a mass ≈ mN and will be our dark matter particle. In order to realize the structure
(4) we may consider a set of scalars Si, Ci with charges

Si ∼ (−1, 1) under U(1)Ri × U(1)Li+1 , Ci ∼ (1,−1) under U(1)Li × U(1)Ri . (6)

Thus, the fermion and scalar fields interact as a chain:

R0
S1 L1

C1 R1
S2 L2

C2 . . . CN RN LSM . (7)

When the scalars acquire vacuum expectation values we obtain the clockwork setup (4), with
m = yS〈Si〉, qm = yC〈Ci〉, where yS,C denote the appropriate Yukawa couplings with the
clockwork states.

From now on, let us take q � 1 for simplicity, so that an analytic understanding is facilitated.
In this limit, one can show that the clockwork mechanism works as long as mN / qm. The
fermionic spectrum of the theory consists of a the dark-matter Majorana fermion

N ≈ R0 +
1

q1
R1 +

1

q2
R2 + . . . +

1

qN
RN , (8)

and a band of N Majorana pairs (the clockwork “gears”), that form pseudo-Dirac states ψi with
mass ≈ qm:

ψi ≈
1√
N

∑
k

(
O(1)Lk + O(1)Rk

)
. (9)

An example of the spectrum is shown in Fig. 1. In addition, two sets of N scalars Si and Ci are
expected in the same mass range. However, these are not necessarily dynamic fields, for more
details see Ref. 9.



The clockwork gears have sizeable interactions with the SM and the clockwork scalars. The
dark-matter particle has sizeable interactions with the scalars too. For q � 1, the relevant O(1)
interactions are:

,

where h is the SM Brout-Englert-Higgs scalar boson, which in the spirit of the clockwork mech-
anism (i.e. that one does not have small interactions to start with in the Lagrangian) is expected
to mix with the clockwork scalars, in particular S1. Instead, the key aspect of the mechanism
for clockwork dark matter is in the interactions of N with the SM fermions. From (8) we see
that the overlap of N with the state Ri is approximately 1/qi. This is precisely because at
each interaction with the clockwork pairs LiRi along the chain, one gets a O(1) suppression
m/(qm) = 1/q (see (4)). Thus, if the SM leptons interact with the state RN only (with a O(1)
Yukawa coupling y), in the original clockwork basis, the interaction of the mass eigenstate N
with them is exponentially clockwork suppressed

L ⊃ − y

qN
L̄SMH̃NR , (10)

so that, even though N can decay, e.g. N → νh, νZ, lW , one could make the decay lifetime
of N longer than the age of the Universe by making use of only O(1) couplings and . TeV-
scale states. Indirect detection requires the lifetime to be typically larger than ≈ 1026 sec, i.e.
q2N > 1.5 × 1050 y2mN/GeV. For instance, this can be realized with mN ∼ 100 GeV, y ∼ 1,
q ∼ 10, N ∼ 26. An important point to stress here is that one can show that potentially
dangerous loop corrections involving the clockwork gears ψi, which have O(1) couplings and
could potentially destabilize dark matter by generating large corrections to the decay processes,
are also clockwork suppressed. This can be understood by noticing that any decay diagram for
N must involve a fermion line starting from the initial state, i.e. N ∼ R0 itself, and ending into
a (lighter) SM fermion in the final state: this can happen only if the fermion line proceeds along
the whole clockwork chain in (4), thus inheriting the exponential clockwork suppression.

3 Phenomenology

Let us now see how this setup can be used to generate dark matter in the early Universe and
the phenomenological consequences of this framework.

Let us first consider the case mS1 < mN . In this case, the dominant process for dark matter
annihilation in the early Universe is:

Since the eigenstate N has a large overlap with R0 and the clockwork gears ψi have O(1) overlap
with L1, the couplings involved in this diagram are O(1), generated from the Yukawa interactiona

yS S1L1R0. Thus, this process is in thermal equilibrium in the early Universe, freezing out when
N is non-relativistic. Although decaying dark matter, N is a WIMP. Since in the clockwork
spirit all Lagrangian couplings are expected to be O(1), the WIMP miracle implies that N has
to be at the weak scale, up to the TeV range. This is shown in Fig. 2, where the Yukawa
coupling yS that yields the correct relic density is plot. For instance, for mS1 = 150 GeV, the
perturbativity condition yS <

√
4π ' 3.5 requires mN ,mψ / 2 TeV.

aIn the limit q � 1 the analogous interactions involving L>1 are instead subleading.
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Figure 2 – The Yukawa coupling yS required to obtain the correct relic density of N . Existing bounds and future
prospects for direct detection are also shown. These depend on θS , the mixing angle between S1 and the SM
scalar boson h.

In alternative, we may consider the case in which mS is so large that the NN → S1S1, S1h
are not kinematically allowed for non-relativistic N , so that the relevant process for dark-matter
relic density is:

The rate for this process is proportional to (ySθS)4, where θS is the mixing of S1 with the SM
scalar h. The results for the effective coupling ySθS yielding the correct relic density are shown
in Fig. 3. Since, as discussed below, the mixing of a single singlet scalar has to be less than
≈ 0.4 from collider experiments, in the case of N singlets with universal mixing one would have
θS / 0.4/

√
N . In this case the required values of yS from Fig. 3 would be non-perturbative.

Therefore, this scenario works in the presence of non-universal mixing angles for the scalars, or
near the h or S resonances, in this case also for universal mixing. The remaining intermediate
scenario in which the dominant process is NN → S1h is discussed in Ref. 9.

In addition to direct-detection experiments, the clockwork dark matter framework discussed
here has a very rich phenomenology. First of all, peculiar signals at indirect-detection exper-
iments are possible, because of the unstable nature of dark matter. For instance, the decay
N → hν would give rise to a monochromatic neutrino line. An important feature of the clock-
work construction that we are discussing is the presence of a band of fermionic states, the clock-
work gears ψi, that need to be in the TeV range or less. From the phenomenological point of
view, these are essentially a collection of (pseudo-Dirac) heavy neutrinos in the observable mass
range, with Yukawa couplings that are large, in the clockwork spirit. Therefore, the relevant
indirect constraints are from electroweak precision tests (EWPT), |Blψ|2 ≡ y2v2/(2m2

ψ) / 10−3

and lepton flavour violation (LFV), BR(µ → eγ) ≈ 8 × 10−4 |BeΨ|2 |BµΨ|2 < 4.2 × 10−13,
although the latter depend on the flavour structure of the couplings. LFV signatures are par-
ticularly promising, since planned experiments will improve the existing limits by several orders
of magnitude in the near future. As for direct searches at colliders, lepton-number conserving
processes will be tested, for couplings allowed by EWPT, up to mψ ≈ 200 GeV with 300 fb−1 of
data at LHC, whereas lepton-number violating processes will be tested up to mψ ≈ 300 GeV.
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4 Clockwork from a flat extra dimension

The structure of fields and couplings (4) calls for some justification. Clearly, a possibility is that
this is the discretized “deconstructed” version of an extra dimension, as suggested in 3. There,
in the fermionic case, the clockwork Lagrangian is obtained by discretizing a single massless
fermion in 5D, with a metric ds2 = e4kZ/3(dx2 + dZ2), where Z is the coordinate along the 5th
dimension.

In Ref. 9 we have shown that this is not the only possibility. We have considered a massive
fermion field in 5D, with bulk mass M , and a flat metric, with 0 ≤ Z ≤ R. In this case, the light
(chiral) mode is introduced separately on one of the branes, say Z = 0, and the SM leptons on
the other one, sat Z = R. Equivalently, as in the subsequent construction of Ref. 10, the chiral
mode can be seen as a boundary term for the bulk action. After discretizing the extra dimension
in N points with lattice spacing a = R/N , taking into account the appropriate Wilson term
that avoids double counting, we find the 4D Lagrangian

L ⊃
N−1∑
i=0

1

a
Li+1Ri −

N∑
i=1

(
1

a
+M

)
LiRi . (11)

We see that the clockwork setup (4) is realized, by identifying

m ≡ 1

a
, qm ≡ 1

a
+M . (12)

The continuum limit is obtained for N → ∞, i.e. a → 0 with R fixed. In this case q → 1 and
the total clockwork suppression remains finite

qN =

(
1 +

πRM

N

)N
→ eπRM (13)

i.e. a sensible continuum limit do indeed exist. In this framework, also the scalars Si, Ci in (7)
can come from the discretization of a single field in the bulk. In particular, the fields Ci could
originate form a single 5D scalar with a Yukawa coupling with the fermion in the bulk, whereas
the fields Si could come from the link variables of a 5D abelian gauge field, under which the
bulk fermion is charged, and these from the 4D perspective are pseudo-scalars.



5 Conclusions

An unstable dark-matter candidate requires a huge suppression of its decay processes to comply
with stability on cosmological time scales and bounds from indirect-detection experiments. I
have discussed how the clockwork mechanism can provide that, without decoupling the relevant
physics. In particular, this framework requires b the presence of new clockwork states at the
TeV range or less and large couplings with the Standard Model, in order to obtain the correct
relic density. The very same states mediate both DM annihilation in the early Universe, which
fixes the relic density, and the clockwork-suppressed decay processes, thus providing a rather
unique connection between them. From the phenomenological point of view, this construction
yields rich signatures in a number of experiments. The key aspect is the presence of a band
of pseudo-Dirac right-handed neutrinos in the TeV range or less, that can be searched for at
colliders and lepton-flavour-violation experiment.

I have also discussed how this setup could emerge from the deconstruction of a flat extra
dimension. This (de)construction differs form the original one of Ref. 3, which instead makes
use of a curved metric. After we originally presented this in Ref. 9, it has been claimed by other
authors 10 that this kind of flat-spacetime construction is the only viable one.

Finally, I conclude mentioning that Majorana neutrino masses can be incorporated in the
same framework discussed here, and that these are clockwork-suppressed too. For more details
on this and the rest of the material discussed here, I refer the reader to the original work 9,
where these matters were first discussed.
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Search for unconventional final states at ATLAS and CMS

Aniello Spiezia
on behalf of the ATLAS and CMS Collaborations

Institute of High Energy Physics and Chinese Academy of Science

Unconventional searches for new physics performed using proton proton collisions recorded
by ATLAS and CMS experiments are shown. Two model independent searches designed
to reduce theories dependency and increase the sensitivity for new discoveries are presented
together with searches for black holes and long lived particles.

1 Introduction

The standard model of particle physics is a powerful theory that allows the prediction of a wide
range of high-energy phenomena. However, open questions related to the electroweak symmetry
breaking, as the hierarchy problem, are still present and many new theoretical models have
been proposed. The ATLAS and CMS experiments 1,2 are general purpose experiments that
are trying to answer to these questions, by looking for new phenomena. Generally the data
recorded by these experiment are analyzed looking for new physics in defined final states where
the known particles are reconstructed: for example new resonances decaying to known standard
model particles. Furthermore analyses are mostly looking for particles generated and decaying
at the interaction point. This strategy is highly model dependent and is not sensitive to uncon-
ventional particles as long-lived particles, so that alternative approaches (unconventional) have
been studied.
In section 2, two searches for new physics performed at ATLAS and CMS using a model in-
dependent approach will be presented. In section 3, a search for black holes at CMS will be
presented, while in section 4, the techniques developed to look for long-lived particles will be
described. Finally, the conclusions are drawn in section 5.

2 Model independent searches

Numerous analyses are usually targeting specific final states, looking for new physics under the
assumption of a particular theory. As a consequence only limited parts of the possible phase
space given by the new particles properties, such as masses, decays, productions, cross sections
is investigated. Indeed this phase space can be too big, if all the models introduced by theorists



are considered. Because of this, both ATLAS and CMS have been developed the possibility to
look for new physics in a model independent way 3,4. In this approach no selections containing
assumptions on a particular phenomena are considered, but only basic objects identification
criteria are applied. The events passing the trigger requirements are then classified depending the
reconstructed objects multiplicity so that several classes are defined depending on the numbers
of electrons, muons, photons, jets, and b jets, and on the missing energy that are present in the
event. Then for each of the defined class, the observations are compared with the prediction
from the simulation to look for deviations.
The CMS analysis, called MUSiC (Model Unspecific Search in CMS), has analyzed the 8 TeV
data recorded in 2012 and corresponding to a luminosity of 20 fb−1. This analysis is using
triggers containing isolated leptons: single electron, single muon, double electrons or double
muons triggers. On the other side, ATLAS has analyzed the 3.2 fb−1 recorded during the 2015
data taking and it is using triggers requiring presence of missing energy, single muon, single
electron, single photon, double photons or single jet.
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Figure 1 – Comparison between observation and simulation for dijet and multijet events in ATLAS 3 (top) and
for the most significat classes in CMS 4 (bottom).

In figure 1, comparison between observation and prediction for some of the classes of the
two analyses are shown. In both cases, after the events are divided in classes, regions of excess
or deficit are looked for in peculiar distributions, such as invariant mass of the objects in the



event or sum of the pT of the objects or in the missing energy distribution. To determine these
regions, a p-value is calculated in order to quantify the data to MC agreement, and for each
class and each distribution, the region with the smallest one is selected. The p-values in data are
then compared with the p-values obtained from pseudo-experiments where the data are replaced
by pseudo-data which are generated according to the SM expectation. The results are shown in
figure 2. For both ATLAS and CMS, no significant deviations are found in data: for ATLAS,
the largest discrepancy is expected in about 70% of the pseudo-experiments, while for CMS, the
largest discrepancy is found in the class with one electron, one photon and missing energy with
a p-value of 0.0015 corresponding to around 3.0σ.
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Figure 2 – Left: fraction of pseudo-experiments in which the p-value is smaller than the one in data for the
ATLAS analysis 3. Right: Distribution of p-values for CMS event classes 4.

3 Black holes at CMS

In this section an analysis performed by CMS using 2.2 fb−1 of data recorded in 2015 is shown 5.
The analysis is looking for new physics in final state inspired by production of microscopic black
holes, but it is also interpreted as a generic search that can probe large number of theories,
reducing the theory dependence of the analysis as we have seen in the previous section. Black
holes production at LHC is predicted by several theories and it results in a number of different
final states: in fact the black holes can quickly decay with same probability into hadrons (jets),
leptons, photons, etc.

The CMS experiment is looking for black holes using as discriminating variable ST , i.e.
the scalar sum of transverse energies of all the reconstructed objects in an event (jets, leptons,
photons and missing transverse energy). The events passing the trigger, based on the scalar sum
of objects transverse momenta (HT ), are then categorized in several inclusive object multiplicity
bins (events where there are at least Nmin objects). The major background contribution is
given by QCD multijets for which the estimation is performed by looking at lower multiplicity
categories, where the signal contamination is expected to be low: the background shape is
obtained from the ST distributions between 1400 and 2400 GeV for categories with N ≥ 2 and 3
and it is then rescaled to higher multiplicity by using normalization factors calculated in lower
ST regions.

In figure 3, a comparison between observation and background prediction is shown for one
of the categories of the analysis, i.e. the one in which the reconstructed object multiplicity of
the events is equal or higher than 7. Since no excess of data events is observed with respect to
the background prediction in any of the categories, upper limits new physics production cross
sections are set for the two cases of model independent and model dependent search. In the first
case (figure 4 left), the limits are on the signal cross section times acceptance for production
of new physics with a minimum number of objects and a minimum ST : these limits can then
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structed object multiplicity equal or higher then 7 5.

be used to constrain several signal hypotheses resulting in a multiobject final state. Instead in
figure 4 (right), upper limits on the production of quantum black holes are shown in a specific
model that predicts the presence of black holes.
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Figure 4 – Left: Model-independent upper limits on the cross section times acceptance for the N ≥ 7 case 5.
Right: Observed and expected upper 95% CL limits on the cross section times acceptance for the production of
quantum black holes 5.

4 Long lived particles

An interesting unconventional signature that can appear in many proposed theoretical models is
given by heavy charged long lived particles. An example is given by supersymmetry models that
introduce new particles called R-hadrons. R-hadrons are composite states of a gluino and SM
quarks or gluons for which the gluino can decay with a lifetime with the order of nanoseconds
or more, to qq̄ and a stable neutralino, that leave the detector undetected. The R-hadrons
can be predicted to be charged and with a large mass. This characteristics will give a peculiar
signature in the detector for which the standard particle identification algorithms at hadron
collider experiments are not designed because they assume particles with speed close to the
speed of light and a charge of 1,as it is the case of standard model particles. On the other
side, the peculiar characteristics of charged massive long lived particles can be used to reduce



the background, since these new particles are expected to have a speed, β, well below 1, while
for standard model particles it is expected to be around 1; and in case of their existence, they
leave a larger ionization energy loss, dE/dx, when traversing a material with respect to the
standard particles. The ATLAS and CMS collaborations have developed several techniques for
these measurements, using the subdetectors to measure β and dE/dx.

Figure 5 – Left: comparison between data and simulation for the dE/dx distributions as measurement by the
ATLAS pixel detector with and without the additional layer 6. Right: distribution of dE/dx versus the charge
signed momentum (qp) for minimum-bias event tracks 6.

The measurement of dE/dx is done by the ATLAS pixel detector in which the clusters leaved
by a particle can be used to reconstruct the energy loss of the particle itself. With respect to
Run 1, the dE/dx measurement has been improved thanks to the insertion of an additional
layer. In figure 5, the dE/dx distribution is shown in data and simulation as measured by the
ATLAS pixel subdetectors for minimum-bias event tracks.

In ATLAS, the speed β is measured using timing and distance information from the cells of
the hadronic caloremeter, as shown in figure 6 (left). The calibration is performed using muons
from the decay of the Z boson (figure 6, right). The β resolution varies between 0.06 and 0.23
depending on the hadronic caloremeter cells.

Figure 6 – Left: β resolution for the varius hadronic caloremeters cells as obtained Z → µµ events 7. Right:
comparison between observation and prediction for the β distribution for muons from the Z decay 7.

Two analyses have been presented by the ATLAS Collaboration using 3.2 fb−1 of data
from the 2015 data taking and looking for R-hadrons with the experimental techniques that
have been just described. The analysis described in reference 6 makes use only of the dE/dx
measurement in order to search for stable and metastable R-hadrons. Events are selected by a
trigger requiring missing transverse momentum, that is expected to be high due to the presence
of the neutralino from the gluino decay. After the trigger, the events are selected if a high-pT
isolated track is present. Additional requirements are applied to veto hadrons, electrons and
muons. Then the track is required to have a large ionization loss in the pixel detector and the
mass is reconstructed thanks to the Bethe-Bloch formula that link the dE/dx to the mass of
the ionization particle. The expected background is derived from data, generating (p, η, dE/dx)



triplets in control regions obtained by inverting some cuts of the signal selection and in which
the correlation between the three variables is maintained. After calculating the mass of the
particle using these three variables, the distribution is normalized with a factor obtained at low
mass, where the signal is expected to be low. No evidence of a signal above the background is
observed, so limits are set as shown in figure 7 (left). Gluino R-hadrons are excluded with masses
below the range from 740 GeV to 1570 GeV depending on the lifetime, that varies between 0.4
ns to 50 ns. Furthermore also stable R-hadrons are excluded for masses below 1570 GeV.

Figure 7 – ATLAS results for R-hadrons searches. On the left, exclusion for stable and metastable R-hadrons for
an analysis that uses the dE/dx measurement 6. On the right, exclusion for R-hadrons for an analysis that uses
both dE/dx and β measurements 7.

The second analysis looking for R-hadrons performed by ATLAS and using 2015 data, makes
use of both the dE/dx (from which βγ is evaluated) and the β measurements 7. Events are
selected online by a trigger that requires the presence of high missing energy and offline by the
presence of a high-pT track passing several quality criteria. The final event selection requires
upper cuts on β and βγ, i.e. β < 0.75 and βγ <1.35 (1.15) for R-hadron masses below (greater
than) 1.4 TeV. The β and βγ variables are used to extract the two masses mβ and mβγ , so
that the signal region is defined in the plane given by those two masses. Then the background
is evaluated from data by generating triplets of (β, βγ, p) in control regions defined inverting
some of the cuts of the signal region and normalizing the corresponding distributions to the
data events having low masses calculated with the two methods described above. Since no data
is observed over the expected background, upper limits are set not only on the production of
R-hadrons composed by gluino (see figure 7, right), but also on R-hadrons composed by bottom-
squark and top-squark: gluino, bottom-squark and top-squark hadrons are excluded at 95% CL
for masses below 1580 GeV, 805 GeV and 890 GeV, respectively.

The CMS Collaboration performed an analysis looking for charged massive long lived particles,
such as R-hadrons, using 12.9 fb−1 from the 2016 data-taking 8. The peculiar dE/dx and β
variables are measured by CMS in the following ways:

• dE/dx is measured from the silicon tracker

• β is measured by the muon system, thanks to the fact that the DT and the CSC subde-
tectors can provide timing information for each hit

The analysis has been used to look for several signal hypotheses: R-hadrons (with gluino or
top-squark), quasi stable leptons(tau-slepton), new massive Drell-Yan signal-like with charge 1
or 2 neutral under SU(3)C and SU(2)L (|Q| = 1e, 2e). Those new particles are looked for with
two different approaches: requiring tracks to be reconstructed in both the silicon and in the muon



subdetectors (tracker+TOF analysis); only requiring tracks in the silicon detectors (tracker-only
analysis). The second approach is used to study possible signal hypotheses where the long lived
particle can change the charge before the muon system and become neutral. Events are selected
online by two different triggers that require the presence of a muon or the presence of high
transverse missing energy, where this last trigger is used to recover the signals where the long
lived particles is decaying before to reach the muon system. The offline selection is given by the
presence of an isolated track with high pT and passing several quality criteria. Then a minimum
value of dE/dx and of 1/β(only for tracker+TOF analysis) are required. The background is
estimated from data by using the ABCD method, i.e. by defining four data regions using two
criteria (cut on the pT of the track and cut on dE/dx): the number of expected background
events in the signal region D is found with the formula BC/A, where B and C are the number
of data events in the two regions defined by inverting only one of the two cuts, while A is the
number of data events that fail both criteria. In figure 8, the expected background is compared
with the observation in the signal region for the two tracker-only and tracker+TOF analyses for
the final discriminating variable, i.e. the mass of the long lived candidate extrapolated from the
dE/dx measurement. In the same figure also the distribution for a signal hypothesis is shown.
Since no excess is observed over the expected background, we proceed with setting upper limits
on the production cross section for the several signal hypotheses.

Figure 8 – Comparison between observation, predicted background and expected signal for the long lived particle
candidate mass distribution for the tracker-only (left) or tracker+TOF (right) analyses 8.

In figure 9, observed upper limits at 95% CL on production cross sections for the various
signal models for the tracker-only analysis and tracker+TOF analysis are shown: gluino (top-
squark) R-hadrons are excluded for masses below 1850 (1250) GeV, tau-sleptons are excluded
below 660/360 GeV (depending on the production mechanism) and finally DY signal-like with
|Q|=1e (2e) are excluded for masses below 730 (890) GeV.

5 Conclusion

The ATLAS and the CMS Collaborations have been developed in the past years several strate-
gies that look for new physics in an unconventional way. Those strategies have been presented
in this talk. Between them, the two most recent model independent searches by ATLAS and
CMS have been described. Those searches have been designed in order to reduce possible bi-
ases that are introduced when a particular phase space of a particular theory is studied, by
analyzing the events only using a minimum set of requirements on the objects (leptons, jets,
photons, etc.) reconstructions. Several hundreds of event classes are then defined by counting
the reconstructed objects in each event and those classes are analyzed by looking for excesses or
deficits of observation with respect to the background prediction. For both ATLAS and CMS,



Figure 9 – Upper limits at 95% CL on production cross sections for various signal models for the tracker-only
analysis (left) and tracker+TOF analysis (right) 8.

no significant deviations are found in data.
Then an analysis looking for black holes performed by the CMS Collaboration has been pre-
sented. The analysis is looking for excess of events in the ST distribution, defined as the scalar
sum of transverse energies of all the reconstructed objects in an event. The results have been
interpreted in a model independent way, by setting limits on production cross section of possible
signal hypotheses giving rise to high ST and high object multiplicity; and in a model dependent
way, by looking for quantum and semiclassical black holes.
Finally the techniques developed by the ATLAS an the CMS Collaborations used to look for
charged massive long lived particles have been presented, i.e. measurements of ionization en-
ergy loss, dE/dx, and of the speed of the particle, β, by using information coming from various
subdetectors. Those measurements have been used to look for several possible signals that can
predict a long lived particle that can go through all the detector.

References

1. G. Aad et al. [ATLAS Collaboration], JINST 3, S08003 (2008). doi:10.1088/1748-
0221/3/08/S08003

2. S. Chatrchyan et al. [CMS Collaboration], JINST 3, S08004 (2008). doi:10.1088/1748-
0221/3/08/S08004

3. ATLAS Collaboration, A model independent general search for new phenom-
ena with the ATLAS detector at

√
s = 13 TeV, ATLAS-CONF-2017-001,

http://cds.cern.ch/record/2243494
4. CMS Collaboration, MUSiC, a Model Unspecific Search for New Physics, in pp Collisions

at
√
s = 8 TeV, CMS-PAS-EXO-14-016, http://cds.cern.ch/record/2256653

5. CMS Collaboration, Search for Black Holes with Early Run 2 Data, CMS-PAS-EXO-15-
007, http://cds.cern.ch/record/2116453

6. M. Aaboud et al. [ATLAS Collaboration], Phys. Rev. D 93, no. 11, 112015 (2016)
doi:10.1103/PhysRevD.93.112015 [arXiv:1604.04520 [hep-ex]].

7. M. Aaboud et al. [ATLAS Collaboration], Phys. Lett. B 760, 647 (2016)
doi:10.1016/j.physletb.2016.07.042 [arXiv:1606.05129 [hep-ex]].

8. CMS Collaboration, Search for heavy stable charged particles with 12.9 fb−1 of 2016 data,
CMS-PAS-EXO-16-036, http://cds.cern.ch/record/2205281



Heavy neutrino searches and NA62 status
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The NA62 experiment at CERN SPS recorded in 2007 a large sample of K+ → µ+νµ decays.
A peak search in the missing mass spectrum of this decay is performed. In the absence of
observed signal, the limits obtained on B(K+ → µ+νh) and on the mixing matrix element
|Uµ4|2 are reported. The upgraded NA62 experiment started data taking in 2015, with the
aim of measuring the branching fraction of the K+ → π+νν̄ decay. An update on the status
of the experiment is presented.

1 Heavy neutrino searches in K+ → µ+νµ decays

With the increasing evidences that neutrinos have non-zero masses, it is necessary to extend the
Standard Model (SM) to accommodate them. The Neutrino Minimal Standard Model (νMSM)1
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solves this problem by adding 3 massive right-handed neutrinos to the SM. Effective vertices
with the W±, Z and the SM leptons can be built, with a mixing matrix U describing the mixing
between the heavy neutrinos and the SM neutrinos. The SM neutrinos then acquire masses
through the see-saw mechanism. For heavy neutrinos with masses below the kaon mass, limits
on their mixing matrix elements can be placed by searching for peaks in the missing mass
spectrum of K± decays 2.

This analysis focuses on the K+ → µ+νµ decay to search for heavy neutrino in the mass
range 300–375 MeV/c2. Strong limits of the order of 10−8 (up to 300 MeV/c2) and 10−6 (up to
330 MeV/c2) on the element |Uµ4|2 are already set by stopped kaon experiments 3,4. The heavy
neutrino acceptance drops quickly above 375 MeV/c2. The following assumptions are made: the
heavy neutrinos decay only to SM particles, and |Uµ4|2 < 10−4, such that the mean free path
of heavy neutrinos in the mass range considered is longer than 10 km. Their decay can then be
neglected as the probability of decaying in the detector of decay volume is below 1 %. Because
only the production process is looked at, the limits scale linearly with the kaon flux.

1.1 The NA62 setup in 2007

During the data-taking campaign of 2007, the NA62 experiment collected a large sample of kaon
decay in-flight. The high-efficiency single track trigger was designed to collect K± → e±νe and
K± → µ±νµ decays, aiming at a test of the lepton universality in the kaon decay 5. Part of the
K± → µ±νµ sample recorded is used to search for the production of heavy neutrino.

The beam line, described in detail in Batley et al. 6, was designed to provide simultaneous
K+ and K− beams. They were extracted from the 400 GeV/c SPS proton beam impinging on a
40 cm long beryllium target. The final beam momentum of (74.0±1.4) GeV/c was selected using
a system of dipole magnets and a momentum-defining slit incorporated into a beam dump. This
3.2 m thick copper/iron block provided the possibility to block either of the K+ or K− beams.
The beams were focused and collimated before entering the 114 m long cylindrical vacuum
tank containing the fiducial decay volume. The beam contained mainly pions but included
approximately 6 % of kaons. For about 1.8×1012 primary protons incident on the target per
SPS pulse of 4.8 s duration, the secondary beam flux at the entrance to the decay volume was
2.5×107 particles per pulse.

The momenta of the charged particles were measured by a magnetic spectrometer housed in
a tank filled with helium at approximately atmospheric pressure. It was composed of four drift
chambers (DCHs) and a dipole magnet located between the second and third chambers. The
magnet provided a horizontal transverse momentum kick of 265 MeV/c, and had a resolution of
σp/p = 0.48 % ⊕ 0.009 % · p where p is the particle momenta in GeV/c. A hodoscope (HOD)
composed of two planes of plastic scintillator was placed after the spectrometer to provide
precise timing of the charged particles and generate fast trigger signals for the low-level trigger.
A 127 cm thick quasi-homogeneous electromagnetic calorimeter filled with liquid krypton (LKr)
was located downstream. The volume is divided into 13 248 cells of ∼ 2 × 2 cm2 cross section
without longitudinal segmentation. The energy resolution is σE/E = 3.2 %/

√
E⊕9 %/E⊕0.42 %

and the position resolution is σx = σy = 4.2 mm/
√
E ⊕ 0.6 mm where the particle energy E is

given in GeV. A muon veto system (MUV) was installed behind the LKr and consisted of three
planes of scintillator orthogonal to the beam axis, each one preceded by a 80 cm thick iron wall.
They were made of 2.7 m long and 2 cm thick strips alternatively arranged horizontally and
vertically. The width of the strips was 25 cm in the first two planes and 45 cm in the last one.
More details on the detector can be found in Fanti et al. 7.

The main trigger condition for selecting the K+ → µ+N decays (N = νµ, νh) required at
least one coincidence of hits in the two HOD planes, and bounds on the hits multiplicity in the
DCH. This trigger line was downscaled by a factor 150. To obtain the purest sample, only the
data taking periods with single K+ beam (43 % of the integrated kaon flux, as in Lazzeroni et
al. 8) are used to set the limits. Periods with single K− beam, where the beam halo background



is higher, are used to study the background from beam halo muons. A horizontal lead bar
was installed between the two HOD planes, for muon identification studies, during periods with
simultaneous beam. Because this lowered the vetoing power of the LKr calorimeter for photons,
these periods are not used at all for this analysis.

1.2 Analysis strategy

In the decay K+ → µ+N , the neutrino missing mass can be reconstructed as mh =
√
m2

miss =√
(pK − pµ)2. The kaon four-momentum pK is the nominal beam kaon one, measured from

K± → π±π+π− samples at regular interval (∼ 500 bursts). The muon four-momentum pµ is
that of a charged track reconstructed in the spectrometer, under the assumption that it is a
muon. A detailed GEANT3 simulation of the detector is used to perform Monte Carlo (MC)
simulations of the signal and background channels.

The acceptance and resolution of the K+ → µ+νh channel are studied from a set of MC
simulations. The heavy neutrino mass was varied between 240 and 380 MeV/c2 at 1 MeV/c2

intervals. The K+ → µ+νµ and other kaon decay background channels are also simulated to
determine the expected spectrum of the reconstructed mmiss spectrum. The contribution from
the beam halo is evaluated using a control data sample, defined as the sample recorded with the
K− beam only.

The observed and expected mmiss spectra are compared to set limits on the number of
observed K+ → µ+νh decays for each tested mh. These limits are translated into limits on the
heavy neutrino production branching ratio B(K+ → µ+νh), and limits on the mixing matrix
element

∣∣U2
µ4

∣∣.
1.3 Event selection

The event selection requires a single positively charged track, which falls in the geometrical
acceptance of the DCH, LKr and MUV detectors. The momentum must be between 10 GeV/c
and 65 GeV/c and in-time with the HOD trigger time. The closest distance of approach (CDA)
between the track and the nominal beam direction must be smaller than 3 cm. In order to
reject non-muon tracks, the track extrapolated position on the MUV detector must match MUV
signals from the first two planes, in time and space.

Because the signal events does not feature any electromagnetic energy, it is required that no
cluster of energy deposition above 2 GeV, and not associated with the track, is present in the LKr.
Clusters are considered to be associated with a track if they are consistent with bremsstrahlung
emission from the track upstream: within 6 cm from the straight-line extrapolated upstream
track; or bremstrahlung emission from the track downstream of the spectrometer: within 40 cm
from the extrapolated track impact point.

To suppress the beam halo muons component, five-dimensional cuts in the (zvtx, θ, p,CDA, φ)
space are applied, where zvtx is the longitudinal position of the reconstructed vertex, θ is the
angle between the K± and µ± direction, and φ is the azimuthal angle of the muon in the
transverse plane. As mentioned earlier, the signal region is restricted to 300 MeV/c2 < mmiss <
375 MeV/c2.

1.4 Background estimation

The total number of kaon decays in the fiducial volume is NK = 5.977×107, taking into account
the trigger downscaling of 150. The distribution of background from kaon decays, shown in
Figure 1a, is extracted from the simulation and scaled using NK . The K+ → µ+νµ channel
forms a peak at zero m2

miss, whose width is determined by the kaon momentum spectrum, the
beam divergence and the spectrometer resolution. This component is well outside the signal
region and only the radiative tail from K+ → µ+νµγ must be taken into account. In the signal



region, the dominant background comes from the K+ → π0µ+νµ decay with undetected π0 due
to the non-hermetic geometrical acceptance. The K+ → π+π+π− and K+ → π+π0π0 decays
must be taken into account for the same reason, but are highly suppressed due to the presence
of either three tracks, or multiple photons.

(a) (b)

Figure 1: (a) Missing mass distribution of data and background estimate in the signal and control regions.
Error bars are data statistical errors. The lower plot shows the total uncertainty on the background
estimate. (b) Squared uncertainties on the number of expected background events at each heavy neutrino
mass. The coloured bands are the different contributions to the systematic uncertainties. The black line
is the statistical contribution.

The muon halo background is extensively studied with the control sample recorded during
the K− beam period, resulting in the five-dimensional cut mentioned in subsection 1.2. The
residual halo background is modelled and normalized using the control sample. A contamina-
tion from K− → π−π−π+ (K3π) decays, where the pion is mis-identified as a muon, must be
subtracted from the control sample. The normalization is computed using the halo dominated
region obtained by requiring 3 < CDA < 8 cm. Although the contribution itself, as seen in
Figure 1a is relatively small, it dominates the total uncertainty on the background estimation.
Multiple systematic uncertainties related to the halo background are taken into account. They
are associated to the limited size of the control sample, the subtraction of the K3π component,
the normalization from the control sample to the final sample, and the assumption that the
halo model in the control sample accurately reproduces that of the K+ data. The uncertainty
on the normalization is assessed by normalizing the halo contribution using an alternative halo-
dominated region at negative m2

miss. The halo model contribution is evaluated by comparing
the final kinematic distributions of halo events obtained from the control sample, and from a
sample recorded during a period where both beams were blocked.

The muon identification and the detector resolution are also studied on data with a K+ →
µ+νµ sample and a K+ → π+π0(π0 → γγ) sample reconstructed using LKr only, respectively.
Their contribution to the uncertainty is small in the signal region.

The trigger efficiency depends only on the number of tracks, and being the same for the
signal and K+ → µ+νµ decays, it cancels out to a very good approximation. The trigger
efficiency for the background is different due to possible additional electromagnetic activity in
the detectors. It is evaluated in the region 245 < mmiss < 298 MeV/c2 since strong limits
on the heavy neutrino production already exist in this range. Because the background trigger



efficiency does not depend on the missing mass, and the background composition is similar in
245 < mmiss < 375 MeV/c2, it is taken as (89.8± 0.5stat ± 0.4syst) % in the whole range.

All the contributions to the systematic uncertainties can be seen in Figure 1b. The total
uncertainties on the expected background (systematic and statistical) are displayed in the lower
plot of Figure 1a.

1.5 Limits on heavy neutrino production

A peak search of the mmiss distribution in steps of 1 MeV/c2 is performed. For each heavy
neutrino mass mh considered, a window of size ±σh = 120 MeV/c2 − 0.03 ·mh is used, corre-
sponding to the resolution on the heavy neutrino mass. The upper limits at 90 % confidence
level (CL) on the number of reconstructed K+ → µ+νh events nUL are computed by applying
the Rolke-Lopez method 9 for the case of a Poisson process in presence of gaussian background.
The input necessary to the computation are the number of observed data events, the number of
expected background events, and their uncertainties.

The local significance never exceed 3σ and therefore, no signal is observed. The obtained
limits are shown in Figure 2a. These upper limits are translated into upper limits on the heavy
neutrino branching ratio, and on the mixing matrix element |Uµ4|2 using the relations

BUL(K+ → µ+νh) =
nUL

NK ·A(mh)
,

|Uµ4|2 =
B(K+ → µ+νh)

B(K+ → µ+νµ)
× 1

f(mh)
,

where A(mh) and f(mh) are the acceptance and phase space factors for a heavy neutrino of
mass mh. The final limits are shown in Figure 2b.

(a) (b)

Figure 2: (a) Expected and observed upper limits (at 90 % CL) on the number of K+ → µ+νh events at
each tested mass. (b) Expected and observed upper limits (at 90 % CL) on the mixing matrix element

|Uµ4|2 at each tested mass. The existing limit from KEK E089 4 is also shown. Below 300 MeV/c2 there
is a limit of O(10−8) from BNL E979 3.



2 Status of the NA62 experiment

2.1 The K± → π±νν̄ decay

The K+ → π+νν̄ decay is a flavour changing neutral current process proceeding through box
and electroweak penguin diagrams. It is strongly suppressed by a quadratic GIM mechanism.
The dominant contribution comes from the short distance physics of the top quark loop, with
a small charm quark contribution and long-distance corrections. The hadronic matrix elements
are extracted from the well-known semi-leptonic decay K+ → π0e+ν. The standard model
prediction is computed to a high degree of precision, which is limited by the uncertainties on
the CKM parameters 10:

B(K+ → π+νν̄)SM = (9.11±0.72)×10−11 .

This decay channel is extremely sensitive to physics beyond the SM, probing mass scales beyond
those accessible from direct searches at the LHC. The current experimental determination of
the branching ratio comes from 7 candidates events detected at the E787/E949 experiments 11:

B(K+ → π+νν̄)exp = 17.3+11.5
−10.5 × 10−11 .

A measurement with a precision at the level of 10 % would provide strong constraints on new
physics scenarios.

2.2 The NA62 detector

The fixed target NA62 experiment aims at measuring the K+ → π+νν̄ decay with 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 6 % are kaons. 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.

Figure 3 shows the experimental apparatus in operation since 2014. The KTAG is a differ-
ential Cherenkov detector filled with N2 placed in the beam to identify and timestamp kaons. It
is followed by the Gigatracker (GTK), three silicon pixel stations of 6×3 cm2 surface exposed to
the full 750 MHz beam rate. It 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 interactions in the last GTK station. 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 downstream charged particles. It is followed by a 17 m long
RICH counter filled with Ne, used to separate π+, µ+ and e+. The time of charged particles is
measured both with the RICH and with an array of scintillator (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 for electromagnetic activity. A detailed description of
the apparatus and its performances in 2015 can be found in Cortina Gil 12.

The detector has been completed and is fully commissioned, as well as the beam line and the
high level trigger. Two data samples have been collected: a minimum bias sample at 1 % intensity
in 2015, used for the detector performances analysis described here; The second sample is used
for K+ → π+νν̄ analysis and was taken in stable conditions at 40 % of the nominal intensity in
2016.



Figure 3: Schematic of the NA62 layout.

2.3 Detector performances

The data taken in 2015 are used to measure the detector performances. The timing, kinematic
resolution, particle identification and photon rejection are verified against the design expecta-
tions. A selection similar to the K+ → π+νν̄ one is used for this purpose.

Tracks reconstructed in the spectrometer are selected, and a match in time and space is
requested with a CHOD signal, energy deposition in the calorimeters, and a GTK track. A track
not forming a common vertex within the decay region, bound by the last GTK station and the
first Straw station, with any other in-time track defines a single-track event. To select kaon decay
events, the reconstructed vertex is required to be within the 65 m fiducial decay region, and to be
in-time with a kaon signal in the KTAG. Figure 4a shows the m2

miss = (PK − Pπ+)2 versus Pπ+

distribution for single-track events compatible with a kaon decay, where PK is the reconstructed
four-momentum of the beam kaon from the GTK track, and Pπ+ is the reconstructed charged
particle four-momentum from the spectrometer track, under the pion hypothesis. The measured
time resolution of the detectors are close to the design ones: 100 ps for the KTAG and below
200 ps for the GTK and the CHOD.

The resolution on m2
miss is about 1.2×10−3 GeV2/c4, close to the 1×10−3 GeV2/c4 design

value. The m2
miss kinematic variable should provide a rejection factor of the order of O

(
104–105

)
for the main kaon decay modes by defining the signal regions (I) 0 < m2

miss < 0.01 GeV2/c4 and
(II) 0.026 < m2

miss < 0.068 GeV2/c4. A pure sample of K+ → π+π0 selected by requiring
the additional presence of two photons compatible with a π0 in the LKr calorimeter is used to
measure the kinematic rejection factor, which is found to be of the order of 103. The last GTK
station installed in 2016 is expected to bring the performances to the design goal.

An additional 107 rejection factor is provided by particle identification using the RICH
detector and calorimeters. The pion momentum is requested to be in the range 15–35 GeV/c,
where the RICH is designed to achieve the best π+/µ+/e+ separation. The K+ → π+π0 sample
used for kinematic studies, and a sample of K+ → µ+ν selected by requiring an additional
matching signal in the MUV3 are used to study the π+/µ+ separation in the RICH. Figure 4b
shows a 102 µ+ rejection factor for 80 % π+ efficiency, reaching 90 % in 2016 data thanks to
the improved RICH mirror alignment. A simple additional cut and count analysis involving the
calorimeters increases the rejection factor to 104–106 for a π+ efficiency in the range 90–40 %.

The final rejection of 108 for kaon decay channels involving a π0 is provided by the detection
of at least one of the γ in the photon vetoes. The high energy of the π0 in the K+ → π+π0 decay
(Eπ0 > 40 GeV) and the angular correlation between the two γ of the π0 decay is exploited A
sample of K+ → π+π0 selected through kinematics only is used to assess the achieved rejection
factor. The measurement with 2015 data is statistically limited at 106 (90 % CL) as an upper
limit.



(a) (b)

Figure 4: (a) m2
miss distribution under π+ mass hypothesis as a function of the reconstructed track

momentum for single-track kaon events. (b) π+/µ+ identification efficiency with the RICH detector.

The analysis of 2015 data shows that the performances are reached, or are close to, the
design values for the different sub-systems. The improvements made in preparation of the 2016
data-taking should bring the remaining performances to their design expectations.

3 Conclusions

Using the data collected in 2007, a peak search in the mass spectrum of the K+ → µ+νν decay
has been performed in steps of 1 MeV/c2. New limits on the heavy neutrino production are set
at the level of 10−5–10−6 on the mixing matrix element |Uµ4|2 in the range 300–375 MeV/c2.

The NA62 experiment has been fully commissioned, and data have been taken in 2015–2016
at 1 % and 40 % of the nominal intensity. The study of the detector performances shows that
they are in-line with the design values. The K+ → π+νν̄ analysis with the 2016 data is ongoing,
and a wider physics program for short and medium term has been established.
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I give a pedagogical introduction into flavour-changing neutral current interactions of kaons
and their role to reveal or constrain physics beyond the Standard Model (SM). Then I discuss
the measure ε′K of direct CP violation in K → ππ decays, which deviates from the SM
prediction by 2.8σ. A supersymmetric scenario with flavour mixing among left-handed squarks
can accomodate the measured value of ε′K even for very heavy sparticles, outside the reach
of the LHC. The considered scenario employs mass splittings among the right-handed up and
down squarks (to enhance ε′K) and a gluino which is heavier than the left-handed strange-
down mixed squarks by at least a factor of 1.5 (to suppress excessive contribution to εK , the
measure of indirect CP violation). The branching ratios of the rare decays K+ → π+νν̄ and
KL → π0νν̄, to be measured by the NA62 and KOTO-step2 experiments, respectively, are
only moderately affected. These measurements have the capability to either falsify the model
or to constrain the CP phase associated with strange-down squark mixing accurately.

1 Basics

The gauge interactions of the Standard Model (SM) are flavour blind, meaning that they treat
all three fermion generations equally. The Yukawa interaction between fermions and Higgs
field, however, involves different coupling strengths of the Higgs field to fermions of different
generations, encoded in the complex 3 × 3 Yukawa matrices. The products of these matrices
and the vacuum expectation value of the Higgs field constitute the fermion mass matrices. The
diagonalisation of the mass matrices involves unitary rotation of the fermion fields which cancel
everywhere except in the couplings of the W boson to fermions. The unitary matrix appearing
in the charged-current W couplings to quarks of different generations is the Cabibbo-Kobayashi-
Maskawa (CKM) matrix V .

W couplings necessarily change the fermion electric charge by one unit. Thus flavour-
changing neutral current (FCNC) transitions are forbidden at tree-level in the SM and only
proceed through loops. Decays of charged (K+ ∼ s̄u) and neutral (K0 ∼ s̄d) kaons can be used
to study the s→ d FCNC transitions. Here the FCNC transition of interest is either the decay
amplitude (|∆S| = 1 transition where S means strangeness) or the K−K mixing amplitude, a
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Figure 1 – Left and middle: sample diagrams of electroweak ∆S = 1 penguins and boxes which contribute to the
low-scale value of the Wilson coefficient of Q8 (through renormalisation group evolution from other electroweak
coefficients). Right: ∆S = 2 box diagram of K−K mixing.

|∆S| = 2 process (see Fig. 1 for sample diagrams). K−K mixing implies that K0 ∼ s̄d and
K0 ∼ sd̄ are not the physical eigenstates of neutral kaons. Instead, these are KL and KS , the
long-lived and short-lived neutral kaons, which are linear combinations of the flavour eigenstates
K0 and K0.

Within the SM, FCNC transitions of kaons are not only loop suppressed: The CKM-favoured
s → d transitions proportional to VusV

∗
ud and VcsV

∗
cd involve an up and a charm quark on the

internal line, respectively. These two contributions almost cancel each other perfectly, owing to
VusV

∗
ud ≈ −VcsV ∗cd and the smallness of m2

c −m2
u compared to M2

W , rendering the up and charm
loop integral almost equal in size. This feature, the Glashow-Iliopoulos-Maiani mechanism,
makes kaon FCNC processes sensitive to virtual effects of the heavy top quark and of potential
new particles predicted by theories beyond the SM. To this end charge-parity (CP) violating
observables and branching ratios of rare decays are of key importance.

If CP were a good symmetry, the neutral kaon mass eigenstates |KL〉 and |KS〉 should
coincide with the CP eigenstates (|K0〉 ± |K0〉)/

√
2. The two-pion states |π+π−〉 and |π0π0〉

are CP even and indeed KS mesons predominantly decay into two pions, while KL prefers
three-pion decays, suggesting that KS and KL are CP-even and CP-odd, respectively. But the
1964 discovery of KL → ππ decays has shown that KL is not a CP eigenstate and therefore
established CP violation 1. Today we know that the discovered effect is related to the top quark
in the box diagram in Fig. 1. That is, the decay of particle with a mass of 0.5 GeV revealed the
virtual effect of a particle which is roughly 350 times heavier, which testifies to the tremendous
discovery potential of kaon FCNCs!

The strong interaction poses the main challenge for theoretical predictions of kaon decays.
Short-distance QCD effects can be calculated in perturbation theory, from e.g. Feynman dia-
grams with gluons dressing the diagrams of Fig. 1. To separate these from the non-perturbative
long-distance QCD effects, one sets up an effective hamiltonian which reads

H|∆S|=1
eff = GF√

2
λu
∑10

i=1Qi(µ) (zi(µ) + τyi(µ)) + H.c. (1)

for the case of K → ππ decays. Here λu = V ∗usVud and τ = −V ∗tsVtd/ (V ∗usVud) and GF is the
Fermi constant. Pictorially, the operators Qi are found by contracting the W lines and loops in
the Feynman diagrams to a point; they describe effective four-quark interactions. The operator
basis comprises ten operators which are defined in Ref. 2. In the following we will discuss

Q6 = sjγµ(1− γ5)dk
∑
q

qkγµ(1 + γ5)qj and Q8 =
3

2
sjγµ(1− γ5)dk

∑
q

eqq
kγµ(1 + γ5)qj (2)

with colour indices j, k and eq being the charge of quark q. The Wilson coefficients zi and yi in
Eq. (1) are calculated from the Feynman diagrams and comprise the short-distance physics, in
particular they depend on the masses of the heavy W , top and potential new-physics particles.
The coefficients depend on the renormalisation scale, the diagrams in Fig. 1 determine the
values of the coefficients at the high scale of order of the W or top mass. Their values at the



low scale around 1 GeV relevant for kaon physics are found by solving the renormalisation group
equations. Fig. 1 shows diagrams contributing to y7,9 at the high scale. As a result of the
renormalisation group evolution, the low-scale values of the yi are linear combinations of the
high-scale values, which renders the coeffient of interest, y8, non-zero and important for ε′K . The
Wilson coefficients are known to next-to-leading order in the strong coupling constant αs

3.
The effective ∆S = 2 hamiltonian needed to describe K−K mixing is much simpler and

contains only one operator s̄γµ(1− γ5)d s̄γµ(1− γ5)d.
In order to predict K → ππ decay amplitudes one must calculate the hadronic matrix

elements 〈ππ|Qi|K〉 with non-perturbative methods such as lattice gauge theory. To this end it
is advantageous to switch to eigenstates of the strong isospin I:

|π0π0〉 =

√
1

3
| (ππ)I=0〉 −

√
2

3
| (ππ)I=2〉, |π+π−〉 =

√
2

3
| (ππ)I=0〉+

√
1

3
| (ππ)I=2〉.

(Bose symmetry forbids the I = 1 state.) Strong isospin is an excellent symmetry of QCD and
was exact, if up and down quark had the same mass.

In this talk I present new analyses of ε′K in the SM and its minimal supersymmetric extension
(MSSM) from the papers 4,5,6. This research was stimulated by a breakthrough of the RBC and
UKQCD collaborations in the calculation of the matrix elements 〈(ππ)I=0 |Qi|K0〉 with lattice
gauge theory 7. The results of Ref. 6 are further covered by Teppei Kitahara’s talk at this
conference 8.

2 Indirect and direct CP violation

We express the CP-violating quantities of interest in terms of the decay amplitudes A(KL,S →
(ππ)I=0,2). Indirect CP violation (stemming from the ∆S = 2 box diagrams) is quantified by

εK ≡
A(KL → (ππ)I=0)

A(KS → (ππ)I=0)
= (2.228± 0.011) · 10−3 · ei(0.97±0.02)π/4. (3)

The measure of direct CP violation, which originates from the ∆S = 1 kaon decay amplitude

and is calculated from H|∆S|=1
eff in Eq. (1) isa

ε′K '
εK√

2

[
A(KL → (ππ)I=2)

A(KL → (ππ)I=0)
− A(KS → (ππ)I=2)

A(KS → (ππ)I=0)

]
= (16.6± 2.3) · 10−4 · εK . (4)

This experimental result was established in 1999 and constituted the first measurement of direct
CP violation in any decay 9. In kaon physics one usually adopts the standard phase convention
of the CKM matrix, so that the dominant tree-level s̄→ d̄uū amplitude proportional to VudV

∗
us

is real. CP violation requires the interference of this amplitude with another amplitude having
a different weak phase, which in the SM stems from another combination of CKM elements.
Diagrams with internal top quark like the penguin diagram shown in Fig. 1 are proportional to
VtdV

∗
ts and charm loops contribute to both CKM structures, owing to CKM unitarity, VcdV

∗
cs =

−VtdV ∗ts−VudV ∗us. Thus SM predictions for CP-violating quantities in K → ππ decays all involve

τ = − VtdV
∗
ts

VudV ∗us
∼ (1.5− i0.6) · 10−3. (5)

But ε′K is not only suppressed by the smallness of Im τ , strong interaction effects also render the
amplitudes in the numerators in Eq. (4) much smaller than the denominators. Experimentally
one finds for AI ≡ A(K0 → (ππ)I):

b

ReA0 = (3.3201± 0.0018)× 10−7 GeV, ReA2 = (1.4787± 0.0031)× 10−8 GeV, (6)

aAccidentally, ε′K/εK is essentially real.
bBy convention the CP-conserving, strong phase δI is factored out, so that 〈(ππ)I |H|∆S|=1

eff |K0〉 ≡ AI exp(iδI).
The phase δI is generated by final-state rescattering of the pions. A non-zero ImAI therefore only arises from
the non-zero CP phase arg τ .



with a ratio ReA0/ReA2 ≈ 22! This feature is called ∆I = 1/2 rule, because I changes by half
a unit in KL,S → (ππ)I=0.

The master equation for ε′K/εK (see e.g. Ref. 10) reads:

ε′K
εK

=
ω+√

2|εexp
K |ReAexp

0

{
ImA2

ω+
−
(

1− Ω̂eff

)
ImA0

}
. (7)

Here ω+ ' ReA2
ReA0

= (4.53± 0.02) · 10−2 is determined from the charged counterparts of ReA0,2

and Ω̂eff = (14.8 ± 8.0) · 10−2 quantifies isospin breaking. One also takes |εexp
K | and ReAexp

0

from experiment, as indicated. The theoretical challenge is the calculation of ImA0,2 with non-
perturbative methods. Within the SM ImA0 is dominated by gluon penguins, with roughly 2/3
stemming from the matrix element 〈(ππ)I=0|Q6|K0〉 (with the operator Q6 of Eq. (2)), while
about 3/4 of the contribution to ImA2 stems from 〈(ππ)I=2|Q8|K0〉. Lattice-gauge theory
has 〈(ππ)I=2|Q8|K0〉 (and thereby ImA2) under good control for some time 11, while reliable
lattice calculations of 〈(ππ)I=0|Q6|K0〉 have become possible only recently7. Using these matrix
elements from lattice QCD we find 4

ε′K
εK

= (1.06± 4.66Lattice ± 1.91NNLO ± 0.59IV ± 0.23mt)× 10−4, (8)

a value which is 2.8σ below the experimental result in Eq. (4). The various sources of errors are
indicated by the subscripts: The largest uncertainty stems from the hadronic matrix elements
calculated with lattice QCD. The next error is the perturbative uncertainty from the unknown
next-to-next-to-leading (NNLO) QCD corrections. “IV” denotes strong-isospin violation (stem-
ming e.g. from mu 6= md) and the last error comes from the error in mt.

This result, obtained with a novel compact solution of the renormalization group equations,
agrees with the one in Ref. 10. The quoted lattice results are consistent with earlier analytic
calculations in the large-Nc “dual QCD” approach 12. Thus lattice gauge theory is currently
starting to resolve a long-standing controversy about ImA0 between the large-Nc

12 and chiral
perturbation theory13 communities. While the latter method can reproduce the large-Nc values,
it can likewise easily accomodate the experimental range in Eq. (4).

3 ε′K in the MSSM

The large factor 1/ω+ multiplying ImA2 in Eq. (7) renders ε′K/εK especially sensitive to new
physics in the ∆I = 3/2 decay K → (ππ)I=2. This feature makes ε′K/εK special among all
FCNC processes. However, it is difficult to place a large effect into ε′K without overshooting εK :
The SM contributions to both quantities depend on the CKM combination τ in Eq. (5) as

ε′SM
K ∝ Im τ and εNP

K ∝ Im τ2. (9)

In new-physics scenarios τ is replaced by some new ∆S = 1 parameter δ and the new-physics
contributions scale as

ε′NP
K ∝ Im δ and εNP

K ∝ Im δ2. (10)

If new-physics enters through a loop with super-heavy particles, the only chance to have a
detectable effect in ε′K is a scenario with |δ| � |τ |. Thus if ε′NP

K ∼ ε′ SM
K one expects εNP

K � εSM
K ,

in contradiction with the experimental value. Thus large effects in ε′K from loop-induced new
physics are seemingly forbidden. Many studies of ε′K indeed involve new-physics scenarios with
tree-level contributions to ε′K

14, in which the requirement |δ| � |τ | can be relaxed.

The MSSM has the required ingredients to explain ε′K in Eq. (4) without conflict with εK
despite δ � τ . Moreover, this is possible with squark and gluino masses in the range 3–7 TeV,
far above the reach of the LHC. The enhancement of ε′K is achieved with “Trojan penguin”
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Ũ

uR

uR

Q̃

g̃

g̃sL

dL

D̃

dR

dR

Q̃

g̃

g̃, χ̃0
sL

dL

Q̃

dL

sL

Q̃

g̃, χ̃0

g̃, χ̃0
sL

dL

Q̃

dL

sL

Q̃

g̃, χ̃0

χ̃−
sL

dL

Q̃

dL

sL

Q̃

χ̃−

Figure 2 – Left two diagram: “Trojan penguin” box diagrams 15. The difference of the two boxes contributes to
the ImA2 and increases with the mass difference between right-handed up-type (Ũ) and down-type (D̃) squark.
Q̃ denotes a left-handed squark, which is a strange-down mixture. Right three diagrams: MSSM contribution
to εK . The (second to last) crossed-box gluino diagram cancels the middle gluino diagram very efficiently for
mg̃ ≥ 1.5mQ̃

16 and the chargino diagram to the right and the boxes with one or two neutralinos (χ̃0) become
important.

box diagrams 15, which contribute to ImA2 through the strong interaction, as shown in Fig. 2.
This mechanism involves a mass splitting among the right-handed up- and down squark and
flavour mixing among the left-handed down and strange squark. The FCNC parameter is the
(1,2) element ∆LL

ds of the left-handed squark mass matrix, the CP phase is θ ≡ arg(∆LL
ds ). The

suppression of εK in this MSSM scenario exploits the mechanism of Ref. 16: For mg̃ ' 1.5mQ̃
the two gluino boxes in Fig. 2 cancel and for mg̃ > 1.5mQ̃ decoupling sets in quickly, so that
the MSSM contribution to εK stays small. In Fig. 3 the region of sparticle masses capable to
explain ε′K is shown for the choice θ = −45◦. This phase maximises the MSSM contribution to
εK (proportional to sin(2θ)), so that it is clear that the suppression of |εK | is not caused by a
tuning of θ.

4 K→ πνν̄

The two decay modes K+ → π+νν̄ and KL → π0νν̄ are remarkable in two respects: On one
hand their branching ratios can be predicted with high precision, because all hadronic effects
are under good control. On the other hand the two branching ratios are highly sensitive to new
physics. The SM predictions of the branching ratios are17:

B(KL → π0νν)SM = (2.9± 0.2± 0.0)× 10−11 ,

B(K+ → π+νν)SM = (8.3± 0.3± 0.3)× 10−11, (11)

where the first error stems from the CKM elements and the second error summarises the re-
maining uncertainties. The experiment NA62 at CERN will probe B(K+ → π+νν) at the 10%
level already in 2018 18. KOTO at J-PARC will, in a first step, probe B(K+ → π+νν) at the
level around the SM sensitivity 19. Later KOTO-step2 aims at a measurement with an error of
10% as well 20.

In the SM the decay s → dνν̄ triggering K → πνν̄ proceeds through Z penguin and box
diagrams similar to those constituing ε′K . It is therefore natural to ask, whether the new physics
which may contribute to ε′K in Eq. (4) will also affect B(K → πνν) and whether the measure-
ments of these branching fractions will help to distinguish among different new-physics models.
Such correlations typically appear in models with Z ′ bosons or modified Z couplings 21. In our
MSSM scenario there is also a strong correlation between ε′K and B(K → πνν). However, this
correlation does not involve Z(′) penguins but instead the box diagrams of Figs. 2 and 4. This
diagram is further correlated to the neutralino (middle and second-to-right) and chargino (right)
diagrams in Fig. 2. This correlation now links sizable enhancements of the K → πνν branching
ratios to excessive effects on εK , unless one either fine-tunes mg̃ to cancel the sum of the two
gluino boxes with the chargino box in Fig. 2 or tunes the CP phase θ to values close to ±90◦ c.

cThe MSSM contribution to εK also vanishes for θ ≈ 0, 180◦, but then ε′K cannot be explained.
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correct (positive) solutions if the CP phase θ is changed from −45◦ to 135◦. The SM prediction for εK strongly
depends on |Vcb|. The blue (red) lines in both plots delimit the region which complies with εK if |Vcb| is determined
from exclusive (inclusive) b → c`ν decays. If the exclusive determination is correct, some new physics in εK is
welcome. In the inclusive case the forbidden region is marked with the red shading. For more details see Ref. 5,
from which the plots are taken.

If both (fine-)tunings are restricted to levels below 10%, one finds

B(KL → π0νν)

BSM(KL → π0νν)
. 1.2 and

B(K+ → π+νν)

BSM(K+ → π+νν)
. 1.1, (12)

if GUT relations between the gaugino masses are assumed. Thus the considered MSSM scenario
is very predictive and forbids large effects on B(K → πνν), although KOTO-step2 may detect
the deviation from the SM prediction. While it is unlikely that Nature has fine-tuned the gluino
mass to minimise the impact on εK , the possibility that accidentally θ is close to ±90◦ should
not be discarded. In this case larger enhancements than in Eq. (12) are possible, with the generic
strong correlation between B(K+ → π+νν) and B(KL → π0νν) found in 22, which holds for any
model with flavour mixing only among left-handed quarks. (For detailed plots see Ref. 6.) Thus
also the scenario with θ ≈ ±90◦ is falsifiable by combining NA62 and KOTO-step2 data. If,
however, the two experiments both find substantial enhancement following the pattern of Ref.22,
the CP phase θ will be accurately pinned down to a value near ±90◦.

An interesting prediction of our MSSM scenario is a strict correlation between B(KL → π0νν)
and the hierarchy between the masses mŪ , mD̄ of the right-handed up-squark and down-squark:
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Figure 4 – Dominant contribution to K+ → π+νν̄ and KL → π0νν̄ in the MSSM scenario of Refs.5,6. L̃ denotes
a charged slepton. Neutralino diagrams sum to a smaller contribution.

The (positive) sign of the MSSM contribution to ε′K implies

sgn
[
B(KL → π0νν)− BSM(KL → π0νν)

]
= sgn (mŪ −mD̄).

Thus a precise measurement of B(KL → π0νν) will tell whether the right-handed up squark is
heavier or lighter than the right-handed down squark.
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ε′ from right-handed currents

W. Dekens
Theoretical division, Los Alamos National Laboratory, Los Alamos, NM 87545, USA
New Mexico Consortium, Los Alamos Research Park, Los Alamos, NM 87544, USA

Recent lattice determinations of direct CP violation in kaon decays, ε′, suggest a discrepancy
of several sigma between experiment and the standard model. Assuming that this situation
is due to new physics, we investigate a solution in terms of right-handed charged currents.
Chiral perturbation theory, in combination with lattice QCD results, allows one to accurately
determine the effect of right-handed interactions on ε′. In addition, similar techniques pro-
vide a direct link between the right-handed contributions to ε′ and hadronic electric dipole
moments. We demonstrate that the ε′ discrepancy can be resolved with right-handed charged
currents, and that this scenario can be falsified by next-generation hadronic electric dipole
moment experiments

1 Introduction

Although the direct CP violation in KL → ππ decays, ε′, has been precisely measured over
a decade ago 1,2,3, the corresponding standard model (SM) predictions have not yet reached a
comparable precision. Such a prediction is a challenging task that requires the calculation of
nonperturbative matrix elements. Recently, these matrix elements have been determined using
lattice QCD 4, and suggest a 2−3σ discrepancy between the SM and the experimental value. It
should be noted that these matrix elements have also been evaluated in other approaches such
as Chiral Perturbation Theory (ChiPT), the large-Nc approximation, and the Chiral Quark
Model 5,6,7, which do not find such a deviation.

Assuming that this tension survives future improved lattice determinations, it is interesting
to investigate possible explanations in terms of new physics. Several explanations in terms of
vector-like quarks 8, 331 models 9, Z(′) couplings 10, and supersymmetric scenarios 11,12,13 have
been discussed in the literature. Here we investigate a scenario involving a single gauge-invariant
dimension-six operator14. This operator induces right-handed charged currents (RHCCs), which
couple the W boson to right-handed quarks, and is given by

Leff = LSM +
2

v2
iϕ̃†Dµϕ ū

i
Rγ

µ ξijd
j
R + h.c., → LSM +

g√
2

[
ξij ū

i
Rγ

µdjRW
+
µ

](
1 +

h

v

)2

+ h.c., (1)

where ϕ is the Higgs doublet, v ≈ 246 GeV is its vacuum expectation value (vev), and the
covariant derivative is given by Dµ = ∂µ − ig/2τ ·Wµ − ig′/2Bµ, with g and g′ the SU(2) and
U(1)Y gauge couplings. Finally, ξij is a 3×3 matrix in flavor space, whose elements are expected
to scale as v2/Λ2, where Λ is the scale of new physics. This interaction is generated in left-right
symmetric models 15,16, which are based on the gauge group SU(2)L × SU(2)R × U(1)B−L.
These models feature a new right-handed WR boson which can undergo mass-mixing with the
SM W -boson. After integrating out the heavy WR this mixing induces Eq. 1. Explicitly one

has, ξij ≈
g2R
2
κκ′

m2
R
eiα(VR)ij , where κ, κ′ ∼ v are the magnitudes of the vevs that break SU(2)L



and α is the phase difference between them, mR and gR are mass of the WR boson and its gauge
coupling, while VR is the right-handed analogue of the CKM matrix.

Here we do not restrict to a specific model and focus on two elements of the ξ matrix a,
namely ξud and ξus. After integrating out the W boson these elements induce both ∆S = 1 and
∆S = 0 four-quark operators, which contribute to ε′ and hadronic EDMs, respectively. Both
contributions depend on nonperturbative matrix elements. In the case of ε′ chiral symmetry
allows one to relate the necessary matrix elements to those of SM operators calculated on the
lattice. Although the EDM analysis depends on several nonperturbative quantities, not all of
which are known, we argue that the same matrix elements allow one to estimate the leading
contributions in this case as well.

We discuss the low-energy Lagrangian induced by Eq. 1 in section 2. The impact of this
Lagrangian on ε′ and hadronic EDMs are derived in section 3 and 4, respectively. We discuss
the resulting constraints and the possibility of a solution to the ε′ discrepancy in section 5.

2 Low-energy Lagrangian

2.1 Quark-level Lagrangian

After integrating out the heavy SM fields the couplings ξud and ξus of Eq. 1 give rise to the
following four-quark interactions

LLR = −
2∑
i=1

(
CududiLR OududiLR + Cus usi LR Ous usi LR + Cus udiLR Ous udiLR + Cudusi LR Oudusi LR + h.c.

)
, (2)

where, Oij lm1LR = d̄mγµPLu
l ūiγµPRd

j and Oij lm2LR = d̄mα γ
µPLu

l
β ū

i
βγµPRd

j
α, with α, β color indices.

These ‘left-right’ operators violate CP as long as the corresponding couplings have an imaginary
part. The first two ∆S = 0 operators in Eq. 2 will induce EDMs, while the second pair violate
strangeness by one unit and contribute to ε′. Note that no ∆F = 2 operators are generated at
tree level. The matching at the W boson mass scale gives,

Cij lm1LR (mW ) =
4GF√

2
V ∗lmξij , Cij lm2LR (mW ) = 0 , (3)

while the O2LR operators are induced through QCD renormalization.
After evolving the above Lagrangian to µ ≈ 3 GeV, the contributions to ε′ and EDMs still

require the matrix elements of the left-right operators, which we obtain from ChiPT. Before
moving on to the chiral realization of the left-right operators, however, we slightly rewrite the
relevant parts of the effective Lagrangian,

L = LQCD
mq=0 − q̄Mq + q̄ [m3t3 +m6t6 +m8t8] iγ5q + LLR , (4)

where ta are the SU(3) generators, q is a triplet of quark fields q = (u, d, s), and M =
diag(mu, md, ms). In addition, we assumed that the strong CP problem is solved by a Peccei-
Quinn mechanism 18. Finally, the left-right operators induce couplings which couple the neutral
mesons, π0,K0, η, to the vacuum. To avoid such couplings when constructing the Chiral La-
grangian we perform a SU(3)L×SU(3)R rotation to eliminate these terms, this introduces m3,6,8

which are specified in the next section.

2.2 Chiral Lagrangian

To construct the chiral Lagrangian it is useful to note that the left-right operators can schemati-
cally be written as, (q̄γµt

aPLq) (q̄γµtbPRq). Such operators belong to the 8L×8R representation

aFor the phenomenology of the remaining flavor structures see 17.



of SU(3)L × SU(3)R and so transform as ta → LtaL†, tb → RtbR†, where L, R ∈ SU(3)L,R.
Using these transformation properties and the well-known chiral realization of the usual QCD
Lagrangian, the leading-order mesonic Lagrangian is given by

Lπ =
F 2

0

4
Tr
(
∂µU∂

µU †
)

+
F 2

0

4
Tr
(
Uχ† + U †χ

)
+
F 4

0

4
Tr
(
U †tbUta

) ∑
i=1,2

Ai LR
[
CududiLR (δa1 − iδa2)(δb1 + iδb2) + Cus usi LR (δa4 − iδa5)(δb4 + iδb5)

+Cudusi LR (δa4 − iδa5)(δb1 + iδb2) + Cus udiLR (δa1 − iδa2)(δb4 + iδb5) + h.c.

]
, (5)

here F0 is the pion decay constant in the Chiral limit, and U is the usual matrix of pseudo
Nambu Goldstone bosons in the notation of 14. Furthermore,

χ = 2B (M+ i (m3t3 +m6t6 +m8t8)) , (6)

with

m3 = −
∑
i=1,2

riIm

(
CududiLR +

1

2
Cus usi LR

)
, m6 =

1

2

∑
i=1,2

riIm
(
Cudusi LR + Cus udiLR

)
,

m8 = −
√

3

2

∑
i=1,2

riImCus usi LR , (7)

where ri =
F 2
0
B Ai LR.

The second and third lines in the Lagrangian in Eq. 5 involve terms that will induce EDMs
and ε′, respectively. These contributions depend on the low energy constants (LECs), Ai LR,
which can be related to the known matrix elements of the SM electroweak penguin operators,
Q7 and Q8

19,20. These SM operators also transform as 8L × 8R and therefore induce similar
terms as Oi LR in the Chiral Lagrangian, with the same LECs, Ai LR. As a result, we can express
their matrix elements for KL → ππ in terms of Ai LR. At leading order (LO) in ChiPT, together
with recent lattice results 21, this gives

A1LR(3 GeV) =
1√
3F0

〈(ππ)I=2|Q7|K0〉+O
(
m2
K

)
' (2.2± 0.13) GeV2 ,

A2LR(3 GeV) =
1√
3F0

〈(ππ)I=2|Q8|K0〉+O
(
m2
K

)
' (10.1± 0.6) GeV2 . (8)

3 Contribution to CP violation in the kaon sector

3.1 Direct CP violation

The measure of CP direct violation in KL → ππ decays is given by,

Re

(
ε′

ε

)
= Re

(
iωei(δ2−δ0)

√
2ε

)[
ImA2

ReA2
− ImA0

ReA0

]
, (9)

where A0,2e
iδ0,2 are the amplitudes for final states with total isospin I = 0, 2, ω = ReA2/ReA0,

and ε denotes the CP violation in K̄−K mixing. The left-right operators contribute to the imag-
inary parts of the amplitudes, ImA0,2, while the remaining quantities in the above expression
are well known experimentally. The Chiral Lagrangian of the previous section, Eq. 5, together
with the determination of the LECs, Eq. 8, now allows us to calculate the contributions to these
amplitudes. One would expect such a calculation to be subject to O(m2

K/Λ
2
χ) corrections due to

the fact that Eq. 8 is a LO ChiPT prediction. Luckily, this is not the case for the I = 2 ampli-
tude. The reason is that, after an isospin decomposition, the I = 3/2 parts of the O1(2)LR and



Q7(8) coincide. Thus, the right-handed contributions to the I = 2 amplitudes can be determined
up to isospin corrections, which gives

ImA2(ξ) =
1

6
√

2
Im

[ (
Cudus1LR − Cusud ∗1LR

)
〈(ππ)I=2|Q7|K0〉

+
(
Cudus2LR − Cusud ∗2LR

)
〈(ππ)I=2|Q8|K0〉

]
. (10)

Unfortunately, the I = 1/2 parts of the left-right operators do not coincide with those of the
SM operators, but at LO in ChiPT we find, ImA0(ξ) = −2

√
2ImA2(ξ). In total we then use

Eq. 9 with ImA0,2 = ImASM
0,2 + ImA0,2(ξ) and employ the results of 4,22 for the SM prediction.

It should be noted that although A0(ξ) is only known up to O(m2
K/Λ

2
χ) corrections it gives a

subleading contribution to ε′, as it is suppressed by the ∆I = 1/2 rule. We expect the main
source of uncertainties to result from the lattice determinations of the matrix elements.

3.2 CP violation in mixing

Apart from the direct CP violation in kaon decays, the right-handed interactions can also induce
CP violation in mixing, εK . Although ξud and ξus do not induce tree-level ∆S = 2 operators,
they do contribute to εK through short- and long-distance effects. The former arise through
box diagrams involving the ξ couplings. However, due to the chirality of the vertices, the box
diagrams linear in ξ require one internal and one external quark mass insertion, i.e. they are
suppressed by mums

m2
W

. The short-distance contributions are therefore negligible.

The long-distance contribution arises from the combination of a ∆S = 1 left-right interaction
with a ∆S = 1 SM charged current. The Chiral realizations of these operators lead to diagrams
where K0 mixes into a pion or eta meson, which then mixes into a K̄0. This involves the LECs
of the left-right operators, Ai LR, as well as those for the weak charged current23. Here we follow
14 and estimate this contribution to εK by the tree-level diagrams (which are non-zero at NLO)
and assign a 50% uncertainty to it due to unknown NLO counterterms.

4 Contribution to hadronic EDMs

The contributions of the left-right operators to hadronic EDMs can be calculated by first match-
ing to an extension of chiral effective field theory that contains CP-violating hadronic interactions
24,25. Chiral power counting then predicts 24,25 that contributions of the four-quark operators
to nuclear EDMs are dominated by long-range pion-exchange between nucleons b. The leading
pion-nucleon couplings, ḡ0,1, are induced by the left-right operators in several ways. Firstly,
there is a direct contribution whose LEC involves matrix elements of the form, 〈Nπ|Oi LR|N〉,
which are currently unknown. A second contribution arises due to the rotation performed to
align the vacuum, mentioned in section 2. The relevant meson-baryon Lagrangian then takes
the following form,

LπN = b0Tr
(
B̄B

)
Trχ+ + bDTr

(
B̄{χ+, B}

)
+ bFTr

(
B̄[χ+, B]

)
+ Ldirect , (11)

where B represents the octet of baryon fields, notation is as in 14, and χ+ = u†χu† + uχ†u.
Here the direct contributions to ḡ0,1, with unknown LECs, are due to Ldirect. The contribu-

tions induced by vacuum alignment arise through χ+ and depend on Ai LR, and b0,D,F . Since
b0,D,F can be related to the baryon mass splittings 26,27,28,29, and Ai LR are known from Eq. 8
this contribution can be estimated reliably. Using the conventions of 14 for ḡ0,1, the indirect
contributions, including lattice uncertainties, give

ḡ0

2Fπ
= −(0.16± 0.03)× 10−5 Im(V ∗usξus) ,

bNote that chiral power counting has not been tested for systems as large as 199Hg or 225Ra.



ḡ1

2Fπ
= − (2.9± 0.33)× 10−5 Im(V ∗usξus)− (5.7± 0.67)× 10−5 Im(V ∗udξud) . (12)

Naive-dimensional-analysis estimates for the additional direct pieces suggest they are roughly
an order of magnitude smaller than the indirect contributions. As such, we follow 14 and use the
indirect piece as the central values for ḡ0,1 and conservatively assign a 50% uncertainty due to
the direct piece.

4.1 The neutron EDM

Although ḡ0,1 give the dominant contributions to nuclear EDMs, for the neutron EDM additional
counterterms appear at the same order. One has 30,31

dn = d̄n(µ) +
egAḡ1

(4πFπ)2

(
ḡ0

ḡ1

(
log

m2
π

µ2
− πmπ

2mN

)
+

1

4
(κ1 − κ0)

m2
π

m2
N

log
m2
π

µ2

)
, (13)

where gA ' 1.27 is the nucleon axial charge, and κ1 = 3.7 and κ0 = −0.12 are related to the
nucleon magnetic moments. d̄n(µ) is a counterterm, which is again unknown. We estimate its
size by the µ dependence of the loop contributions, which we obtain by varying µ from mK to
mN in Eq. 13. The resulting sizes are in agreement with naive-dimensional-analysis estimates.
As a result, we take Eq. 13 as the central value with d̄n(µ) = 0. We estimate the uncertainties
by the combination of the errors on ḡ0,1 discussed above together with the variation due to the
µ dependence 14.

4.2 Nuclear EDMs

As already mentioned, for nuclear EDMs, the dominant contributions should be captured by ḡ0,1,
implying that no further unknown LECs enter the expressions in this case. Nuclear calculations,
within large uncertainties, predict 32,33,34,35,36,37,25,38,39

dD = −(0.18± 0.02)
ḡ1

2Fπ
e fm ,

dHg = (2.8± 0.6) · 10−4 ·
(

0.13+0.5
−0.07

ḡ0

2Fπ
+ 0.25+0.89

−0.63

ḡ1

2Fπ

)
e fm ,

dRa = (7.7± 0.8) · 10−4 ·
(
−19+6.4

−57

ḡ0

2Fπ
+ 76+227

−25

ḡ1

2Fπ

)
e fm . (14)

We set constraints using Eqs. 14 and 13 together with the experimental measurements 40,41,42,43.

5 Discussion

Using the expressions in section 3 we show ε′ as a function of ξud and ξus in the upper-left
and -right panels of Fig. 1, respectively. Here the green band indicates the experimental value,
while the solid and dashed blue lines are theory predictions using the SM values of Ref. 4 and 22,
respectively. These panels show that the tension can be alleviated when the couplings have sizes
of O(10−7 − 10−6). Coefficients of this size naively point towards a scale of Λ = O(100 TeV),
although, in specific models this scale can be lowered by small model parameters. The same
panels also show the constraints from εK and dn, and future dD,Ra sensitivities44,45. In principle,
the stringent experimental limit on the mercury EDM also leads to strong constraints if one
neglects theoretical uncertainties. However, here we follow the R-fit procedure 46 to obtain
limits. In this case the large nuclear and hadronic uncertainties allow for cancellations which
result in a vanishing dHg EDM.

As can be seen from the Figure, the current εK and dn limits do not rule out the region of
interest. For both ξud and ξus a future neutron, deuteron, or radium measurement would be
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Figure 1 – The top-left (-right) panel shows the value of Re ε′/ε as a function of Im ξud (Im ξus). The
solid and dashed blue bands indicate the theory prediction (see text), while the experimental value is
shown in green (all at 1σ). The vertical lines indicate the current/future sensitivities of εK and dn,D,Ra

experiments, derived using the R-fit procedure. The bottom-left (-right) panel shows the sizes of dRa and
dn, assuming a value for Im ξud (Im ξus) that solves the ε′/ε discrepancy. The red points are generated
by taking random values of the nuclear and hadronic matrix elements within their allowed ranges. The
black lines result from taking the central values of these matrix elements.

able to probe the regions in which the ε′ tension is resolved. To illustrate this more clearly, we
show the allowed values of the neutron and radium EDMs in the lower-left and -right panels
of Fig. 1. Here the black lines indicate the neutron and radium EDMs in the case that ξud,us
have the right size to solve the ε′ discrepancy. The red points show the values once one accounts
for hadronic and nuclear uncertainties. For both ξud and ξus, one can see that the projected
experimental sensitivities for dn and dRa would allow one to rule out the entire parameter space.
In summary, a right-handed explanation of the tension in ε′ points to a scale of new physics of
the order of O(100 TeV), which is not within reach of direct searches. Nonetheless, future EDM
experiments would be able to falsify this scenario.
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Status of New Physics searches with b→ s `+`− transitions @ LHCb

Simone Bifani
On behalf of the LHCb collaboration.

University of Birmingham, School of Physics and Astronomy, Birmingham, United Kingdom

Rare decays of heavy-flavoured particles provide an ideal laboratory to look for deviations
from the Standard Model, and explore energy regimes beyond the LHC reach. Decays pro-
ceeding via electroweak penguin diagrams are excellent probes to search for New Physics, and
b→ s `+`− processes are particularly interesting since they give access to many observables
such as branching fractions, asymmetries and angular observables. Recent results from the
LHCb experiment are reviewed.

1 Introduction

Flavour Changing Neutral Current (FCNC) processes, where a quark changes its flavour without
altering its electric charge, are forbidden at tree level in the Standard Model (SM) and can only
occur via loop diagrams. This makes such transitions rare and, due to the lack of a dominant
tree-level SM contribution, sensitive to new unobserved particles that can show up either as
a sizeable increase or decrease in the rate of particular decays, or as a change in the angular
distribution of the particles in the detector. A good laboratory to study FCNC are decays of
a b quark into an s quark and two leptons, b→ s `+`−, which are described by the electroweak
diagrams shown in Fig. 1 (left).
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Figure 1: (left) Electroweak box and penguin diagrams describing the transition of a b quark into an s
quark and two leptons. (right) Sketch of the B0→ K∗0µ+µ− differential branching fraction as a function
of the dilepton invariant mass squared. Different Wilson coefficients can be probed in different q2 regions.

The LHCb detector 1,2 is a single arm spectrometer fully instrumented in the forward region
and designed to study heavy-flavoured hadrons. During Run-1, LHCb collected about 1 and



2 fb−1 of pp collisions at centre-of-mass energies of 7 and 8 TeV, respectively. Due to the
large production cross-section in the forward direction these data provide unprecedentedly large
numbers of B and Λ0

b hadron decays. A flexible trigger system, excellent momentum and impact
parameter resolutions, and the most performant vertexing and particle identification capabilities
at the LHC, make LHCb the ideal place to look for New Physics (NP) through precise studies
of rare b-quark processes. Recent measurements of semileptonic b-hadron decays are discussed.

2 Branching fractions

The most basic observable that physics beyond the SM can affect is the rate at which a particular
decay occurs, which motivated the LHCb collaboration to perform the measurement of the
branching fraction of a series of FCNC processes. All measurements are performed as a function
of the dilepton invariant mass squared, q2, and compared against the SM prediction. Final states
with muons are considered as being experimentally easier to reconstruct. The dependence of
the B0→ K∗0µ+µ− differential branching fraction as a function of q2 is shown in Fig. 1 (right).
Figure 2 shows the differential branching fraction of a collection of b→ s `+`− decays of B and
Λ0
b hadrons, as well as partner transitions such as b→ d `+`−. In all cases, the experimental

uncertainty is dominated by the limited statistics of the samples available in the Run-1 data set.
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Figure 2: Differential branching fraction of the decay (top) B+ → K+µ+µ− 6, B0 → K∗0µ+µ− 7,
B0
s→ φµ+µ− 3 and (bottom) Λ0

b→ Λµ+µ− 4, B+→ π+µ+µ− 5, compared to SM predictions.

In the region below ∼ 6 GeV2/c4 in q2, the SM predictions consistently overshoot the data,
a common trend that is observed both in the mesonic and in the baryonic sectors. The largest
deviation is found in the decay B0

s → φµ+µ− in the region 1 < q2 < 6 GeV2/c4, where the
data are 3.3σ below the prediction 3. Decays of Λ0

b hadrons are also overestimated in the SM,
however predictions are currently much less precise than for B mesons 4. Finally, although the



B+→ π+µ+µ− branching fraction is generally compatible with the prediction, agreement in
the lowest-q2 bin is only achieved when contributions from ρ and ω resonances are taken into
account 5.

3 Angular analyses

Besides using branching fractions, much stronger constraints to possible extensions of the SM
can be set by studying the angular distribution of the final state particles of FCNC decays.
Depending on the decay mode and on the size of the available data sample, full or simplified
angular analyses have been performed.
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Figure 3: Angular observables of the decay (top) B0 → K∗0µ+µ− 7 and (bottom) B0
s → φµ+µ− 3,

Λ0
b→ Λµ+µ− 4, compared to SM predictions.

The decay B0 → K∗0µ+µ− has a complex angular structure that can be fully described
by three angles and q2, and that provides many observables sensitive to different types of NP.
The LHCb collaboration has performed the first full angular analysis of this mode, and mea-
sured the full set of CP-averaged angular terms, their correlations, as well as the full set of
CP-asymmetries 7. The forward-backward asymmetry of the dimuon system, AFB, and the
longitudinal polarisation fraction of the K∗0, FL, compared to the SM prediction are presented
in Fig. 3 (top). There is general consistency, but, similarly to the branching fraction, large
uncertainties due to the hadronic-matrix elements affect the predictions. However, it is possi-
ble to construct ratios of observables that are less dependent on the form-factors and that can
be theoretically determined with improved precision 8. Figure 3 (top right) shows one of such
observables, P ′5, which manifests a local deviation from the SM in the region between 4 and
8 GeV2/c4 in q2 of about 3σ. An angular analysis of the decay B0→ K∗0e+e− in the q2 range



between 0.002 and 1.120 GeV2/c4 has also been performed by LHCb 9, where all the measured
observables are found to be consistent with the predictions.

Although the decay B0
s→ φµ+µ− has a reduced number of angular observables that can be

accessed compared to B0→ K∗0`+`− modes, a full angular analysis has also been performed 3.
Figure 3 (bottom left) shows FL, which is found to be in good agreement with the SM predic-
tion. Finally, because baryonic transitions allow to extract complementary information to that
available in decays of B mesons, LHCb has performed the first angular analysis of Λ0

b→ Λµ+µ− 4.
Two forward-backward asymmetries, one in the hadronic and one in the leptonic system, have
been measured. While the former is in good agreement with the SM, the latter is consistently
above the prediction, as reported in Fig. 3 (bottom right).

4 Tests of lepton universality

Due to the equality of the electroweak couplings of gauge bosons to leptons, the decay rate of
processes whose final states only differ by the flavour of the participating leptons are expected
to be the same in the SM, except from very small Higgs penguin contributions and difference
in phase space due to the lepton masses. In particular, ratios of branching fractions represent
a powerful null test of the SM as theoretical uncertainties largely cancel in the predictions, and
experimental systematics are much reduced.

In the SM the ratio RK = B(B+→K+µ+µ−)
B(B+→K+e+e−) is precisely predicted to be 1±O(10−3) 10. The

LHCb collaboration has performed the most precise test of lepton universality using B+ →
K+µ+µ− and B+ → K+e+e− decays to date 11. The experimental result in the range 1 <
q2 < 6 GeV2/c4 is RK = 0.745+0.090

−0.074 (stat)±0.036 (syst), which manifests a tension with the SM
prediction at the level of 2.6σ, as shown in Fig. 4.
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Figure 4: Measurement of RK = B(B+→K+µ+µ−)
B(B+→K+e+e−)

11, compared to previous experiments and to the SM

prediction.

Several other tests of lepton universality are currently being carried out by the LHCb collab-
oration, most notably the measurement of the ratio of the branching fractions of B0→ K∗0µ+µ−

and B0→ K∗0e+e−, RK∗0 . The experimental environment in which the detector operates leads
to significant differences in the treatment of decays involving muons or electrons in the final
state. Particularly, the much larger amount of bremsstrahlung emitted by the electrons and the
different trigger thresholds due to the higher occupancy of the calorimeters than of the muon
stations result in a difference in the reconstruction efficiency of about a factor five in favour
of the muonic mode. Figure 5 shows the distribution of the di-lepton invariant mass squared



as a function of the four-body invariant mass of the B0 candidates for final states with muons
and electrons, where the second exhibit a more prominent radiative tail of the J/ψ and ψ(2S)
resonances as well as a stronger contamination by partially-reconstructed backgrounds. The

efficiency corrections are controlled by measuring the ratio B(B
0→K∗0J/ψ (→µ+µ−))

B(B0→K∗0J/ψ (→e+e−)) , as well as de-

termining RK∗0 as a double ratio to the resonant modes B0→ K∗0J/ψ (→ `+`−). A preliminary
result has been presented at a CERN-LHC Seminar 12.

Independent tests of lepton universality are also being carried out using b→ c`ν` decays

with tau leptons in the final state. The ratio of branching fractions RD∗ = B(B0→D∗+τ−ντ )
B(B0→D∗+µ−νµ)

is

measured to be RD∗ = 0.336 ± 0.027 (stat) ± 0.030 (syst), which is 2.1σ larger than the value
expected in the SM 13.
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Figure 5: Di-lepton invariant mass squared, q2, as a function of the four-body invariant mass of the B0

candidates for B0→ K∗0`+`− final states with (left) muons and (right) electrons.

5 Summary and conclusions

Recent rare decays of B and Λ0
b hadrons performed by the LHCb collaboration have been

presented. While most of the observables are in good agreement with the SM predictions,
some intriguing tensions have been observed, most notably in branching fractions of b→ s `+`−

processes in the low region of q2, in the P ′5 angular observable in B0→ K∗0µ+µ−, and in the
RK and RD∗ ratios.

Several attempts to interpret these anomalies have been made by performing global fits
to various b → s observables from different experiments 14,15,16. All these fits point to a ten-
sion between the data and the SM with a significance of around 3–4σ. Different models have
been proposed to account for such effects, for example containing a new heavy gauge boson
Z ′ 17,18,19,20,21,22 or leptoquarks 23,24, but a definitive explanation has yet to be found.

The current status strongly motivates further work both in the theory and in the experimen-
tal side to clarify the present observations. With the upcoming Run-2 data LHCb will continue
to perform analyses of rare b-quark decays, including additional tests of lepton universality such
as Rφ.
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Measurement of the ratio of branching fractions
B(B0 → D∗−τ+ντ )/B(B0 → D∗−µ+νµ) with τ three-prong decays
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The prospects of a measurement of the branching fraction ratio R(D∗) ≡ B(B0 →
D∗−τ+ντ )/B(B0 → D∗−µ+νµ) is performed by using a data sample, corresponding to 3 fb−1

integrated luminosity, collected by LHCb at center-of-mass energies of 7 and 8 TeV during the
LHC Run 1. The τ lepton is reconstructed in the hadronic decay with three charged pions.
Backgrounds from prompt B0→ D∗3π(X) decays are rejected by requiring that the τ decay
vertex lies downstream of the B0 decay vertex. Other physical backgrounds due to B decays
to double charmed hadrons are suppressed by partial reconstruction techniques, isolation cri-
teria, and the dynamics of the 3π system. LHCb result based on the Run1 statistics will be
published soon with a statistical precision of 6.7%, the best achieved for a single measurement
so far. The systematic error will be likely larger than this but can be reduced by joint efforts
of the LHCb, BELLE and BES collaborations. This analysis will also enable the search for
SM deviations in the event distributions, in addition to the event yield, thanks to its unique
capability to select high statistics ( a few thousands events) highly enriched ( 50%) in semi-
tauonic decays.LHCb will use the exact same method to perform the measurement of all other
B hadrons semitauonic decays, including those coming from Λ0

b and B+
c hadrons.

In the Standard Model (SM), the electroweak couplings are independent of the lepton family.
This lepton universality can be violated in many models that extend the SM by adding inter-
actions with stronger couplings to the third generation. Being mediated by a single W boson,
semileptonic decays of b-hadrons are a sensitive probe of SM extensions with mass-dependent
couplings, e.g. models with an enlarged Higgs sector or leptoquarks. In particular, the ratios
of branching fractions of semi-tauonic decays of B mesons relative to decays involving lighter
lepton families, R(D(∗)) ≡ B(B → D(∗)τ+ντ )/B(B → D(∗)µ+νµ), are computed in the SM
with a precision at the percent level 1,2, due to the cancellation of the dominant uncertainties
from hadronic effects. The experimental determination of such ratios is also clean, due to the
cancellation of many systematic uncertainties.

Measurements of R(D) and R(D∗) have been reported by the Babar 3, Belle 4,5 and LHCb
experiments 6, that are consistently higher and average at about 4σ above the SM predictions7.
In these measurements, the τ lepton was always reconstructed in its leptonic decay to electron
or muon. A first simultaneous measurement of R(D∗) and the τ polarization using the hadronic



1-prong decay was recently released by Belle 8.

This proceeding reports the sensistivity of the first measurement of R(D∗+) where the τ
lepton decays into three charged particles (3-prong) in the final state, by using a data sample of
proton-proton collisions, corresponding to 3.0fb−1 integrated luminosity, collected by the LHCb
detector at center-of-mass energies

√
s = 7 and 8 TeV during the LHC Run 1 in 2011-2012. The

D∗+ meson is reconstructed through the D∗− → D0(→ K+π−)π− decay chain. The final state
consists of a D∗ meson and 3 pions (plus X). In order to minimize the experimental systematic
uncertainties, the B0 → D∗−π+π−π+ decay is chosen as normalization channel, thus leading
to a measurement of Rhad(D∗) ≡ B(B0 → D∗−τ+ντ )B(τ+ → 3πντ )/B(B0 → D∗−3π) that
gives a measurement of R(D∗) by taking the branching fraction of the normalization channel
and the well-measured semileptonic decay of the B0 meson in lighter leptons as external inputs.
The major background due to B0→ D∗3π(X) decays (100 times larger than the signal) can
be rejected by three orders of magnitude by requiring a decay topology where the τ decay
vertex lies downstream of the B0 decay vertex. This technique is not effective on physics
backgrounds due to B decays into double charm events, the largest one being due to B →
D∗D+

s (X), since the 3π vertex is transported away from the B vertex in a similar way as for
the signal. Observables based on the kinematics, dynamics and topological structure of these
backgrounds are used to suppress them. A multidimensional fit, where template distributions
determined from simulation, corrected by using data control samples when needed, provides the
statistical separation of signal from the residual background.

The LHCb detector 9,10 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 online event selection is performed by a trigger 11, which consists of a hardware stage,
based on information from the calorimeter and muon systems, followed by a software stage,
which applies a full event reconstruction. At the hardware trigger stage, events are selected be-
cause either particles other than those in the D∗ 3π system pass any trigger requirements, or the
D∗ decay products satisfy the hadron trigger requirement. The software trigger is topologically
based and requires a two-, three- or four-track secondary vertex with a significant displacement
from the primary pp interaction vertices (PV). A multivariate algorithm 12 is used for the iden-
tification of secondary vertices consistent with the decay of a b hadron. In addition, at least one
of the following conditions must be met: the D∗ 3π system must pass the topological trigger
defined above, or the D0 and its decay products must satisfy selection criteria based on particle
momenta and transverse momenta, D0 momentum pointing to a PV, and D0 reconstructed
mass.

In the simulation, pp collisions are generated using Pythia 13 with a specific LHCb con-
figuration 15. Decays of hadronic particles are described by EvtGen 16, in which final-state
radiation is generated using Photos 17. The interaction of the generated particles with the
detector, and its response, are implemented using the Geant4 toolkit 18 as described in Ref. 20.
In the generation of signal decays, form factors are used that are derived from Heavy Quark
Effective Theory 21. The experimental values of the corresponding parameters are taken from 7,
except for an unmeasured helicity-suppressed component, that is taken from ?.

In the offline selection, D0 candidates are built from well identified kaons and pions, with
good track quality. The invariant mass of the D0 candidate must be compatible within 20 MeV
with its known value. The D∗ candidates are obtained from D0 candidates by adding a low-
energy pion. The difference between the invariant mass of the D∗ and D0 candidates must
lie within 2.5 MeV of the known value. Three well identified and well reconstructed pions are
used to build τ candidates. They also must satisfy IP-χ2 > 15. Both D0 and τ candidates
must have vertices with a good χ2, their momentum vectors must approximately point to the
location of one PV. The impact parameter of the D0 candidate with respect to any PV must be
greater than 10σ. The flight distance of the τ candidate with respect to any PV must be greater
than 10σ in the beam direction, and between 0.2 and 0.5 mm in the transverse plane. The B0



candidate is built by performing a least-square fit of its decay chain 22. A requirement for the τ
vertex to be downstream the B0 vertex by at least 4σ significance rejects the background due
to B → D∗3πX decays by three orders of magnitude. A requirement for the D0 vertex to be
downstream the τ vertex with at least 4σ significance is used to select the normalization sample.

Physics backgrounds due to partially reconstructed B decays, where at least one additional
particle originates from either the 3π, the B0 vertex, or both, are suppressed by requiring a single
B0 candidate per event, and by applying an isolation algorithm as follows. If any other charged
track in the event, with transverse momentum larger than 250 MeV/c and impact parameter IP
with respect to all PVs larger than 2σ, have an IP with respect to either the B0 or τ vertex
smaller than 5σ, the event is rejected. This criterium rejects backgrounds due to B decays with
a D∗D0 in the final state by 95% and is still 80% efficient on signal.

Another isolation algorithm, used in the following, computes the multiplicity of reconstructed
tracks, neutral objects and the sum of neutral energy contained in cones of different sizes around
the direction of the τ candidates.

The reconstruction of the kinematics of the signal decay is crucial for signal and background
discrimination. Even in the presence of an unreconstructed neutrino, the measurable flight
length of the τ allows to determine its momentum with a 2-fold ambiguity

|~pτ | =
(m2

3π +m2
τ )|~p3π| cos θ ± E3π

√
(m2

τ −m2
3π)2 − 4m2

τ |~p3π|2 sin2 θ

2(E2
3π − |~p3π|2 cos2 θ)

, (1)

where θ is the angle between the 3 charged pions and the τ direction; m3π, |~p3π| and E3π are the
invariant mass, 3-momentum and energy of the 3π system, respectively; and mτ is the τ mass.
To avoid this ambiguity, the kinematic point where the argument of the root square vanishes
can be used. This corresponds to the angle:

θmax = arcsin

(
m2
τ −m2

3π

2mτ |~p3π|

)
. (2)

This angle is used to estimate the τ momentum |~pτ | = |~pτ (θmax)|. A similar argument is used to
infer the B0 momentum, thereby allowing to reconstruct rest frame variables, such as the τ decay
time and the squared four-momentum transfer of the B to the lepton system q2 = (pB − pD∗)2
with pB and pD∗ being the four momenta of the B and D∗ mesons, with no biases and resolutions
sufficient enough to preserve a good discrimination between signal and backgrounds. A partial
reconstruction is performed also in the background hypothesis where B → D∗D+

s (→ 3πN), N
being a massive neutral system, by solving the equation for momentum conservation in two
possible ways by applying vectorial algebra.

The Dalitz structure of the 3π system is a powerful discriminant against backgrounds due
to B decays in a D∗ and another charm hadron in the final state, especially the D+

s meson.
The three-prong decays of the τ lepton are dominated by the a1 resonance, therefore the Dalitz
plane will exhibit two ρ bands. The Ds decays with 3π in the final state, instead, are dominated
by the η and η′ resonances to a large extent, leading to an enhancement of the Dalitz structure
at lower masses.

The suppression of double-charm backgrounds is achieved by combining observables related
to the cone-based isolation algorithm (5 variables), to the partial reconstruction in the signal
(2 variables) and background (6 variables) hypotheses, to the Dalitz structure of the 3π system
(2 variables), and to the B0 decay kinematics (3 variables), in a multivariate analysis (MVA)
method using a boosted decision tree (BDT) 23,24. The BDT is trained using signal and back-
ground simulations. The background rejection is validated by using three data control samples:
a B → D∗D+

s X sample obtained by using the partial reconstruction technique in the background
hypothesis; a B → D∗D0X sample obtained by removing the charged particle isolation criterium
and requiring a charged kaon around the 3π vertex with a mass of the K3π system compatible



with a D0 meson; a B → D∗D+ sample obtaining requiring positive kaon identification for the
pion candidate with charge opposite to that of the other two and a mass of the Kππ system
compatible with a D+ meson. A good agreement in the distribution of the input variables to
the BDT is observed in data and simulation for all three control samples.

The yield for the normalization mode is determined by fitting the invariant mass distribution
of the D∗ 3π system around the B0 peak in the normalization sample. Fig.1 exhibits this mass
peak, as well as the 3 others which are used to control the backgrounds induced by theD+

s ,D0 and
D+ mesons. The fitting function is the sum of a Crystal Ball and Gaussian functions for signal, an
exponential function for the combinatorial background. A total 17657±164stat±64syst±22Dssub
candidates are found, where the first uncertainty is statistical, the second systematic and the
third refers to the subtraction of a small contribution of 151 ± 22 candidates due to B →
D∗D+

s (→ 3π) decays.

Figure 1 – Invariant mass distributions : (Top left) D∗ 3π in normal topology (Bottom right) 3pion in detached
topology, (Top right) K3π in detached topology when an extra charged kaon has been identified as compatible
with the 3π vertex (Bottom Right) K−π+π− in detached topology where the particle with charge opposite to the
two others’ has been identified as a good Kaon candidate

At low BDT values, the data sample consists about 85% of D∗D+
s events and is used to

refine the D+
s decay model used in the MC simulation. A simultaneous fit of 4 mass spectra (min

mass(π+π−), max mass (π+π−), mass(π+π+) , mass (3π) allows to fix the relatives proportions
of the four main categories of D+

s decays into 3pions : ηπ +X, η′π +X, φ, ω+X, Rπ+π−π+.
The distribution (min mass(π+π−) is playing a specially useful role because it constrains the
η′ component through the low mass enhancement specific to the η′ → ηπ+π−, and therefore
constrains the rate of only signal-like decay channel of the D+

s meson, D+
s → η′π +X with

η′ → ργ. Fig.2 shows the minimum mass(π+π−) with the four D+
s components mentionned

above and the very good agreement obtained in that fit. The relative contribution of each mode
in the high BDT output region used for the signal fit are inferred using simulation.

The signal yield is obtained by a three-dimensional fit to the data, in a region above the
threshold previously mentioned in the BDT output, by using templates obtained on simulation.
The fit variables are: the τ decay time, the squared invariant mass of the lepton pair q2, and the
output of the BDT. The control samples defined above are also used to check that the simulation
well reproduces the expected distributions on data, and to correct the simulation otherwise.
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Figure 2 – Fit to the min(mπ+π−) distribution in a sample enriched in D∗Ds decays, obtained by requiring the
BDT output below a threshold. The different fit components correspond to Ds decays with η (red), η′ (green),
all the rest (magenta) in the final state, and non-Ds decays (grey). The total fit model is the solid histogram,
points correspond to data.

The signal template is the sum of two terms, due to τ → 3π and τ → 3ππ0 decay, where
the yield for the latter scaled with the former through a proportionality factor determined by
their relative branching fractions and selection efficiencies. A contribution due to B → D∗∗τντ
decays, with the D∗ being produced in the D∗∗ decay chain, is also linked to the signal yield
through a proportionality factor determined from simulation, and validated on a sample where
the narrow D0

1(2420) and D∗02 (2460) resonances are reconstructed in their D∗π decay.

The background due to Hb → D∗D+
s X decays, Hb being a generic b hadron, is divided

into contributions from B0 → D∗−D+
s , B0 → D∗−D∗−s , B0 → D∗−D∗+s0 , B0 → D∗−D

′+
s1 ,

B0,+ → D∗∗D+
s X, B0

s → D∗−D+
s X. Their relative contributions are constrained by using the

results of a fit, to the D∗ 3π invariant mass on a data control sample consisting of these decays,
where the D+

s meson is reconstructed through its exclusive decay in 3π. The relative amount
of each contribution obtained from this fit is used to rescale the simulation when preparing the
templates to be used in the final fit.

The number of floating parameters in the fit is 11. The B → D∗D0X background is sub-
divided in two contributions, according to whether the 3π originate from the same D0 vertex,
or where at least one pion originate from the D0 vertex and the other two from elsewhere. The
contribution of the former is constrained, based on the yield obtained on the D0 → K3π control
sample where a kaon compatible with the 3π vertex is found. The template shape is also taken
from the same control sample. The yield of the latter is a free parameter in the fit. The yield
of the B → D∗D+X background is a free parameter. The template shape is taken from the
corresponding control sample. A residual contribution of B → D∗3πX decays is included, its
contribution constrained by means of the B0 → D∗3π exclusive peak.

The combinatorial background is divided in two contributions, depending on whether the
D∗ meson is real or fake. In the first case, the D∗ and the 3π originate from different B decays.
The shape is taken from simulation. A sample of candidates where the D∗ and the 3π system
have the same charge is used to normalize data and simulation above the B meson mass. The
fake D∗ background is parameterized and constrained by using the events in the D0 sidebands.

Uncertainties in the template shape, that originate from the finite size of the simulation
sample, are taken into account in the fit likelihood by using the Beeston-Barlow procedure ?.

By taking into account the ratio of efficiencies between signal and normalization εsig/εnorm,
correction factors due to PID and trigger mismodelling between data and MC, the sum of the



branching fractions for the τ → 3π and τ → 3ππ0 decays, properly reweighted to take into
account efficiency differences, the value for the B0 → D∗3π and B0 → D∗−µνµ, R(D*) can be
determined. We obtain a statistical error of 6.7% for the Run1 data sample. This is the smallest
statistical reported reporte so far for a single measurement of R(D*).

R(D*)
0.2 0.3 0.4

BaBar had. tag
 0.02± 0.02 ±0.33 

Belle had. tag
 0.01± 0.04 ±0.29 

LHCb
 0.03± 0.03 ±0.34 

Belle sl.tag
 0.01± 0.03 ±0.30 

Belle (hadronic tau)
 0.027± 0.035 ±0.270 

Average 
 0.008± 0.015 ±0.310 

S.Fajfer et al. (2012) 
 0.003±0.252 

HFAG
MoriondEW 2017

 Potential LHCb result for Run-1
(fake central value and statistical error only) 

Figure 3 – Potential sensitivity of this analysis (statistical error only) reported at an arbitrary value , together
with all R(D*) measurements reported so far with the HFAG determination of the World average (WA), and
compared to the SM prediction

This can be appreciated on Fig. 3 where are reported all previous results on R(D*), the world
average determination by the HFAG group25 and the LHCb potential result described in this
paper, when its yet unknown mean value is for this illustration purpose chosen to coincide with
the present WA result. The systematic uncertainties attached to this measurements consist of
an external part of 4.8% due to the knowledge of the 2 external B0 branching fractions into the
D∗ 3π and D∗ lν needed to extract R(D*) for our measurement, and of internal part which will
be dominated by the uncertainties coming the MonteCarlo statistics and those coming from the
imperfecct knowledge for the D+

s , D0 and D+ background models. The total systematic error is
likely to exceed the statistical error. The impact of this measurement should be competitive with
the other single measurements and, depending on its central value, can noticeably influence the
present significance of the deviation of the WA with respect to the SM prediction. In addition,
the Run2 data sample contains about 3 times more D∗ events per fb−1 because of the higher bb
cross section at 13 TeV and more efficient trigger conditions. This means that we can quadruple
our data sample using data already on tape today, and therefore reach a statistical precision
significantly better than the present world average. More over, LHCb can and will study using
the τ muonic and hadronic channels all the other semitauonic decays, namely B0

s to D+
s τν, Λ0

b to
Λ+
c τνB

+
c to J/ψτν, B0 and B+ to D0τν and D+τν. The relative precision of the R measurement

in all these channels will depend of the specific combination of production yield, reconstructible
final states’ branching fractions, trigger conditions and background levels, but one could estimate
that they can end up to be rather similar at the 10% level. The diversity of all these channels,
as well as the different values of the spin of spectator particle (0 for D+

s ,D0 and D+, 1 for D∗

and J/ψ and 1/2 for Λ+
c ) will offer an uncomparable probe of deviations from SM due to Lepton

Universality Violation. It has also be stressed that the 3π hadronic τ analysis channel will offer,
in all these cases, the possibility to study potential deviations from SM prediction beyond the



mere event yield, by a study of relevant angular and kinematic distributions thanks to the large
purity (typically 50%) and high statistics (typically 1000 events) that can be uniquely reached
with this new method.
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14. Torbjörn Sjöstrand, Stephen Mrenna, and Peter” Skands. A brief introduction to PYTHIA

8.1. Comput.Phys.Commun., 178:852–867, 2008.



15. I. Belyaev et al. Handling of the generation of primary events in Gauss, the LHCb
simulation framework. J. Phys. Conf. Ser., 331:032047, 2011.

16. D. J. Lange. The EvtGen particle decay simulation package. Nucl. Instrum. Meth.,
A462:152–155, 2001.

17. Piotr Golonka and Zbigniew Was. PHOTOS Monte Carlo: A precision tool for QED
corrections in Z and W decays. Eur.Phys.J., C45:97–107, 2006.

18. John Allison, K. Amako, J. Apostolakis, H. Araujo, P.A. Dubois, et al. Geant4 develop-
ments and applications. IEEE Trans.Nucl.Sci., 53:270, 2006.

19. S. Agostinelli et al. Geant4: A simulation toolkit. Nucl. Instrum. Meth., A506:250, 2003.
20. M Clemencic et al. The LHCb simulation application, Gauss: Design, evolution and

experience. J. Phys. Conf. Ser., 331:032023, 2011.
21. Irinel Caprini, Laurent Lellouch, and Matthias Neubert. Dispersive bounds on the shape

of B→ D(∗) lepton anti-neutrino form-factors. Nucl. Phys., B530:153–181, 1998.
22. Wouter D. Hulsbergen. Decay chain fitting with a Kalman filter. Nucl.Instrum.Meth.,

A552:566–575, 2005.
23. L. Breiman, J. H. Friedman, R. A. Olshen, and C. J. Stone. Classification and regression

trees. Wadsworth international group, Belmont, California, USA, 1984.
24. Robert E. Schapire and Yoav Freund. A decision-theoretic generalization of on-line learn-

ing and an application to boosting. Jour. Comp. and Syst. Sc., 55:119, 1997.
25. Y. Amhis et al. Averages of b-hadron, c-hadron, and τ -lepton proper-

ties as of summer 2014. 2014. updated results and plots available at
http://www.slac.stanford.edu/xorg/hfag/.

http://www.slac.stanford.edu/xorg/hfag/


Rare B and strange decays

S. Tolk
on behalf of the LHCb collaboration.

University of Cambridge, Cavendish Laboratory,
JJ Thomson Ave, Cambridge CB3 0HE, UK

Several deviations from the Standard Model predictions have been recently observed in the
decays mediated by b → sl+l− transitions. These could be pointing towards new vector-
current contributions or could be explained by underestimated charm-loop effects. New results
from an LHCb Run 1 B+ → K+µ+µ− analysis that includes the decays via intermediate
charm-resonances are discussed. Also, new results from the fully leptonic rare modes searches
are presented. This includes the latest Run 1 and Run 2 B0

(s) → µ+µ− analysis from LHCb

where the B0
s → µ+µ− candidates are used to determine the effective lifetime of the B0

s →
µ+µ− decays - a pioneering result that in the future will solve the current ambiguity in the
(pseudo-)scalar contributions.

1 Introduction

Flavour changing up-up or down-down type quark transitions are rare in the Standard Model
(SM). Apart from being forbidden at the tree level, they are further suppressed at the loop level
by the off-diagonal CKM elements, GIM suppression and for di-leptonic decays also helicity
suppression. Although it is experimentally challenging to separate the rare modes from large
SM background, the observables in these rare processes are sensitive to New Physics (NP) effects
far beyond the energies directly accessible in colliders.

Rare decays can be described in an effective field theory. Using an effective Hamiltonian the
B decay amplitude can be schematically written as

A(B → f) = 〈f |Heff |B〉 =
GF√

2

∑
i

λCKMCi(µb)〈f |Qi(µb)|B〉, (1)

where GF is the weak coupling constant, λCKM are the CKM elements, Ci are the Wilson
coefficients containing perturbative short-distance effects (evaluated at the energy scale µb) and
Qi denote the operators containing the non-perturbative and long-distance effects. Three types
of operators are relevant for the B decays discussed here: the electromagnetic penguin operator

(Q
(′)
7 ), the vector and axial-vector semileptonic operators (Q

(′)
9 and Q

(′)
10 ), the scalar and pseudo-

scalar operators (Q
(′)
S and Q

(′)
P ). NP effects can alter the corresponding Wilson coefficients. The



coefficient values are determined from global analyses that include experimental results from the
b→ sl+l−(γ) transition processes.

The most recent global b → sl+l−(γ) analyses 1,2,3 agree that there are tensions between
the Wilson coefficients preferred by the data and the values predicted in the SM. The tension is
driven by the measured B0 → K∗µ+µ− angular observables 4 and several differential branching
fractions of b→ sl+l− type decays 4,5 which tend to be lower than their SM predictions a. These
tensions could be explained by short-distance contributions from new particles or indicate a
problem with the SM hadronic contributions predictions.

2 Resonance effects in the vector current (C9)

One way to explain the tension within the SM is to allow for sizeable long-distance effects in
di-muon mass regions far from the pole masses of the resonances. LHCb studies this possibility
in a B+ → K+µ+µ− analysis that includes the resonances and measures the relative phases of
the short-distance and the narrow-resonance amplitudes in a wide di-muon mass spectrum.

The results are determined from a fit to the CP-averaged differential decay rate of B+ →
K+µ+µ− decays in Run 1 LHCb data:

dΓ

dq2
= =

G2
Fα

2|VtbV ∗
ts|2

128π2
|k|β

{
2

3
|k|2β2|C10f+(q2)|2 +

4m2
µ(m2

B −m2
K)2

q2m2
B

|C10f0(q2)|2

+|k|2
[
1− 1

3
β2
]∣∣∣∣C9f+(q2) + 2C7

mb +ms

mB +mK
fT (q2)

∣∣∣∣2
}

(2)

where k is the kaon momentum in the B+ meson rest frame, mK , mB, ms, mb and mµ are the
respective particle masses, β2 = 1 − 4m2

µ/q
2 and the constants GF , α, and Vtq are the Fermi

constant, the QED fine structure constant and CKM matrix elements. The f0,+,T are the scalar,
vector and tensor B → K form factors. The Wilson coefficient C7 is small and fixed to the SM
value. The coefficient C9 is redefined to include the long-distance effects from the hadronic
resonances:

Ceff9 = C9 +
∑
j

ηje
iδjAresj (q2). (3)

The di-muon mass distributions of the resonances, Ares, are modelled with a Flatté function for
ψ(3770), and with Breit-Wigner functions for the ω, ρ0, φ, J/ψ, ψ(2S), ψ(4040), ψ(4160), and
ψ(4415) resonances. The widths of all the resonances and the pole masses for all except the J/ψ
and the ψ(2S) are fixed to their known values. Contributions from other broad resonances and
the hadronic continuum states are small and ignored at this point. Instead, the short-distance
contribution is normalised to the B+ → J/ψ(→ µ+µ−)K+ decays and the magnitudes of
(ηj) and the relative phases (δj) between the resonances and the short-distance contribution are
allowed to vary in the fit.

The fit to the di-muon mass spectrum is shown in Figure 1. Four solutions arise due to
the ambiguities in the signs of the J/ψ and ψ(2S) phases. The values of the J/ψ phases are
compatible with ±π

2 , which means the interference with the short-distance component in di-
muon mass regions far from the resonances is small. The measurement of the Wilson coefficients
C9 and C10 prefers |C9| > |CSM9 | and |C10| < |CSM10 |. If C10 is constrained to its SM value, then
the fit prefers |C9| < |CSM9 | which is in agreement with the global analysis 9. The branching
fraction for the short-distance component alone is:

B(B+ → K+µ+µ−) = (4.37± 0.15(stat)± 0.23(syst))× 10−7, (4)

aThe new ATLAS and CMS B0 → K0∗µ+µ− angular analysis results were presented at Moriond EW 2017.
In case of the simplest vector-current NP scenario in C9, the latest CMS result decreases and the ATLAS result
increases the deviation from the SM value. If both results are included in the global analysis then the results are
consistent with the previous picture and the tension remains strong 6,7,8.



Figure 1 – Fits to the di-muon invariant mass distribution of LHCb Run 1 data. The fit has four solutions,
depending on the relative phases of the two most dominant resonances: J/ψ and ψ(2S). The fit with negative
(positive) J/ψ and negative (negative) ψ(2S) phases is shown on the right (left). The interference component
denotes the interference between the short and long-distance contributions. The details are given in the paper 9.

which is in good agreement with the previous result from the exclusive analysis 5. Note that
unlike the previous measurement, the branching fraction in Equation 4 does not rely on extrap-
olation over the excluded q2 regions.

3 The very rare decays B0
(s) → µ+µ−

The scalar (CS) and pseudo-scalar (CP ) Wilson coefficients can be determined in the fully
leptonic B decays. In the SM these modes are dominated by the helicity suppressed axial-vector
current (C10) contributions and the branching fractions are very precisely predicted 10. The
latest parametric input values b reduce the relative uncertainty on the B0

s → µ+µ− branching
fraction to 4.5% 11:

B(B0
s → µ+µ−) = (3.57± 0.16)× 10−9. (5)

Although negligible in the SM, the (pseudo-)scalar contributions are free of the helicity suppres-
sion. The di-leptonic decays of B mesons are therefore particularly sensitive to new (pseudo-
)scalars c.

The B0
s → µ+µ− and B0 → µ+µ− decays have been experimentally searched for since

1985. The B0
s → µ+µ− decays were finally observed in the combined CMS and LHCb Run 1

analysis 13. The measured B0
s → µ+µ− branching fraction was lower than but compatible with

the SM prediction. In combination with the unexpectedly high B0 → µ+µ− candidate yield,
the relative B0 → µ+µ− and B0

s → µ+µ− branching fraction ratio deviated from the precise SM
expectation d by 2.3σ.

The measured B0
s → µ+µ− significance in the Run 1 ATLAS data remains below the ev-

idence level (2σ) 14. The B0 → µ+µ− yield in ATLAS data is compatible with the back-
ground expectations and ATLAS sets an upper limit on the B0 → µ+µ− branching fraction at
4.2× 10−10 (95% CL). Given the large uncertainties, the results are in agreement with both the
SM predictions and the combined CMS and LHCb results.

bMostly the B0
s lifetime, the relative B0

s decay width difference ( ∆Γs
2Γs

), B0
s decay constant (fBs) and the CKM

elements |Vtb| and |Vts|.
cUnder the right conditions, the decays can be sensitive to new vector bosons such as Z′ with masses up to

160 TeV and to new scalars with masses up to 1000 TeV 12.
dOr any other Minimal Flavour Violating model prediction.



The most recent B0
(s) → µ+µ− results are from LHCb and include proton-proton collision

data from Run 2: L = 0.3 fb−1 from 2015 and L = 1.1 fb−1 from 2016. Both Run 2 samples
were recorded at

√
s = 13 TeV. This time the selection is optimised for the B0 → µ+µ− mode

and the signal detection efficiencies are estimated individually for each mode in order to account
for the small differences. Several key steps of the analysis are significantly improved with respect
to the Run 1 analysis 15: the rejection power of the most dangerous background contributions
from the doubly mis-identified B0

(s) → h+h(′)− modes is increased by 50% at the expense of

only 10% of the signal loss; the multivariate Boosted Decision Tree classifier that separates the
true two-body decays from the random combinations now includes new Boosted Decision Tree
based muon isolation variables; the background estimates for B0

(s) → h+h
′−, B0 → π−µ+νµ,

and B0
s → K−µ+νµ are validated by fits to the π−µ+ and K−µ+ invariant mass spectra in data

after correcting for the hadron-to-muon mis-identification probabilities.
The relative B0

s and B0(+) meson production fraction (fs/fd) value measured by the LHCb
on the Run 1 data 16 is used in normalising the signal branching fractions in both runs. The
fs/fd at the higher proton-proton collision energy in Run 2 is determined by comparing the ratio
of the efficiency corrected B0

s → J/ψφ and B+ → J/ψK+ yields in Run 1 and Run 2 data. The
relative yields are stable and the Run 2-to-Run 1 ratio is included in the Run 2 normalisation
as a constraint from an auxiliary measurement to account for the uncertainty.

The most recent LHCbB0
(s) → µ+µ− results using the full Run 1 data sample and L = 1.4 fb−1

of Run 2 data are 17:

B(B0
s → µ+µ−) = (3.0± 0.6+0.3

−0.2)× 10−9 (7.8σ), (6)

B(B0 → µ+µ−) < 3.4× 10−10 (95% CL). (7)

This is the first observation of the B0
s → µ+µ− decay by a single experiment. The measured

branching fraction is the most precise result currently available. The result does not confirm the
B0 → µ+µ− excess seen in the Run 1 analysis. Overall the agreement between the measured
signal branching fractions and the SM predictions has improved (Figure 2).
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The implications of the new LHCb B0
(s) → µ+µ− results are discussed in several pa-

pers 18,11,19. The B0
s → µ+µ− branching fraction is found to be especially useful for probing

the high multi- TeV mass region of the Two-Higgs-Doublet models in decoupling regime and of
the models with leptoquarks. In the case of a model independent CS = −CP scenario e the
current situation leads to two equivalent solutions for the (pseudo-)scalar coefficients: one with

eThis holds in general for Minimal Flavour Violating New Physics, e.g Minimal Supersymmetric SM.



SM like values and one corresponding to sizeable deviations 18. The degeneracy can be solved
by measuring the B0

s → µ+µ− mass-eigenstate-rate-asymmetry :

A∆Γ =
Γ(BH

s → µ+µ−)− Γ(BL
s → µ+µ−)

Γ(BH
s → µ+µ−) + Γ(BL

s → µ+µ−)
, (8)

which is +1 in the SM but could be as low as −1 if NP is involved. The mass-eigenstate-rate-
asymmetry can be determined from the B0

s → µ+µ− effective lifetime 20. In the latest analysis
LHCb shows that the measurement is possible even with the very limited available statistics.
The best B0

s → µ+µ− candidates according to the Boosted Decision Tree classifier and the muon
identification criteria (Figure 3) are used to determine the B0

s → µ+µ− effective lifetime:

τ(B0
s → µ+µ−) = 2.04± 0.44(stat)± 0.05(syst) ps. (9)

The measurement is compatible with the heavy B eigenstate lifetime of τH = (1.615±0.01) ps as
expected in the SM. Due to large statistical uncertainty, no conversion to mass-eigenstate-rate-
asymmetry is attempted at this point. The result is found to be compatible with A∆Γ = +1(−1)
at 1.0σ(1.4σ).
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4 B0
s → τ+τ− and KS → µ+µ− searches

From all the di-lepton modes, helicity suppression affects B0
s → τ+τ− decays the least. The SM

branching fraction prediction for the tauonic mode is 10 :

B(B0
s → τ+τ−)SM = (7.73± 0.49)× 10−7, (10)

which could be enhanced by a factor of ∼ 103 in the NP interpretations of the lepton flavour
universality anomalies 21,22. The BaBar collaboration has previously set a limit on the B0

mode 23: B(B0 → τ+τ−) < 4.1 × 10−3 (95% CL). LHCb searches for the B0
(s) → τ+τ− decays

where the tau leptons decay into pions and a neutrino: τ± → π±π∓π±ν̄τ . The analysis makes
use of the intermediate resonance ρ(770) → π+π− to improve the signal selection. The results
based on the Run 1 data lead to the most stringent limits yet 24:

B(B0 → τ+τ−) < 2.1× 10−3 (95% CL), (11)

B(B0
s → τ+τ−) < 6.8× 10−3 (95% CL). (12)



Since neither mode has been experimentally observed, the limits are set by assuming one or the
other neutral B meson mode.

Neutral kaon decays to the µ+µ− final state have been measured for the KL mass-eigenstate.
According to the SM, the KS → µ+µ− decays are expected to occur at a very low rate 25:
(5.0 ± 1.5) × 10−12. NP effects (e.g. from light scalars) could raise the SM rate up to the
level of 10−10 while still avoiding constraints from the other measurements. The most stringent
experimental limit on KS → µ+µ− was set by the LHCb analysis on 1 fb−1 of the Run 1 data 26

at B(K0
S → µ+µ−) < 11 × 10−9 (95% CL). Using its full Run 1 data sample, LHCb improves

the limit 27:

B(KS → µ+µ−) < 6.9× 10−9 (95% CL). (13)

Note that this is a preliminary limit and is expected to improve after optimising the trigger and
selection criteria.

5 (Pseudo-)scalar-resonance searches

In 2005 the HyperCP collaboration reported 28 the first evidence for the decay Σ+ → pµ+µ−.
The measured branching fraction:

B(Σ+ → pµ+µ−) = (8.6+6.6
−5.4 ± 5.4)× 10−8, (14)

is in agreement with the long-distance dominated SM prediction. The di-muon invariant mass
of the candidates, however, is clustered around mX0 = (214.3± 0.5) MeV/c2. The possibility of
a (short-lived) di-muon resonance is investigated by the LHCb in several decay modes.

A direct search in Run 1 data shows the Σ+ → pµ+µ− signal with a significance of 4.0σ 29.
A scan along the di-muon invariant mass plane shows no evidence for resonances. The precision
of the branching fraction measurement is expected to be comparable to the precision of the
HyperCP result.

Decays of (pseudo-)scalars into muons could also affect the branching fraction of the very
rare mode B0

(s) → µ+µ−µ+µ− and significantly enhance the low SM rate 30 (∼ 3.5 × 10−11).
LHCb searches for the four-muon B modes in the full Run 1 dataset. No signal is found and
LHCb considerably improves the existing limits:

B(B0
s → µ+µ−µ+µ−) < 2.5× 10−9, (15)

B(B0 → µ+µ−µ+µ−) < 6.9× 10−10, (16)

B(B0
s → S(µ+µ−)P (µ+µ−)) < 2.2× 10−9, (17)

B(B0 → S(µ+µ−)P (µ+µ−)) < 6.0× 10−10, (18)

where all the limits are estimated at 95% confidence level and for the last two limits mS =
2.6 GeV/c2 and mP = 214.3 MeV/c2 are assumed 31.
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Charm physics at BESIII
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The study of mesons and baryons which contain at least one charm quark is referred to as open
charm physics. It offers the possibility to study up-type quark transitions. Since the c quark
can not be treated in any mass limit, theoretical predictions are difficult and experimental
input is crucial. BESIII collected large data samples of e+e− collisions at several charm thresh-
olds. The at-threshold decay topology offers special opportunities to study open charm decays.
We present a selection of recent BESIII results. Branching fractions and theD+

s decay constant
are measured using the leptonic decays to µ+ν and τ+ν. From a data sample of 0.482 fb−1

collected at the D+
sD

−
s threshold we measure f

D+
s

= (241 ± 16.3 (stat.) ± 6.6 (sys.)) MeV.

BESIII recently found preliminary evidence of the decay D+ → τ+ντ and with a significance
larger than 4σ using 2.81 fb−1 of data at the D0D0 threshold. Using the sample data sample
the decay D0 → K0

S/Lπ
0(π0) is analysed. The branching fractions are measured and using

the CP eigenstates K0
S/Lπ

0 the D0 mixing parameter yCP = (0.98± 2.43) % is measured.

1 Introduction

The BESIII experiment is located at the Institute of High Energy Physics in Beijing. Symmetric
e+e− collisions from Beijing Electron-Positron Collider (BEPCII) in an energy range between
2.0 GeV and 4.6 GeV are analyzed. The maximum luminosity of BEPCII of 1× 1033 cm−2 s−1

at
√
s =3.773 GeV were surpassed in April 2016.

The detector measures charged track momenta with a relative precision of 0.5 % (@1.0 GeV/c)
using a multi-wire drift chamber in a 1 T magnetic field. Electromagnetic showers are measured
in a caesium iodide calorimeter with a relative precision of 2.5 % (@1.0 GeV) and a good particle
identification is achieved by combining information from energy loss in the drift chamber, from
the time-of-flight system and from the calorimeter. Muons can be identified using 9 layers of
resistive plate chambers integrated in the magnet return yoke. Details are provided elsewhere
1. BESIII has collected large data samples in the tau-charm region. The interesting samples for
the study of charmed hadrons are usually at a center-of-mass energy close to a threshold. The
samples of interest for the analyses described in the following were recorded at the D0D0/D+D−

threshold (
√
s = 3.773 GeV) and at the D+

sD
−
s threshold (

√
s = 4.009 GeV). Integrated lumi-

nosities of 2.81 fb−1 and 0.482 fb−1 were recorded, respectively.

The at-threshold decay topology at a center-of-mass energy of 3.773 GeV is illustrated in
figure 1. A pair of mesons is produced and it is possible to conclude from the decay of one
meson (so-called tag meson) properties of the second decay. For instance in case of neutral
D decays the flavour or the CP quantum numbers of the signal decay can be measured, even
if the signal final state does not provide this information. In case of charged D decays the

aweidenka@uni-mainz.de
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Figure 1. ψ(3770) decay topology in the ψ(3770) rest frame. An undetected particle track can be reconstructed
using the constrained kinematics of the decay. Typical tag modes for CP and flavour eigenstates are listed.

reconstruction of both decays is used to reduce the background and furthermore if undetected
particles are involved in the signal decay the four momenta of those can be reconstructed. In
particular the study of leptonic and semi-leptonic decays benefits from this. The reconstruction
of both decays in each event is referred to as double tag technique.

In the following we present the measurements of the D+
s decay constant (section 2.1), first

evidence of the decay D+ → τντ (section 2.2) and the analysis of the decay D0 → K0
S/Lπ

0(π0)
(section 3).

2 Pure leptonic D+
s(d) decays

The pure leptonic decay of charged Ds(d) mesons proceeds via the annihilation of c and s (d) to
a virtual W± boson and its decay to l+νl. The decay rate can be parametrized as:

Γ(Ds(d) → l+νl) =
G2
F

8π
f2
Ds(d)

m2
lmDs(d)

(
1−

m2
l

m2
Ds(d)

)2 ∣∣Vcs(d)

∣∣2. (1)

With the Fermi constant GF , the lepton mass ml, the corresponding CKM matrix element∣∣Vcs(d)

∣∣2, the Ds(d) mass mDs(d) and the decay constant f2
Ds(d)

. The decay constant parametrizes

the QCD effects on the decay. From the measurement of the decay width Γ(Ds(d) → l+νl) the
decay constant f2

Ds(d)
can be extracted.

The branching fraction can be measured via the previously described double tag technique.
In each event the tag decay is reconstructed via numerous decay channels. The number of
events that contain a tag candidate is denoted by Ntag. Among those events the signal decay is
reconstructed and the number of events that contain a tag decay and a signal decay is denoted
by Nsig,tag. The branching fraction is given by:

B(Ds(d) → l+νl) =
Nsig,tag

εsig,tag
× εtag

Ntag
. (2)

The efficiencies for reconstruction and selection εi are obtained from simulation. Since the final
state contains a neutrino which is not detected the signal yield is determined using the missing
mass:

MM2 =
(Ebeam − Eµ)2

c4
−

(
−~pDs(d) − ~pµ+

)2

c2
. (3)

The beam energy is denoted by Ebeam and the reconstructed momentum of the tag Ds(d) decay
candidate by ~pDs(d) .



2.1 D+
s → µ+νµ and D+

s → τ+ντ

The distribution of MM2 of D+
s → µ+νµ and D+

s → τ+ντ is shown in figure 2. The τ+ is
reconstructed via its decay to π+ντ . The yield is determined via a simultaneous fit to signal
and sideband regions whereas the sideband regions are defined in the D

+
s mass spectrum of

the tag candidate. The µ+νµ signal is shown as red dotted curve and the τ+ντ signal as black
dot-dashed curve. Background from misreconstructed tag D+

s decays and background from non-
D+
sD

−
s events is shown as green short dashed and violet long dashed curve, respectively. Within

a sample of 15 127± 321 events which contain a tag candidate we find 69.3± 9.3 D+
s → µ+νµ

decays and 32.5± 4.3 D+
s → τ+ντ decays. In the fitting procedure the ratio of D+

s → µ+νµ
to D+

s → τ+ντ was constraint to its Standard model prediction. The yields are corrected for
radiative effects and we obtain:

B(D+
s → µ+νµ) = (0.495 ± 0.067 (stat.) ± 0.026 (sys.)) %

B(D+
s → τ+ντ ) = (4.83 ± 0.65 (stat.) ± 0.26 (sys.)) %. (4)

Figure 2. MM2 distribution of D+
s → µ+νµ and D+

s → τ+ντ . Signal (a) and sideband (b) regions are shown.

The branching fractions B (D+
s → µ+νµ) and B (D+

s → τ+ντ ) are consistent with the
world average within 1 and 1.5 standard deviations, respectively. Furthermore, the branching
fractions are consistently determined using a fitting method which does not rely on the ratio of
D+
s → µ+νµ to D+

s → τ+ντ . For further details we refer to 2.

Using B(D+
s → µ+νµ) the decay constant fD+

s
is determined using eq. (1):

fD+
s

= (241.0 ± 16.3 (stat.) ± 6.5 (sys.)) MeV. (5)

The CKM matrix element |Vcd| = 0.974 25± 0.000 22 3 and the D+
s lifetime 3 is used. A good

agreement with LQCD calculations is found. Result are published in 2



(a) EEMC ≤ 300 MeV (b) EEMC > 300 MeV

Figure 3. MM2 distribution for the decay D+ → τ+ντ . The signal is shown as solid orange line. Background
comes mainly from D+ decays to µ+νµ (solid black) and to π+K0

L (dashed blue).

2.2 D+ → τ+ντ

The MM2 distribution of D+ → τ+ντ is shown in figure 3. The most severe background to the
signal channel is µ+νµ. To distinguish signal and background in a fitting procedure we use the
difference in energy deposit of pions and muons in the electromagnetic calorimeter (EMC). We
split the sample into events with an energy deposit larger and sample 300 MeV. As shown in
figure 3(b) above 300 MeV the number of µ+νµ events is reduced compared to the number of
τ+ντ events.

We obtain a preliminary signal yield of (137± 27) events. The significance of the signal is
larger than 4σ. The preliminary branching fraction is given by:

B(D+ → τ+ντ ) = (1.20± 0.24)×10−3. (6)

Furthermore, we extract the ratio of τ+ντ to µ+νµ decays:

R :=
Γ(D+ → τ+ντ )

Γ(D+ → µ+νµ)
= 3.21± 0.64. (7)

The result is consistent with the Standard Model prediction.

3 Analysis of the decay D0 → K0
S/Lπ

0(π0)

We present preliminary results of the branching measurement of the decays D0 → K0
S/Lπ

0

and D0 → K0
S/Lπ

0. Furthermore we determine the D0 mixing parameter yCP using the CP
eigenstates K0

Sπ
0 and K0

Lπ
0. The challenge in this channel is the reconstruction of the K0

L decay
since its long decay time signals of its decay products in the drift chamber is very unlikely. We
use the constraint kinematics at the D0D0 threshold to predict the K0

L four-momentum and
furthermore require a certain energy deposit in the electromagnetic calorimeter.

The branching fraction of a CP eigenstate can be measured in a self-normalization way using
Cabibbo favoured (CF) tag channels. We define:

M± =
NCF,CP±
εCF,CP±

εCF
NCF

. (8)



The yields of double of double and single tag events is denoted by NCF,CP± and NCF and the
corresponding reconstruction efficiencies by εCF,CP± and εCF . The branching fraction is given
by:

BCP± =
1

1∓ Cf
M±, Cf =

M− −M+

M− +M+
. (9)

We use the flavour tag channels K−π+, K−π+π−π+ and K−π+π0. The double tag yields
and the preliminary branching fractions are listed in table 1. The branching fractions of the final
states K0

S/Lπ
0 and K0

Sπ
0π0 are consistent with the PDG average 3 and the branching fraction to

K0
Sπ

0π0 is the first accurate measurement.
From the branching fractions we can calculate the asymmetry between the CP eigenstates:

RK0π0(π0) =
BK0

Sπ
0(π0) − BK0

Lπ
0(π0)

BK0
Sπ

0(π0) + BK0
Lπ

0(π0)

. (10)

The results are also listed in table 1.

Table 1. Double tag yields and branching fractions of CP eigenstates K0
S/Lπ

0(π0). Uncertainties are statistical
only.

Channel CP NCF,CP± BCP± R

K0
S π

0 + 7141± 91 1.230± 0.020
0.1077± 0.0125

K0
L π

0 − 6678± 118 0.991± 0.019

K0
S π

0 π0 + 2623± 60 0.975± 0.024 −0.0929± 0.0209
K0
L π

0 π0 − 2136± 69 1.18± 0.04

3.1 Measurement of yCP

Using the final states K0
Sπ

0 and K0
Lπ

0 we determine the D0 mixing parameter yCP . The branch-
ing ratio of a CP eigenstate is connected to the branching ratio of a pure flavour eigenstate
via:

BCP ≈ Bflavour(1∓ yCP ). (11)

The parameter yCP is then given by the asymmetry of branching ratios of CP even and odd
states to pure flavour states f:

yCP =
B−;f − B+;f

B−;f + B+;f
. (12)

The previously mentioned Cabibbo favoured final states are not pure flavour eigenstates.
Therefore, we use the semi-leptonic decay to K−e+νe. We obtain a preliminary value of:

yCP = (0.98± 2.43) %. (13)

We quote statistical uncertainty only. The result is in agreement with a previous measure-
ment of BESIII 4 as well as with the HFAG average 5. Results are preliminary and we quote
statistical uncertainties only.



4 Summary

The BESIII experiment has collected large data sample at charm-related thresholds. The con-
straint kinematics at those energies allow the reconstruction of (semi-) leptonic decays with low
background. Furthermore, the quantum entanglement of D0D0 at threshold provides a unique
laboratory for the analysis of CP eigenstates. We present the analysis of the leptonic decay of
D+
s to µ+νµ and τ+ντ with the measurement of branching fractions of the derived D+

s form
factor. Recently, BESIII has found preliminary evidence of the decay D+ → τ+ ντ with a sta-
tistical significance above 4σ. The analysis of the D0 → K0

S/Lπ
0(π0) includes the measurement

of the branching fractions and using the decays to K0
S/Lπ

0 the measurement of the D0 mixing
parameter yCP .
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3IFAE and BIST, Universitat Autònoma de Barcelona, 08193 Bellaterra, Barcelona, Spain

We study the possibility of explaining the recently found anomalies in B-meson decays within
scenarios with a composite Higgs boson. This class of models provides a natural way to fit
the experimental results, interpreting the anomalies as the result of the exchange of heavy
vector resonances with electroweak quantum numbers. The anomalies are tightly related to
deviations in ∆F = 2 transitions and to deformations of the Z and W couplings, whose size
is of the order of the present experimental bounds. This leads to a very predictive scenario
which could be soon tested at collider experiments.

1 Introduction

Flavor observables can provide excellent probes of beyond the Standard Model (SM) physics.
In particular rare B-meson decays due to the b → s`+`− transition, which are loop and CKM
suppressed in the SM, can be tested with good accuracy at b-factories and at the LHC, and
constitute a privileged channel to test the lepton flavor universality (LFU) hypothesis.

Recently the LHCb collaboration measured the ratio of the B decays into a K+,∗ and a pair
of muons or electrons 1,2, finding deviations of ∼ 2.5σ from the SM predictions (RK(∗) = 1)

RK =
BR(B+ → K+µ+µ−)

BR(B+ → K+e+e−)
= 0.745+0.090

−0.074 ± 0.036 1 GeV2 < q2 < 6 GeV2 , (1)

RK∗ =
BR(B+ → K∗µ+µ−)

BR(B+ → K∗e+e−)
=

{
0.660+0.110

−0.070 ± 0.024 (2mµ)2 < q2 < 1.1 GeV2

0.685+0.113
−0.069 ± 0.047 1.1 GeV2 < q2 < 6 GeV2

. (2)

These results are quite intriguing since they are obtained in ‘clean’ channels with low theoretical
uncertainties. They seem to point towards a sizable violation of LFU.

Additional deviations from the SM predictions have also been found in related observables,
namely the semi-leptonic branching ratios of B → K(∗)µ+µ− and Bs → φµ+µ− and in the
angular distributions of the decay B → K∗µ+µ− (in particular the P ′5 observable). 3

aSpeaker.



A departure from LFU in b → s`+`− decays may be due to non-universal new-physics
contributions to the effective operators

O(′)`
9 = (sL,RγµbL,R)(¯̀γµ`) , O(′)`

10 = (sL,RγµbL,R)(¯̀γµγ5`) . (3)

The fit to the present data prefers a negative shift in Cµ9 , possibly correlated to a positive
contribution to Cµ10.4,5 This pattern of deviations can be explained if new physics is present that
couples dominantly to the muon field.

Several theoretical analyses proposed interpretations of the anomalies within a BSM perspec-
tive. The most obvious possibilities are extensions of the SM involving new massive Z ′ bosons or
leptoquarks. A shortcoming of many of these constructions is the fact that the BSM dynamics
has no fundamental reason for being present, other than explaining the B anomalies. In the
following we use a different approach: we do not add ad-hoc new states, but instead we try to
connect the LHCb anomalies to some BSM dynamics whose main motivation is addressing the
EW Hierarchy Problem. A natural way to do this, as we will discuss in the following sections,
is to focus on BSM scenarios with a composite Higgs and a new strongly-coupled dynamics. 6,7

2 The B-meson anomalies in composite Higgs scenarios

In this section we provide a power-counting analysis of the B-meson anomalies in the context
of composite Higgs theories. In order to keep the discussion as general as possible, we will not
specify whether the Higgs is a generic composite “mesonic” state (as in Randall-Sundrum (RS)
scenarios) or is a (pseudo-)Goldstone boson. Although the estimates can vary by order one
factors, the main qualitative features remain the same in the two scenarios.

In theories with new strongly-coupled dynamics two natural candidates can give rise to
∆F = 1 effective operators involving the b and s quarks: the exchange of heavy vector resonances
with electroweak (EW) quantum numbers (analogous to Z ′ states), and the presence of flavor-
changing interactions of the SM Z boson 6.

b

s

µ+

µ−

ρ

b

s

µ+, e+

µ−, e−

ρ Z

〈h〉

〈h〉 b

s

µ+, e+

µ−, e−

ρ Z

〈h〉

〈h〉

Figure 1 – Schematic structure of the diagrams giving rise to contributions to the O9,10 effective operators through
the exchange of a heavy vector resonance (left panel) or through a flavor changing Z-boson coupling (middle and
right panel). The thick lines denote composite resonances coming from the strongly coupled dynamics.

We start by discussing the former effect, whose origin can be qualitatively understood from

the diagram in the left panel of fig. 1. In principle, contributions to all O(′)
9,10 operators can be

present. The size of each contribution is determined by the amount of compositeness (i.e. the size
of the mixing with the composite resonances) of the L and R-handed chiralities of the b quark
and of the muon. In general one expects the bL field to have a sizable amount of compositeness,
since it forms a doublet with the tL field. The large top Yukawa requires both top chiralities
to be strongly mixed with the composite dynamics. The bR component, on the other hand,
has typically a small mixing with the composite states, since its compositeness is related to the
size of the bottom Yukawa. This pattern of compositeness implies that the largest new physics
effects are expected in the O9,10 operators, while O′9,10 are typically smaller.

Let us now focus on the lepton sector. Since the experimental data seem to point towards a
violation of LFU, we assume that the muon and the electron have different amount of compos-
iteness. The safest option is to assume that the electron is an almost elementary state with tiny
compositeness, whereas the muon compositeness can be sizable. In this scenarios one generates



only contributions to Oµ9,10 and not to Oe9,10. The small size of the muon Yukawa, tells us that in
natural scenarios only one muon chirality can have a large compositeness. If the µR is a compos-
ite state one gets new-physics contributions that follow the pattern Oµ9 = Oµ10. This possibility is
strongly disfavored by the data4,5. The other option is to assume a sizable compositeness for the
µL, leading to Oµ9 = −Oµ10, which can provide a very good fit to the experimental anomalies. b

The vector resonances contributions to the Oµ9,10 operator coefficients can be estimated as 6,8

∆Cµ9 ' −∆Cµ10 ∼ −
√

2π

GFαem
s2
bL
s2
µL

(
gρ
mρ

)2

' −0.4

(
1 TeV

mρ/gρ

)2 (sbL
0.3

)2 (sµL
0.3

)2
, (4)

where sbL and sµL parametrize the sine of the mixing angle between the bL and µL fields and the
composite partners, mρ is the mass of the vector resonances, while gρ is the size of the coupling
characterizing the strongly-coupled dynamics. To obtain the above estimate we assumed that
the rotation matrix that diagonalizes the down-type quark masses is approximately given by the
CKM matrix, as happens in generic composite Higgs scenarios. One can see that the estimate
in eq. (4) can easily reproduce the values needed to explain the anomalies in B-meson decays 4

∆Cµ9 = −∆Cµ10 = −0.61 best fit , ∆Cµ9 = −∆Cµ10 ∈ [−0.87,−0.36] at 2σ C.L. (5)

A good agreement with the fit requires vector resonances with a mass mρ ∼ few TeV and a bL
and µL compositeness sbL ∼ sµL ∼ 0.3.

A second set of new physics contribution to the O(′)
9,10 operators can come from flavor chang-

ing currents mediated by the Z boson. The flavor changing effects can be induced after EW
symmetry breaking (EWSB) by the mixing of the Z-boson with heavy vector resonances and
by the mixing of the SM fermions with composite partners with different quantum numbers.
Examples of diagrams giving rise to these effects are shown in the middle and right panel of
fig. 1. Since the coupling with the leptons is due to the SM Z current, these effects give rise to
lepton-flavor universal contributions. In particular the largest contributions are the ones to the
coefficients of the Oe,µ10 operators, whose size can be estimated as 6,8

∆Ce10 = ∆Cµ10 ∼
√

2π

GFαem
s2
bL

g2
ρ

m2
ρ

. (6)

Notice that contributions to C ′10 are proportional to the bR compositeness angle, so they are

typically suppressed. Moreover contributions to the O(′)
9 operators are accidentally small due to

the smallness of the vector coupling of the Z to charged leptons, which is suppressed by a factor
1− 4 sin2 θw ' 0.08 with respect to the axial coupling.

Since the contributions in eq. (6) are lepton-flavor universal, they do not modify the RK and
RK∗ observables, so they play a marginal role in fitting the B anomalies and, for simplicity, we
will not take them into account in the fit. Notice moreover that these effects are directly related
to the modifications of the ZbLbL coupling (see fig. 2), whose size can be estimated as

δgZbLbL
gsmZbLbL

∼ s2
bL

g2
ρ

m2
ρ

v2

2
, (7)

where v = 〈h〉 ' 246 GeV is the Higgs vacuum expectation value. The current bounds on the
deviations of the ZbLbL coupling are of order |δgZbLbL/gsmZbLbL | . 10−3. 9 c

bThe pattern of compositeness we described before is almost mandatory in models with a Goldstone Higgs.
For instance it is directly realized in the quark sector in anarchic flavor scenarios. In models with a “mesonic”
Higgs, instead, large mixings of all the chiralities with the composite dynamics are possible, although they need to
be compensated by ‘unnaturally’ small values of the Yukawa couplings of the Higgs with the composite partners.

cTo estimate the bound we took into account the fact that deviations in the ZbRbR coupling are small due to
the small bR compositeness.



By using δgZbLsL ' VtsδgZbLbL we can translate the bound on the ZbLbL deviations into an
upper bound on the contributions to the Oe,µ10 operators:

|∆Ce,µ10 | ∼
√

2π

GFαem

1

v2

δgZbLbL
gsmZbLbL

. 1 , (8)

which tells that these effects are not dangerously large.

It must be noticed that the Z couplings to down-type quarks can be protected by imposing
a PLR symmetry 10. This symmetry reduces the deviations in the ZbLbL coupling as well as the
flavor-changing interaction ZbLsL, hence it naturally suppresses the contributions to Oe,µ10 .

The corrections to the O9,10 operators are also directly connected to additional new-physics
effects, whose size is strongly constrained experimentally. An unavoidable effect is the generation
of contributions to ∆F = 2 flavor-changing transitions involving down-type quarks. As shown
in the left panel of fig 2, the exchange of vector resonances give rise to the effective operators

OLL∆F=2 ∼ s4
bL

(
gρ
mρ

)2

(V ∗3iV3j)
2(d̄iLγ

µdjL)2 =
1

(10 TeV)2

(sbL
0.3

)4
(

1 TeV

mρ/gρ

)2

(V ∗3iV3j)
2(d̄iLγ

µdjL)2 .

(9)
These operators can also be induced by colored vector resonances, which in RS scenarios typically
give rise to the largest contributions. The values of mρ and sbL required to explain the B-
anomalies lead to contributions to ∆F = 2 processes not far from the present bounds CLL∆F=2 .
1/(5 TeV)2. Additional contributions can be generated for the ∆F = 2 operators with LR and
RR chiralities. These are however not very large since the bR compositeness is relatively small.
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Figure 2 – Schematic structure of the diagrams giving rise to contributions to ∆F = 2 transitions (left panel) and
to distortions of the Z and W couplings (middle and right panels). Additional contributions to the distortions
of the Z and W couplings can be generated by Higgs insertions in the mixing of the quarks with the composite
partners (see fig. 1).

As we mentioned before, the presence of vector resonances and the sizable bL compositeness
can give rise to deviations in the ZbLbL couplings. Analogous effects are there for the muon. In
the absence of a custodial PLR protection we expect the ZµLµL coupling to acquire corrections

δgZµLµL
gsmZµLµL

∼ s2
µL

g2
ρ

m2
ρ

v2

2
. (10)

The deviations in this coupling are constrained to be |δgZµLµL/gsmZµLµL | < 5×10−3. 11 Thus they
can give a strong bound on the µL compositeness. Notice that, since also the νµ, which belongs
to the same SU(2)L multiplet as the µL, has a sizable compositeness, the couplings Zνµνµ and
Wµνµ acquire corrections of the order

δgWµνµ
gsmWµνµ

∼ δgZνµνµ
gsmZνµνµ

∼ s2
µL

g2
ρ

m2
ρ

v2

2
. (11)

These couplings can be bounded from the measurement of the Fermi constant in muon decays
and from the LEP measurement of the invisible Z width. 6 Both constraints give bounds of the
order of few× 10−3. It is interesting to notice that, if the ZµLµL couplings are protected by the



custodial PLR symmetry, the couplings involving the neutrinos can not have such protection at
the same time. Thus the bound on the µL compositeness is unavoidable in these scenarios.

Comparing the estimate of the contributions to Cµ9,10 in eq. (4) with the size of the deviations

in the ZbLbL and ZµLµL couplings in eqs. (7) and (10) we find

∆Cµ9 ' −∆Cµ10 ∼ −0.4

(
mρ/gρ
1 TeV

)2(δgZbLbL/gsmZbLbL
10−3

)(
δgZµLµL/g

sm
ZµLµL

5× 10−3

)
. (12)

This means that, in generic models without PLR protection, sizable values for Cµ9,10 that could

explain the B anomalies are correlated to deviations in the ZbLbL, ZµLµL, Zνµνµ and Wµνµ
couplings of the order of the present experimental bounds. This result strongly reduces the pa-
rameter space region compatible with the B anomalies, making the composite Higgs explanation
a very predictive scenario. We will see this mechanism at work in the explicit model we present
in the next section.

Since we are considering scenarios with a large lepton compositeness, we might wonder
about possible large flavor violating transitions in the lepton sector. Particularly dangerous are
possible contributions to the µ→ eγ process, which imply a bound of tens of TeV on the mass
scale of the resonances in anarchic composite Higgs models 8. To avoid these effects we need to
assume that the rotations that diagonalizes the charged lepton mass matrix are very close to
the identity, so that flavor changing interactions with the vector resonances are not generated.
This can be obtained by imposing a U(1)3 flavor symmetry in the lepton sector broken only by
the tiny effects due to the neutrino masses.

3 An explicit model

We now present an explicit model that can explain the B anomalies. This scenario is analogous
to the usual RS set-up, the only difference being a modified background metric, which departs
from conformality around the IR brane. The details of the model have been discussed in ref. 12.
The metric has the form ds2 = e−2A(y)ηµνdx

µdxν + dy2, where ηµν = (−1, 1, 1, 1) and y is the
coordinate along the extra dimension. The warp factor is determined by the dynamics of the
scalar field φ which stabilizes the size of the extra dimension. Its action has the form

Sφ = M3

∫
d4xdy

√−g
(
R− 1

2
(∂Mφ)2 − V (φ)

)
−M3

∑
α

∫
d4xdy

√−g 2Vα(φ)δ(y−yα) , (13)

where Vα (α = 0, 1) are the UV and IR brane potentials localized at y0 ≡ y(φ0) and y1 ≡ y(φ1)
respectively, and M is the 5D Planck scale.

The dynamics of φ can be described by a superpotentialW (φ), defined by V (φ) ≡ 1
2 [W ′(φ)]2−

1
3W (φ)2. 13 The background equations then reduce to Ȧ(y) = 1

6W (φ(y)) and φ̇(y) = W ′(φ),

where Ẋ ≡ dX(y)/dy, and Y ′ ≡ dY (φ)/dφ. The localization of the branes is governed by the
effective potentials Uα(φ) ≡ Vα(φ) − (−1)αW (φ). The boundary conditions together with the
equations of motion lead to Uα(φ)|y=yα

= U ′α(φ)|y=yα
= 0. In order to solve the Hierarchy Prob-

lem, the brane dynamics should fix (φ0, φ1) to get A(φ1)−A(φ0) ≈ 35. We will fix φ1 = 5, while
φ0 is used to fix the length of the extra-dimension. In the following we assume the dynamics
of φ to be characterized by the analytic superpotential W (φ) = 6k(1 + eaφ), where a is a real
dimensionless parameter (which we set to a = 0.2 for our numerical analysis), and k is a mass
parameter related to the curvature along the fifth dimension.

We assume that a 5D gauge invariance is present, whose gauge group coincides with the SM
one SU(3)c × SU(2)L × U(1)Y . In addition, we consider a Higgs field propagating in the bulk.
EWSB is triggered by an IR brane potential. The localization of the Higgs is controlled by the
parameter α in the bulk mass term M2(φ) = αk

[
αk − 2

3W (φ)
]

and is connected to the amount
of tuning related to the Hierarchy Problem 14. Values α & 3 correspond to a natural theory.



The gauge fields are decomposed in KK modes as Aµ(x, y) =
∑

n f
(n)
A (y)Anµ(x)/

√
y1, where

f
(n)
A (y) satisfies Neumann boundary conditions and bulk equations (m

(n)
A )2f

(n)
A + (e−2Aḟ

(n)
A )˙−

M2
A(y)f

(n)
A = 0, where m

(n)
A denotes the mass of the n-th KK mode and MA(y) is the mass term

induced by the vacuum expectation value of the Higgs 14. We plot f
(n)
A in fig. 3 (left).

��� ��� ��� ��� ��� ��� ���
-��

-��

-�

�

�

��

��

ϕ

� �
(�
) (
ϕ
)

��
(�)

��
(�)

-��� -��� -��� ��� ��� ���

-�

�

�

��

�

�(
�)
(�
)

��� ��� ��� ��� ��� ��� ���
-���

-���

���

���

���

� (�)

� (�)

Figure 3 – (Left) Profiles of the gauge boson KK modes f
(n)
A for n = 1, 2 (solid blue and dashed red lines

respectively). (Right) Coupling (normalized with respect to the 4D coupling g) of a fermion zero-mode with the
n-th KK gauge field, f (n)(c), as a function of the fermion localization parameter c.

The SM fermions are realized as chiral zero modes of 5D fermions. The localization of the
different fermions is determined by the 5D mass terms MfL,R(y) = ∓cfL,RW (φ) 15. The zero
modes are localized near the UV (IR) brane for cfL,R > 1/2 (cfL,R < 1/2). A value cfL,R <
1/2 thus corresponds to a sizable amount of compositeness for the corresponding fermions,
whereas cfL,R > 1/2 characterizes fermions that are almost elementary. The coupling of the SM
fermions with the massive KK modes of the gauge fields are universal and fully determined by
the localization of the fermions, i.e. by the cfL,R parameters. The coupling with the n-th gauge

KK mode, Xn
µ , can be written as gX

n

fL,R
Xn
µ f̄L,Rγ

µfL,R ≡ gf (n)(cfL,R)Xn
µ f̄L,Rγ

µfL,R, where fL,R

are fermion zero-modes, g is the SM gauge coupling and f (n)(cfL,R) encodes the overlap of the
KK wave-function of the vector bosons with the zero mode fermion. These functions are plotted
in fig. 3 (right). Note that for almost elementary fields the coupling becomes rather weak ∼ 0.1g.

When comparing the model predictions with EW precision tests, the most relevant bounds
come from the oblique observables S and T . These constraints give a lower bound on the
mass of the vector KK modes as well as on the mass of the scalar mode (the dilaton). The
results are shown in fig. 4. We find that for a ∼ 0.3 the KK-modes are allowed to have a mass
mKK = O(TeV). Interestingly in this region of the parameter space the model also predicts a
light dilaton with a mass mdil . O(500 GeV). For the dilaton phenomenology see ref. 12.
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Figure 4 – (Left) Lower bound on KK mass (solid line) as a function of the parameter a, computed from EW
observables. The corresponding dilaton mass is in dashed line. The horizontal dashed lines correspond to 125 GeV
and 2 TeV. (Middle) Region in the plane (α, cbL) allowed by experimental data on δRexpb = 0.00053± 0.00066 at
the 3σ level. We have fixed cbR = 0.58. (Right) Region in the plane (cbL , cbR) that accommodates the bounds of
Eq. (17). The dashed green lines represent cbL,R = 0.43. The allowed points correspond to the unshaded region.



3.1 Reproducing the B anomalies

As we discussed in the previous section, contributions to the Oµ9,10 operators are generated by
the exchange of heavy vector resonances, in particular by the KK modes of the Z-boson and of
the photon. LFU can be broken by the different localization of the various lepton generations.
The leading flavor violating interactions with the vector KK modes have the form 7

LEW =
∑

X=Z,γ

Xn
µ

2cW

[
V ∗3iV3j d̄iγ

µ
{(
gX

n

bL
− gXn

L

)
PL +

(
gX

n

bR
− gXn

R

)
PR

}
dj + h.c.

]
, (14)

where cW ≡ cos θW , PR,L = (1 ± γ5)/2, Vij are the CKM matrix elements, and gX
n

L are the
couplings of d1 and d2 to the KK vectors. The couplings in Eq. (14) give rise to the contribution
to the Cµ9,10 Wilson coefficients

∆Cµ9 = −∆Cµ10 = −
∑

X=Z,γ

∑
n

π

2
√

2GFαEMc2
WM

2
n

gXnµV

(
gXnbL − g

Xn
sL

)
. (15)

The largest contributions come from the first KK excitations, Z1
µ and γ1

µ. The additional terms
are suppressed by the larger masses of the higher states, and lead to subleading corrections.

3.2 Constraints

The Z boson couplings to SM fermions are modified by vector KK modes and fermion KK
excitations. After summing over the KK levels, the full result reads

δgbL,R = −gSMbL,Rm
2
Z α̂bL,R ± gv2β̂bL,R/2 , (16)

where α̂bL,R and β̂bL,R are defined in ref. 15. The main experimental constraints on the ZbLbL
coupling come from the observables Rb, defined as the ratio of the Z → bb partial width to the
inclusive hadronic width, and AbFB, the forward-backward asymmetry of the bottom quark 11.
We show in the middle panel of fig. 4 how the bounds on cbL vary as a function of the parameter
α, which determines the amount of tuning in the Higgs sector. Values α & 3 correspond to a
completely natural theory, while α < 3 corresponds to exponentially large tuning. Analogously
to ZbLbL, the massive KK modes also induce modification on the muon couplings. The result is
obtained from Eq. (16) with obvious substitutions. If we want to avoid fine tuning, the current
bounds on the distortions of the muon coupling to the Z implies cµL & 0.4. Similar bounds are
obtained from the distortion of the Zνµνµ and Wµνµ couplings.

Another important set of constraints comes from ∆F = 2 flavor-changing processes mediated
by 4-fermion interactions. The main new physics contributions to these processes come from
the exchange of gluon KK modes. The current bounds on the ∆F = 2 contact operators 16 can
be translated into constraints on the quantities∑

n
(gG

n

bL,R
)2/M2

n[TeV] ≤ 0.14 ,
∑

n
gG

n

bL
gG

n

bR
/M2

n[TeV] ≤ 3× 10−4 . (17)

The first constraint leads to cbL,R ≥ 0.43. The allowed configurations in the (cbL , cbR) plane are
shown in the right panel of fig. 4.

4 Conclusions

The results of our analysis are summarized in fig. 5, which shows the parameter space that
allows to fit the flavor anomalies. The horizontal and vertical black lines show the amount of
fine tuning in the Higgs sector needed to pass the EW constraints. A completely natural scenario
corresponds to 100%, whereas lines of 40% and 1% lead to a certain level of tuning.



We find that our extra-dimensional set-up can easily explain the anomalies in B-meson
decays, as a direct consequence of the LFU violation induced by a sizable compositeness for the
left-handed bottom and muon components. In agreement with the general estimates presented in
section 2, the interplay between the B-meson data and the constraints from EW measurements
(in particular the Z couplings to the bL and µL and the ∆F = 2 transitions) singles out a
preferred region of the parameter space in which all the bounds are satisfied with a small amount
of tuning. Incidentally, this region also predicts the presence of a light dilaton-like state, which
could be detectable at hadron colliders.
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Figure 5 – Region in the plane (cbL , cµL) that fits the B anomalies. The region to the left of the vertical dashed
green line is excluded by Eq. (17). The fine-tuning needed to pass the constraints on the modification of the
ZµLµL (ZbLbL) coupling is shown by the black dashed, dotted and dot-dashed horizontal (vertical) lines.

To conclude we mention that also the anomalies found in D-meson decays by BaBar, Belle
and LHCb can be easily explained in our scenario by assuming a sizable τL compositeness 17.
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B̄ → D(∗)τ−ν̄τ and Related Tauonic Topics at Belle

S. Hirose, For the Belle Collaboration
KMI, Nagoya University, Furo, Chikusa, Nagoya, Japan

The decays B̄ → D(∗)τ−ν̄τ are good probes to new physics beyond the Standard Model. The
ratios of branching fractions R(D(∗)) ≡ BF (B̄ → D(∗)τ−ν̄τ )/BF (B̄ → D(∗)`−ν̄`) (where `− =
e−, µ−) measured by Belle, BaBar and LHCb show 3.9σ deviation from the SM expectations
as of 2015. In 2016, the Belle collaboration has shown two new measurements for the B̄ →
D(∗)τ−ν̄τ decay. These include the first application of the semileptonic tagging to the R(D∗)
measurement and the first measurement of the τ polarization using the hadronic τ decays.
We also review the two measurements for B− → τ−ν̄τ at Belle. Along with these results,
compatibility with the type-II Two-Higgs-Doublet Model is discussed.

1 Introduction

Semileptonic and leptonic B meson decays containing a τ lepton in the final state are theoreti-
cally well-understood processes in the Standard Model (SM)1. Owing to the existence of the two
heavy fermions, a b quark and a τ lepton, they are sensitive to new physics (NP) beyond the SM
if the NP has an enhanced coupling to the third-generation fermions. The decays B̄ → D(∗)τ−ν̄τ
and B− → τ−ν̄τ are these types of the B decays which have been experimentally investigated
by the B-factory experiments, Belle and BaBar.a LHCb has also demonstrated their capability
of studying the B̄ → D∗τ−ν̄τ process at the Large Hadron Collider.

In this paper, we discuss the recent experimental results on B̄ → D(∗)τ−ν̄τ and B− → τ−ν̄τ
at the Belle experiment, where 8 GeV electrons and 3.5 GeV positrons are collided by the KEKB
accelerator at the center-of-mass energy of 10.58 GeV. Pairs of B mesons are produced through
the process Υ(4S) → BB̄. The B meson decays are recorded by the Belle detector, which is a
complex of six sub-detector systems 2.

2 Tagging Method

Due to multiple neutrinos in the final state, signal B mesons (Bsig) decaying into D(∗)τ−ν̄τ or
τ−ν̄τ cannot be fully reconstructed. Exploiting the advantage of Belle that no particle except
for two B mesons is produced in the Υ(4S) decay, we “tag” the Bsig candidate by reconstructing
the counterpart B meson (Btag) at first. The remaining particles in the event are then assigned
to form a Bsig candidate.

There are two tagging methods applied to the B̄ → D(∗)τ−ν̄τ and B− → τ−ν̄τ analyses.
In the hadronic tagging method, Btag is fully reconstructed from one of the hadronic decay
modes. The four-momentum of Bsig is extracted by pBsig = pe+e− − pBtag , where p’s are the
four-momenta of the Bsig the e+e− beam and the Btag, respectively. Belle has developed a
hadronic tagging algorithm based on the NeuroBayes neural-network package 3. This algorithm

aThroughout this paper, the inclusion of the charge-conjugate mode is always implied.



uses 1104 decay chains in total, to achieve the highest possible Btag reconstruction efficiency.
The typical efficiency is around 0.2–0.3%.

The semileptonic tagging method uses the semileptonic decays such as B̄ → D(∗)`−ν̄`. Al-
though one neutrino in the semileptonic decay makes full reconstruction of Btag impossible, the
Btag candidates are identified using the variable

cos θB−D(∗)` =
2E∗

beamE
∗
D(∗)`

−m2
Bc

4 −M2
D(∗)`

c4

2|~p ∗
B||~p ∗

D(∗)`
|c2

, (1)

where E∗, ~p ∗ and m (M) denote the energy, the momentum and the (reconstructed) mass,
respectively, with the subscripts representing the e+e− beam, the Btag and the D(∗)` system.
By requiring cos θB−D(∗)` to lie in the physical region between −1 and 1, correct Btag candidates
are obtained.

3 Experimental Results from Belle

3.1 Situation of B̄ → D(∗)τ−ν̄τ Studies before Winter 2016

The decays B̄ → D(∗)τ−ν̄τ have the relatively large branching fraction of O(1)% among the B
meson decay modes. Its three-body decay realizes to probe NP amplitudes using its kinematics
such as the τ polarization, not only the branching fraction. To study the decays B̄ → D(∗)τ−ν̄τ ,
the ratios of the branching fractions

R(D(∗)) ≡ BF (B̄ → D(∗)τ−ν̄τ )

BF (B̄ → D(∗)`−ν̄`)
(2)

are measured, where `− is an electron or a muon. In the ratios, the uncertainties in the Cabibbo-
Kobayashi-Maskawa matrix element |Vcb|, the hadronic form factors and the experimental re-
construction efficiency are largely canceled. The SM predicts R(D) = 0.300 ± 0.008 4 and
R(D∗) = 0.252± 0.003 5.

With the full data sample, Belle performed a measurement of R(D(∗)) using the hadronic
tagging and the leptonic final state of the τ lepton 6. The result was compatible with the SM
expectation within 1.8σ. Including this result and the results from BaBar 7 and LHCb 8, the
world-average R(D) and R(D∗) estimated by the heavy-flavor-averaging group (HFAG) were
0.391± 0.041(stat.)± 0.028(syst.) and 0.322± 0.018(stat.)± 0.012(syst.), respectively 9. These
were by 1.7 and 3.0σ away from the expectation based on the SM. The overall discrepancy
reached 3.9σ.

3.2 New Measurements for B̄ → D∗τ−ν̄τ

In 2016, Belle has shown the second and the third measurements for B̄ → D∗τ−ν̄τ . The
second one 10 is based on the semileptonic tagging and provides an independent R(D∗) measure-
ment from the previous study. Due to less constraints of the semileptonic tagging on the Btag

kinematics, more background than the measurement with the hadronic tagging was predicted.
Therefore only R(D∗) has been measured from the B̄0 → D∗+τ−ν̄τ channel. For the Btag decay,
B̄0 → D∗+`−ν̄` has been chosen. Namely, the B̄ → D∗τ−ν̄τ (signal) event has B̄0

sig → D∗+τ−ν̄τ
and B0

tag → D∗−`+ν` while the B̄ → D∗`−ν̄` (normalization) event has B̄0
sig → D∗+`−ν̄` and

B0
tag → D∗−`+ν`.

In this measurement, both signal and normalization events have the same final state: two
D∗, two ` and a missing momentum. It is therefore important to consider how to separate the
signal events from the normalization events. In one event, two values of cos θB−D∗` are defined
for each of the two B mesons. Due to three neutrinos, very often Bsig has cos θB−D∗` significantly

smaller than−1. The smaller value of the two cos θB−D∗` (cos θsig
B−D∗`) therefore provides efficient
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Figure 1 – Distribution of cos θsigB−D∗` for the sig-
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separation between the signal and the normalization events, as shown in Fig. 1 10. Adding two
more variables, a multi-variate analysis based on NeuroBayes is performed and the output
classifier ONB is constructed. Further details of the analysis are discussed in Ref. 10. Figure 2
shows the result of the two-dimensional fit using ONB and EECL

10. The second variable EECL

is the energy sum of the clusters in the electromagnetic calorimeter that are not used for the
event reconstruction. Compared to the signal and the normalization events, other background
events tend to have larger values of EECL due to additional photons from B meson decays.
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This measurement results in

R(D∗) = 0.302± 0.030(stat.)± 0.011(syst.), (3)

which is consistent with the SM within 1.6σ.
The third measurement 12 is based on the hadronic tagging and the hadronic τ decays

τ− → π−ντ and τ− → ρ−ντ . This choice of the τ final states allows a new R(D∗) measurement
independent of the result with τ− → `−ν̄`ντ . Since the Bsig final state contains only hadrons, the
main background component in this study arises from hadronic B decays. Their high-multiplicity
final states through complicated hadronization processes make both experimental measurements
and theoretical predictions difficult. Estimation of the amount of hadronic B events in the signal



region is thus one of the challenges. At the same time, this is an advantage as the background
composition is different from the previous studies, where semileptonic B decays with the excited
D mesons heavier than D∗ are one of the major sources of the systematic uncertainty.

In addition to the new measurement of R(D∗), the two-body τ decays allow a measurement
of the τ polarization. It is defined by

Pτ (D∗) ≡ Γ+(D∗)− Γ−(D∗)

Γ+(D∗) + Γ−(D∗)
, (4)

where Γ+(−)(D∗) is the decay rate for the τ lepton with a positive (negative) helicity state. The
SM predicts Pτ (D∗) = −0.497 ± 0.013 11. This quantity is experimentally extracted from the
differential decay rate

1

Γ(D∗)

dΓ(D∗)

d cos θhel
=

1

2
[1 + αPτ (D∗) cos θhel], (5)

where Γ(D∗) and θhel denote the total decay rate and the angle of the τ -daughter meson momen-
tum with respect to the direction opposite the virtual W bosonb momentum in the rest frame of
τ . The coefficient α is represented by

α =

1 for τ− → π−ντ
m2
τ−2m2

ρ

m2
τ+2m2

ρ
for τ− → ρ−ντ ,

(6)

where mτ and mρ are the masses of the τ lepton and the ρ meson, respectively.
Based on Eq. 5, Pτ (D∗) is related to the forward-backward asymmetry of the signal distri-

bution:

Pτ (D∗) =
2

α

NF
sig −NB

sig

NF
sig +NB

sig

, (7)

where N
F(B)
sig denotes the number of signal events in the region cos θhel > (<) 0.

𝜃𝜏𝑑

 𝜈𝜏

𝜈𝜏

𝑊−

|  𝑝𝜏|

𝜋−

𝜃hel

𝜏−

 𝑝𝑑

 𝑝𝑑
𝜏

𝜏−  𝜈𝜏-rest frame 𝜏-rest frame

𝜏−𝑊−

𝜋−

𝜈𝜏

Figure 3 – Kinematics in the rest frame of the τ−ν̄τ system and in the rest frame of τ .

Experimentally, the rest frame of τ cannot be exactly taken since the τ momentum is not
completely determined. We instead use the rest frame of the τ ν̄τ system. In this frame shown
in Fig. 3, the energy and the τ momentum are, respectively, determined by

Eτ =
q2 +m2

τ/c
2

2
√
q2

, (8)

|~pτ | =
q2 −m2

τ/c
2

2
√
q2

, (9)

bThere are two virtual W bosons in the B̄ → D∗τ−ν̄τ decay: one from the B meson decay and the other from
the τ lepton decay. In this paper, W always denotes the virtual W boson from the B decay.



where q2 = pe+e− − pBtag − pD∗ and pD∗ is the reconstructed four-momentum of D∗. Using Eτ
and |~pτ |,

cos θτd =
2EτEd −m2

τ c
4 −m2

dc
4

2|~pτ ||~pd|c2
, (10)

is calculated, where E and ~p are the energy and the three-momentum, respectively, of the τ
lepton and the τ -daughter meson d = π or ρ. Using the Lorentz transformation from this frame
to the rest frame of τ , we obtain the equation

|~p τd | cos θhel = −γ|~β|Ed/c+ γ|~pd| cos θτd, (11)

where

γ =
Eτ

(mτ c2)
, (12)

|~β| =
|~pτ |
Eτ

. (13)

The τ -daughter momentum in the rest frame of τ is represented by

|~p τd | =
m2
τ −m2

d

2mτ
. (14)

Solving Eq. 11, cos θhel is obtained.
A fit is performed in two steps. First, the yield of the normalization events is measured

using the missing-mass squared

M2
miss = (pe+e− − ptag − pD∗ − p`)2/c2, (15)

where p` denotes the four-momentum of ` and the other variables are defined previously. After
determining the normalization yield, a two-dimensional fit is done using EECL and cos θhel, as
shown in Fig. 4 (left) 12.
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The measurement results in

R(D∗) = 0.270± 0.035(stat.)+0.028
−0.025(syst.), (16)

Pτ (D∗) = −0.38± 0.51(stat.)+0.21
−0.61(syst.). (17)



As illustrated in Fig. 4 (right)12, the result is consistent with the SM expectations. The precision
of R(D∗) is 16%, which is comparable to 9–14% for the previous measurements with τ− →
`−ν̄`ντ . With the current statistics, the result excludes Pτ (D∗) > +0.5 at 90% confidence level.
This is the first measurement of Pτ (D∗) in B̄ → D∗τ−ν̄τ .

Figure 5 illustrates the current situation for the R(D(∗)) studies summarized by HFAG 9.
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Figure 5 – Comparison of the experimental results on R(D(∗)) with the SM expectations.

The discrepancy between the world-average R(D(∗)) and the SM expectations remains at
3.9σ. This is because the new R(D∗) results from Belle has made the world average closer
to the SM but the R(D∗) precision becomes better. The one R(D) and three R(D∗) results
from Belle are compatible with the SM expectations within about 2σ while they tend to be
consistently larger than the SM. Our results also agree with the other results by BaBar and
LHCb within the current uncertainties. The discrepancy needs to be investigated further at the
Belle II experiment, where 50 times more statistics will be available.

3.3 B− → τ−ν̄τ

The decay B− → τ−ν̄τ is one of the purely-leptonic decays of the B meson. Due to the small
value of the CKM matrix element |Vub|, the branching fraction is suppressed to be O(10−4).

Belle has performed two measurements using the hadronic tagging and the semileptonic
tagging 13,14. Figure 6 is the comparison of these results with the SM expectation from the
preliminary estimation as of ICHEP 2016 by the CKM fitter group15. Their average is consistent
with the SM expectation, and the significance is 4.0σ 14.

3.4 Discussion for the type-II Two-Higgs-Doublet Model

One of the prominent NP models possibly contributing to the decays B̄ → D(∗)τ−ν̄τ and B− →
τ−ν̄τ is the Two-Higgs-Doublet Model (2HDM) of type-II 16. In this model, the charged Higgs
boson H± appears from the additional degrees of freedom in the Higgs doublets and has a large
coupling to b and τ . Based on the effective field theory, its contribution is represented by the
Lagrangian 11,17

Leff = −2
√

2GFVib

(
OV1 −mbmτ

tan2 β

mH±
OS1

)
(i = u, c), (18)

where GF , mb and mH± are the Fermi constant, the masses of the b quark and the charged
Higgs, respectively. The parameter tanβ denotes the ratio of the vacuum expectation values in
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Figure 6 – Results from the B− → τ−ν̄τ measurements at Belle. The vertical line shows the SM expectation with
the ±1σ region.

the two Higgs doublets. The effective operators OV1 and OS1 corresponds to the SM- and the
scalar-type interactions, respectively. See Ref. 11 for the explicit definition of these operators.
According to this effective Lagrangian, the amplitude of the type-II 2HDM negatively interferes
with the SM amplitude.

Belle has measured four observables for B̄ → D(∗)τ−ν̄τ and B− → τ−ν̄τ : R(D), R(D∗),
Pτ (D∗) and the branching fraction for B− → τ−ν̄τ . Figure 7 compares our measurements with
the predictions from the type-II 2HDM. In this figure, rc denotes the ratio of the measured
or theoretically-expected branching fraction to the SM expectation. At the large tanβ/mH±

region, R(D) and rc favors different values of tanβ/mH± , and this region seems disfavored.
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measurement with the hadronic τ decays (τ− → h−ντ ) and the rc measurement, the efficiency is assumed to be
uniform over tanβ/mH± . The other results include the efficiency correction as a function of tanβ/mH± .



4 Conclusion

The decays B̄ → D(∗)τ−ν̄τ and B− → τ−ν̄τ are interesting B decays in terms of their sensitivities
to NP coupling to τ leptons, such as the charged Higgs in the type-II 2HDM. In 2016, Belle
has shown two new B̄ → D∗τ−ν̄τ measurements. One of them is the first application of the
semileptonic tagging to the R(D∗) measurement. The second includes the first measurement of
R(D∗) using only hadronic τ decays and the first experimental study of Pτ (D∗).

We have discussed compatibility of our B̄ → D(∗)τ−ν̄τ and B− → τ−ν̄τ measurements with
the SM and the type-II 2HDM. All the observables measured by Belle are consistent with but
higher than the SM expectations at the 2-σ level. For the type-II 2HDM, our results seem to
favor the region with small values of tanβ/mH± .

The world-average R(D(∗)) including measurements at BaBar and LHCb shows the 3.9-
σ discrepancy from the SM expectations. With the current precision at Belle, our result is
consistent both with the results from these experiments and the SM expectations within about
2σ. This is an important topic to be further investigated with a high precision at Belle II.
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We present the results of a novel analysis campaign, which combines the final data sam-
ples collected by the B factory experiments BABAR and Belle in single physics analyses to
achieve a unique sensitivity in time-dependent CP violation measurements. We present new
results on sin(2β) and cos(2β) by a time-dependent Dalitz plot analysis of B0 → D(∗)h0

with D → K0
Sπ

+π− decays. A first evidence for cos(2β) > 0, the exclusion of trigonometric
multifold solutions of the Unitarity Triangle and an observation of CP violation are reported.
In addition, a low-energy, high-intensity collider search for light dark matter particles by the
BABAR experiment is presented. New results of a search for invisible decays of the dark photon
are reported. No dark photon is observed and constraints on dark sector models are set.

1 New CP Violation Results from Combined BABAR+Belle Measurements

The B factory experiments BABAR and Belle established CP violation in the neutral B meson
system 1,2. In particular, the BABAR and Belle experiments precisely determined the parameter
sin(2β)3 by time-dependent CP violation measurements, where the angle β of the CKM Unitarity
Triangle is defined as arg [−VcdV ∗cb/VtdV ∗tb] and Vij denotes the CKM matrix element of quarks
i, j 4. The determination of β from the measurements of sin(2β) results in the trigonometric
ambiguity, β and (π/2− β), on the CKM Unitarity Triangle.

An elegant approach to resolve this ambiguity is provided by B0 → D(∗)h0 with D →
K0
Sπ

+π− decays and h0 ∈ {π0, η, ω} denoting a light neutral hadron. The D → K0
Sπ

+π−

decay exhibits a rich and complex interference structure involving various intermediate CP
and flavor eigenstates contributing to the three-body final state. Exploiting the knowledge of
the variations of the relative strong phases as a function of the D → K0

Sπ
+π− Dalitz phase

space enables to measure cos(2β) in addition to sin(2β) from the time evolution of the B0 →
D[K0

Sπ
+π−](∗)h0 multi-body final state 5. Precise experimental knowledge of cos(2β) enables to

resolve the trigonometric ambiguity on the CKM Unitarity Triangle.

In B0 → D[K0
Sπ

+π−](∗)h0 decays, the time-dependent decay rate of neutral B mesons as a
function of the weak CP violating phase β and the D0 and D̄0 Dalitz plot amplitudes is:

g(∆t) =
eΓ∆t

2
|AB|2

[
|AD̄0 |2 + |AD0 |2

]
∓
(
|AD̄0 |2 − |AD0 |2

)
cos(∆m∆t)

± 2ηh0 (−1)L
[
Im
(
AD0A∗D̄0

)
cos(2β)− Re

(
AD0A∗D̄0

)
sin(2β)

]
sin(∆m∆t) (1)
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The q = +1 (−1) denotes the b-flavor content when the accompanying B meson is tagged as
a B0 (B0). The ∆t is the proper time interval between the decays of the two B mesons in
an e+e− → Υ (4S) → B0B0 event. The D0 and D̄0 decay amplitudes are represented by
AD0 := A(m2

+,m
2
−) and AD̄0 := A(m2

−,m
2
+) and are functions of the Lorentz-invariant Dalitz

plot variables m2
+ := (pK0

S
+ pπ+)2 and m2

− := (pK0
S

+ pπ−)2. The L is the orbital momentum of

the Dh0 or D∗h0 systems, where we only consider D∗ → Dπ0 decays in the presented analysis,
and ηh0 is the CP eigenvalue of the h0.

Measurements of sin(2β) and cos(2β) by time-dependent Dalitz plot analyses of B0 → D(∗)h0

with D → K0
Sπ

+π− decays are experimentally challenging. The involved B and D meson
branching fractions are low [O(10−4) and O(≤ 10−2), respectively], and the measurements have
to cope with low reconstruction efficiencies and large backgrounds due to many neutral particles
in the final state and due to sizable contributions from e+e− → qq (q ∈ {u, d, s, c}) continuum
events. In addition, determining the D → K0

Sπ
+π− Dalitz amplitude model from data is

technically demanding. The BABAR and Belle collaborations have previously performed time-
dependent Dalitz plot analyses of B0 → D(∗)h0 with D → K0

Sπ
+π− decays 6,7,8, but neither

experiment alone was sensitive enough to establish CP violation. Some of the results were
located outside of the physical region of the parameter space 6, and the measurements used
different Dalitz plot amplitude models 6,7, which complicates the combination of the individual
results.

At the 52nd Rencontres de Moriond, we presented new results on sin(2β) and cos(2β) ob-
tained by a time-dependent Dalitz plot analysis of B0 → D(∗)h0 with D → K0

Sπ
+π− decays.

The presented analysis combines the large final data samples collected by the BABAR and Belle
experiments in a single measurement. This novel combined approach enables for a unique sensi-
tivity to cos(2β) by the increase in statistics and by applying common assumptions and the same
D → K0

Sπ
+π− Dalitz amplitude model to the data collected by both experiments. The analysis

is performed in two steps. First, the D → K0
Sπ

+π− Dalitz plot amplitude model is extracted
from a high-statistics charm data sample collected by Belle. Second, sin(2β) and cos(2β) are
measured by a time-dependent Dalitz plot analysis of B0 → D(∗)h0 with D → K0

Sπ
+π− decays

reconstructed from BABAR and Belle data. The analysis is briefly described in the following.

1.1 Extraction of the D → K0
Sπ

+π− Dalitz plot amplitude model from Belle charm data

The D → K0
Sπ

+π− Dalitz plot amplitude model is directly obtained from data using a high-
statistics e+e− → cc̄ sample corresponding to 924 fb−1 collected at or near the Υ (4S) and
Υ (5S) resonances with the Belle detector. D∗+ → D0π+

s with D0 → K0
Sπ

+π− decays are
reconstructed, where the positive (negative) charge of the slow pion emitted from D∗+ → D0π+

s

decays determines the flavor of the neutral D meson as D0 (D̄0). The signal and background
yields are estimated by two-dimensional fits of the D0 candidate mass and of the D∗+-D0 mass-
difference ∆MD∗+−D0 distributions. A yield of 1217329 ± 2015 signal decays is obtained. The
signal purity is about 94%.

As Dalitz plot amplitude model for D → K0
Sπ

+π− decays a combination of the K-matrix ap-
proach9 for the ππ S-wave, the LASS parametrization10 for the Kπ S-wave and an isobar ansatz
is chosen. In the isobar ansatz, the P - and D-waves are modeled by Breit-Wigner lineshapes and
account for 14 intermediate two-body resonances. The Dalitz plot amplitude model parameters
are estimated by an unbinned maximum likelihood fit using the flavor-tagged D0 sample with
the signal probability density function constructed from the Dalitz plot amplitude model with a
correction to account for reconstruction efficiency variations in the Dalitz plot phase space due
to experimental acceptance effects and an additional term to account for wrong flavor-tags of D
mesons. The background is modeled using distributions taken from the MD0 and ∆MD∗+−D0

data sidebands. The D → K0
Sπ

+π− distributions reconstructed from Belle e+e− → cc̄ data
and projections of the Dalitz fit are shown in Fig. 1. The obtained D → K0

Sπ
+π− Dalitz plot

amplitude model parameters are used as input for the time-dependent Dalitz plot analysis of



Figure 1 – Preliminary result of the Dalitz fit using the high-statistics flavor-tagged sample of D → K0
Sπ

+π−

decays reconstructed from e+e− → cc events collected by Belle. The D → K0
Sπ

+π− Dalitz amplitude model
accounts for 14 intermediate two-body resonances. The ππ and Kπ S-wave contributions are modeled by the
K-matrix and LASS approaches, respectively.

B0 → D(∗)h0 with D → K0
Sπ

+π− decays combining BABAR and Belle data described below.

1.2 Time-dependent Dalitz plot analysis of B0 → D(∗)h0 with D → K0
Sπ

+π− decays

The combined BABAR+Belle analysis of the B meson decay is performed using data samples that
contain (471± 3)× 106BB pairs recorded with the BABAR detector at the PEP-II asymmetric-
energy e+e− (3.1 on 9 GeV) collider at SLAC and (772± 11)× 106BB pairs recorded with the
Belle detector at the KEKB asymmetric-energy e+e− (3.5 on 8 GeV) collider at KEK collected
at the Υ (4S) resonance. The similar performance of the two detectors allows a coherent analysis
strategy and the use of almost identical selection requirements in the two data sets. The analysis
benefits from the techniques established in the previous combined BABAR+Belle CP violation

measurement of B0 → D
(∗)
CPh

0 decays 11.

The light neutral h0 is reconstructed in the decay modes π0 → γγ, η → γγ and π+π−π0,
and ω → π+π−π0. Neutral D mesons are reconstructed in the decay mode D → K0

Sπ
+π−, and

neutral D∗ mesons are reconstructed in the decay mode D∗ → Dπ0. Neutral B mesons are
reconstructed in the decay modes B0 → Dπ0, Dη, Dω, D∗π0 and D∗η.

The signal and background yields are determined by three-dimensional unbinned maximum
likelihood fits to the distributions of the observables M ′bc, ∆E and NN ′out. The fit model accounts
for contributions from B0 → D(∗)h0 signal decays, cross-feed from partially reconstructed B̄0 →



D∗h0 decays, background from partially reconstructed B+ → D(∗)0ρ+ decays, combinatorial
background from BB̄ decays, and background from e+e− → qq (q ∈ {u, d, s, c}) continuum
events. In total, B0 → D(∗)h0 yields of 1129± 48 events for BABAR and of 1567± 56 events for
Belle are obtained, respectively.

The time-dependent Dalitz plot analysis of B0 → D(∗)h0 with D → K0
Sπ

+π− decays to
extract sin(2β) and cos(2β) is performed by maximizing the log-likelihood function constructed
from both experiments:

lnL =
∑
i

lnPBABAR
i +

∑
j

lnPBelle
j , (2)

The P are p.d.f.s describing the proper time interval distributions, and the indices i and j
denote the events reconstructed from BABAR and Belle data, respectively. The signal p.d.f.s are
constructed from Eq. 1 convoluted with experiment specific resolution functions to account for
the finite vertex resolution and including the effect of incorrect flavor assignments. The Dalitz
plot amplitude model parameters are fixed to the results of the D → K0

Sπ
+π− Dalitz plot fit

described above. Free parameters in the fit are sin(2β) and cos(2β), and the preliminary result
of the measurement is:

sin(2β) = 0.80± 0.14 (stat.)± 0.06 (syst.)± 0.03 (model)

cos(2β) = 0.91± 0.22 (stat.)± 0.09 (syst.)± 0.07 (model) (3)

The result of an alternative fit to measure directly the CP violating phase β is:

β = (22.5± 4.4 (stat.)± 1.2 (syst.)± 0.6 (model))◦ (4)

The evaluation of the experimental systematic uncertainties on the CP violation parameters
follows the methods established in the previous combined BABAR+Belle measurement of B0 →
D

(∗)
CPh

0 decays 11. The evaluation of the uncertainties on the CP violation parameters due to the
applied Dalitz plot amplitude model follows approaches established before by BABAR in model-
dependent measurements of the Unitarity Triangle angle γ using B∓ → D(∗)K(∗)∓ decays with
multi-body D decays 12,13.

The significance of the results on the CP violation parameters is estimated by a likelihood-
ratio approach that includes the experimental systematic uncertainties and the Dalitz plot ampli-
tude model uncertainties. The measured value of sin(2β) agrees within 0.7 standard deviations
with the world average of sin(2β) = 0.691±0.01714 measured from b→ cc̄s transitions. The first
evidence for cos(2β) > 0 is obtained by excluding the hypothesis of cos(2β) ≤ 0 at a confidence
level of 2.45 × 10−4, corresponding to a significance of 3.7 standard deviations. The measure-
ment excludes the hypothesis of β = 0◦ at a confidence level of 3.60 × 10−7, corresponding to
a significance of 5.1 standard deviations, and CP violation is observed in B0 → D(∗)h0 decays.
The measured value of β is in very good agreement with the world average of (21.9 ± 0.7)◦ of
the preferred solution of the Unitarity Triangle 14. The second solution (π/2−β) = (68.1±0.7)◦

is excluded at a confidence level of 2.31× 10−13, corresponding to a significance of 7.3 standard
deviations. Thus the measurement reduces the trigonometric ambiguity of the CKM Unitarity
Triangle.

2 Search for Invisible Dark Photon Decays BABAR

The origin and nature of dark matter are an important open problem of modern physics and
subject of intense experimental and theoretical research. Dark sector models provide dark
matter candidate alternatives to WIMPs and can exhibit a complex structure beyond that of
the Standard Model (SM). A possible dark sector scenario is to extend the SM by an additional
U(1) gauge symmetry which introduces an additional boson A′ as mediator 15,16. This so-called
dark photon may have a gauge coupling of electroweak strength to dark matter, and it could be



Figure 2 – Preliminary results (green area) for the upper limit on the mixing parameter ε at 90% confidence level
as a function of the dark photon mass mA′ and previous constraints on invisible dark photon decays.

possibly light with a mass in the sub-GeV regime. The dark photon may kinetically mix with
the hypercharge of the SM with a mixing strength ε � 1. Depending on the properties of the
dark sector model such as the particle spectrum and the mass and the couplings of the dark
photon, the dark photon will exhibit different decay modes. If there are lighter accessible dark
sector states χ with mχ < mA′/2, then the dark photon will predominately decay invisibly via
A′ → χχ̄. Experiments at e+e− colliders are particularly suited to perform searches for invisible
dark photon decays. The reaction e+e− → γA′ with A′ → invisible can be probed by detecting
a single monochromatic photon and nothing else in the e+e− annihilation.

At the 52nd Rencontres de Moriond, we presented new results of a search for invisible dark
photon decays. The measurement uses an integrated luminosity of about 53 fb−1 collected by the
BABAR experiment at the PEP-II asymmetric-energy e+e− at SLAC. The data was taken with
dedicated single photon triggers employed during the last year of operation of BABAR at center-
of-mass (CM) energies close to the Υ (2S), Υ (3S) and Υ (4S) resonances. The search strategy of
the measurement is to select events with single photon final states accompanied by significant
missing energy and momentum. Then the dark photon is probed by looking for a narrow peak

in the missing mass defined as Mmiss =
√
s− 2E∗γ

√
s, where s is the square of the CM energy of

the accelerator and E∗γ is the energy of the detected photon in the CM frame. In the analysis,
the main backgrounds originate from e+e− → γγ events and from low-angle radiative Bhabha
e+e− → γe+e− events, in which the electrons and positrons escape the detector undetected. A
Boosted Decision Tree classifier that combines information on the kinematics of the events and
information on the detected electromagnetic showers is used to discriminate between signal and
background events.

The dark photon signal is extracted by simultaneous fits to the distributions of the missing
mass in independent regions of the data collected at different CM energies. No significant
signal is observed. In the fits, the most significant signal obtained is at a dark photon mass of
mA′ = 6.22 GeV with a local (global) significance of 3.1 (2.6) standard deviations, corresponding
to a p-value of 1%. Using a Bayesian technique, upper limits on the mixing parameter ε at 90%
confidence level are estimated as a function of mA′ . The preliminary results and a comparison
to previous constraints on invisible dark photon decays are shown in Fig. 2. The measurement



significantly improves the experimental constraints on the mixing parameter ε and excludes a
wide range of the parameter space allowed by dark sector models. In particular, the measurement
rules out the dark photon interpretation of the (g − 2)µ anomaly 17. A paper summarizing the
measurement has been submitted to Physical Review Letters 18.

3 Summary

The combined usage of the large BABAR and Belle data sets in single physics measurements
enables for an unprecedented sensitivity in time-dependent CP violation measurements of neutral
B meson decays. Using the final BABAR and Belle data samples, a time-dependent Dalitz plot
analysis of B0 → D(∗)h0 decays withD → K0

Sπ
+π− decays has been performed. The preliminary

results of the measurement are sin(2β) = 0.80 ± 0.14 (stat.) ± 0.06 (syst.) ± 0.03 (model) and
cos(2β) = 0.91± 0.22 (stat.)± 0.09 (syst.)± 0.07 (model). The first evidence for cos(2β) > 0 and
an observation of CP violation in B0 → D(∗)h0 decays have been reported. The measurement
directly excludes the trigonometric multifold solution of (π/2−β) and thus reduces the ambiguity
of the CKM Unitarity Triangle.

The BABAR experiment has pioneered the low-energy, high-intensity collider search in various
signatures of light dark matter and has put tight constraints on dark sector models. New results
for the search for invisible decays of the dark photon have been presented, and no dark photons
have been observed. Stringent constraints on the mixing parameter ε as a function of the dark
photon mass mA′ and an exclusion of the dark photon interpretation of the (g − 2)µ anomaly
have been reported.
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LHCb found hints for physics beyond the Standard Model (SM) in B → K∗µ+µ−, R(K) and
Bs → φµ+µ−. These intriguing hints for NP have recently been confirmed by the LHCb mea-
surement of R(K∗) giving a combined significance for NP above the 5σ level. In addition, the
BABAR, BELLE and LHCb results for B → D(∗)τν also point towards lepton flavour univer-
sality (LFU) violating new physics (NP). Furthermore, there is the long-standing discrepancy
between the measurement and the theory prediction of the anomalous magnetic moment of
the muon (aµ) at the 3σ level. Concerning NP effects, b → sµ+µ− data can be naturally
explained with a new neutral gauge bosons, i.e. a Z′ but also with heavy new scalars and
fermions contributing via box diagrams. Another promising solution to b → sµ+µ−, which
can also explain B → D(∗)τν, are leptoquarks. Interestingly, leptoquarks provide also a viable
explanation of aµ which can be tested via correlated effects in Z → µ+µ− at future collid-
ers. Considering leptoquark models, we show that an explanation of B → D(∗)τν predicts
an enhancement of b → sτ+τ− processes by around three orders of magnitude compared to
the SM. In case of a simultaneous explanation of B → D(∗)τν and b → sµ+µ− data, sizable
effects in b→ sτµ processes are predicted.

1 Introduction

With the discovery of the Brout–Englert–Higgs boson the LHC completed the SM of particle
physics and the main focus shifted towards the discovery of new particles and new laws of
physics. While no new particles have been discovered directly at the LHC so far, some intriguing
’hints’ for indirect effects of NP in the flavor sector appeared. In b→ s`+`− transitions and in
B → D(∗)τν significant deviations from the SM predictions appeared. In addition, there is the
long standing anomaly in the anomalous magnetic moment of the muon. In these proceedings
we review these anomalies and how they can be explained within some selected NP models.

2 b→ s`+`−

LHCb reported deviations from the SM predictions in the angular observable called P ′5
1 in

B → K∗µ+µ− and in the decay Bs → φµ+µ− 2,3 with a significance of 2–3σ each. Furthermore,
LHCb 4 found indications for the violation of lepton flavour universality in R(K) = Br[B →
Kµ+µ−]/Br[B → Ke+e−] = 0.745+0.090

−0.074 ± 0.036 , in the range 1 GeV2 < q2 < 6 GeV2 which



disagrees with the theoretically clean SM prediction RSM
K = 1.0003±0.00015 by 2.6σ. Combining

these anomalies with all other observables for b→ sµ+µ− transitions, it is found that a scenario
with NP in Cµµ9 only, is preferred compared to the SM by more than 4σ 6,7,8. Recently, LHCb
confirmed these hints for NP by measuring RK∗

9. Now, a combined analysis of these observables
gives a significance for NP above the 5σ level 10.

A rather large contribution to the operator (sγαPLb)(µγ
αµ), as required by the model inde-

pendent fit, can be achieved in models containing a heavy Z ′ gauge boson (see for example 11,12

for some early analysis). If one aims at explaining also R(K) and R(K∗), a contributing to
Cµµ9 involving muons is necessary but to Cee9 with electrons no contribution is required. This is
naturally the case in models with gauged muon minus tau number (Lµ−Lτ ) 13,14,15,16. In these
Z ′ models unavoidable contributions to Bs − −Bs are generated which constrain the coupling
to muons to be much larger than the one to s̄b unless there is a fine-tuned cancellation 17.

An alternative solution involves leptoquarks. Here, the only (single) representation of scalar
leptoquarks which gives a good fit to data via a tree-level contribution in the from of a C9 = −C10

solution is the SU(2) triplet.

Since in b→ s`+`− processes one competes with a loop and CKM suppressed SM contribu-
tion, also a NP model with a loop effect is capable of explaining the data. In fact, it has been
shown in Ref. 18 and 19 the boxes with heavy new scalars and fermions can achieve this. Here,
one needs to add at least three particles to the SM content: One additional fermion Ψ and two
additional scalars ΦQ and Φ` or two additional fermions ΨQ and Ψ` and one additional scalar
Φ. In both cases the additional particles interact with left-handed b-quaks, s-quarks and muons
via Yukawa-like couplings Γb, Γs and Γµ, respectively one finds a C9 = −C10 like contribution
to b→ sµ+µ−.

We consider all representations under SU(2) and SU(3) which are also present in the SM.
Here we have the following possibilities 19:

SU (2) ΦQ,ΨQ Φ`,Ψ` Ψ,Φ

I 2 2 1
II 1 1 2
III 3 3 2
IV 2 2 3
V 3 1 2
V I 1 3 2

SU (3) ΦQ,ΨQ Φ`,Ψ` Ψ,Φ

A 3 1 1
B 1 3̄ 3
C 3 8 8
D 8 3̄ 3

(1)

The most stringent bounds on this model come from Bs−−Bs mixing. In fact, it turns out
that in order to get a sizable effect in b→ sµ+µ− one needs a cancellation in Bs−−Bs mixing.
This is (for real couplings) only possible for Majorana representations for Ψ in which crossed
and uncrossed box diagrams enter with opposite sign, i.e. for the representations A-I, A-IV,
C-I and C-IV with vanishing hypercharge. For A-I the coupling strength necessary to explain
b→ sµ+µ− is shown in Fig. 1.

3 R(D) and R(D∗)

Hints for LFU violating NP also comes from the semileptonic B decays B → D(∗)τν where the
combination of the measured ratios exceed the SM ones by 3.9σ 20.

An explanation of R(D) and R(D∗) is not easy. Since these processes are mediated in the
SM already at tree-level, a rather large NP contribution is required to account for the O(20%)
deviation. Therefore, new particles added to the SM for explaining R(D) and R(D∗) cannot
be very heavy and must have sizable couplings. In the past, mainly three kinds of models with
the following new particles have been proposed: Charged Higgses (e.g. 21,22), W ′ gauge bosons
(e.g. 23) and leptoquarks (e.g. 24,25,26,27).
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Figure 1 – Allowed regions for the coupling strength to muon, bottom and strange quarks from b→ sµ+µ− data
as a function of mΦ`/mΨ for case A-I in the scenario with mΦQ = mΨ = 1 TeV. Blue, red and yellow correspond
to 1σ, 2σ and 3σ, respectively.

Models with charged Higgses lead to (too) large effects in the total Bc lifetime28 and, depend-
ing on the coupling structure, can also be disfavored by the q2 distribution 29,30. Interestingly,
if the couplings of the charged Higgs are chosen in such a way that they are compatible with
the measured q2 distribution, these models are ruled out by direct searches 31. Models with W ′

gauge bosons are also delicate because they necessarily involve Z ′ bosons due to SU(2) gauge
invariance. If the Z ′ width is not unnaturally large, these models are again ruled out by direct
searches 31. In models with leptoquarks generating left-handed vector operators the coupling
structure should be aligned to the bottom quark in order to avoid b → sνν bounds. However,
in this case the effect in R(D) and R(D∗) is proportional to the small CKM element Vcb and
large third generation couplings are required to account for the anomalies. These large third
generation couplings lead again to stringent bounds from direct LHC searches31 and electroweak
precision observables 32.

In Ref. 33 it has been shown that two scalar leptoquarks with related couplings (or a vector
leptoquark singlet) can explain R(D) and R(D∗) without violating bounds from direct searches
or EW precision data. The key point is that no effects in b → sνν transitions are generated
such that non-CKM suppressed effects in R(D(∗)) are possible. Therefore, already quite small
couplings are sufficient to account for the tauonic B decays (see left plot in Fig. 2). However,
large effects in b → sτ+τ− transitions are predicted which are in the reach of future LHCb
searches (see right plot of Fig. 2).

4 Anomalous magnetic moment of the muon

The measurement of aµ ≡ (g − 2)µ/2 is completely dominated by the Brookhaven experiment
E82134 aexpµ = (116 592 091±54±33)×10−11 where the first error is statistical and the second one
is systematic. The current SM prediction (see for example 35) aSMµ = (116 591 811± 62)× 10−11

where almost the whole uncertainty is due to hadronic effects. This amounts to a discrepancy
between the SM and the experimental value of aexpµ −aSMµ = (278±88)×10−11 i.e. a 3.1σ deviation.
Possible NP explanations besides supersymmetry (see for example Ref.36 for a review) additional
fermions 37, new scalars 38,39,40 or leptoquarks 41,42,43. Here, even though the leptoquark must
be rather heavy due to LHC constraints, one can still get sizable effects in the AMM since
the amplitude can be enhanced by mt/mµ compared to the SM. In fact, among the 5 scalar
leptoquark representations which are invariant under the SM gauge group 44, only two can in
principle generate these enhanced effects as they possess couplings to left- and right-handed
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Figure 2 – Left: Allowed regions by R(D) and R(D∗) in the λL23−λL33 plane for a leptoquark mass of M = 1 TeV.
Note that already small couplings are sufficient to account for R(D) and R(D∗). Therefore, the bounds from
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anomalies with couplings in the perturbative regime. Right: Prediction for Bs → ττ (red) as a function of
R(D(∗))/R(D(∗))SM. Here we neglected small CKM suppressed contributions.

muons simultaneously: Φ1being an SU(2)L singlet with hypercharge −2/3 and Φ2 being an
SU(2)L doublet with hypercharge −7/3. These leptoquarks lead to simultaneous effects in
Z → µ+µ− couplings which can be measured at future colliders as shown in Fig. 3.
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Figure 3 – Left: Allowed regions in the λLµ -λRµ plane from current and future experiments for SU(2) singlet
leptoquarks Φ1 with M = 1 TeV. Right: Same as the left plot for the SU(2) doublet leptoquark Φ2.

5 Conclusion

In these proceedings we reviewed the implications of the deviations from the SM predictions
in b → sµ+µ−, B → D(∗)τν and aµ for NP models. A prime candidate for the explanation of
the anomaly in b → sµ+µ− data is a Z ′ boson but also models with box contributions from
new heavy scalars and fermions provide a viable solution. B → D(∗)τν can be most naturally
explained by leptoquarks which can also account for aµ and b → sµ+µ−. An explanation of
aµ with leptoquarks predicts effects in Z → µ+µ− which are measurable at future colliders.
B → D(∗)τν calls for a strong enhancement of Bs → τ+τ− and a simultaneous explanation of
B → D(∗)τν and b→ sµ+µ− predicts sizable rates for b→ sτµ processes.
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New CMS results on B0 → K∗0µ+µ− decay studies
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Angular distributions of the decay B0 → K∗0µ+µ− are studied using data corresponding to
an integrated luminosity of 20.5 fb−1 collected with the CMS detector at the LHC in proton-
proton collisions at

√
s = 8 TeV. An angular analysis is performed, providing results for a

number of physical observables, including P ′5, which is of particular interest due to measure-
ments from the LHCb Collaboration that exhibit potential discrepancy with the standard
model. Based on a sample of 1397 signal events, the P1 and P ′5 angular parameters are deter-
mined as a function of the dimuon invariant mass squared. The measurement are in agreement
with standard model predictions.

1 Introduction

Phenomena beyond the standard model (SM) of particle physics can become manifest directly,
via the production of new particles, or indirectly, by affecting the production and decay proper-
ties of SM particles. Analyses of flavor-changing neutral current (FCNC) decays are particularly
sensitive to the effects of new physics, since such decays are highly suppressed in the SM. An
example is the decay B0 → K∗0µ+µ−, where K∗0 indicates the K∗(892)0 meson and where the
charge conjugate reaction is implied unless otherwise stated. An angular analysis of this decay
as a function of the dimuon invariant mass squared (q2) allows its properties to be thoroughly
investigated. While previous measurements of some of these variables by the BaBar, Belle,
CDF, LHCb, and CMS experiments are consistent with the SM 1,2,3,4,5,6, the LHCb and Belle
Collaborations recently reported a discrepancy larger than 3 standard deviations with respect
to the SM for the so-called P ′5 variable 7,8,9.

This Article presents a precise measurement of the P ′5 variable, together with the P1 variable,
using a sample of B0 → K∗0µ+µ− events collected in proton-proton (pp) collisions at center-of-
mass energy

√
s = 8 TeV with the CMS detector at the CERN LHC. The data correspond to

an integrated luminosity of 20.5± 0.5 fb−1.

A detailed description of the CMS detector, together with a definition of the coordinate
system used and the standard kinematic variables, can be found in Ref. 10,11.



2 Reconstruction, event selection, and efficiency

The criteria used to select the candidate events during data taking (trigger) and after full event
reconstruction (offline) take advantage of the fact that B0 mesons have relatively long lifetimes
and therefore decay on average about 1 mm from their production point. The trigger only uses
muons to select events, while the offline selection includes the full reconstruction of all decay
products.

All events used in this analysis were recorded with the same trigger, requiring two identi-
fied muons of opposite charge to form a vertex that is displaced from the pp collision region
(beamspot). The trigger required each muon to have pT > 3.5 GeV, |η| < 2.2, and to pass
within 2 cm of the beam axis. The dimuon system was required to have pT > 6.9 GeV, a vertex
fit χ2 probability larger than 10%, and a separation of the vertex relative to the beamspot in
the transverse plane of at least 3σ, where σ includes the calculated uncertainty in the vertex
position and the measured size of the beamspot. In addition, the cosine of the angle, in the
transverse plane, between the dimuon momentum vector and the vector from the beamspot to
the dimuon vertex was required to be greater than 0.9.

The offline reconstruction requires at least two muons of opposite charge and two oppositely
charged hadrons. The muons are required to match those that triggered the event readout, and
also to pass general muon identification requirements. The dimuon system must satisfy the same
requirements that were applied in the trigger.

The hadron tracks are required to fail the muon identification criteria, have pT > 0.8 GeV,
and have an extrapolated distance d of closest approach to the beamspot in the transverse plane
greater than twice the sum in quadrature of the uncertainty d and the beamspot transverse
size. The invariant mass of the hadron pair must lie within 90 MeV of the nominal K∗0 mass
for either the K+π− or K−π+ combination. To remove contamination from Φ→ K+K− decays,
we temporarily assign the kaon mass to both charged hadrons, and then eliminate the event
if the resulting invariant mass of the hadron pair is less than 1.035 GeV. The B0 candidates
are obtained by fitting the four charged tracks to a common vertex, and applying a vertex
constraint to improve the resolution of the track parameters. The B0 candidates must have
pT > 8 GeV, |η| < 2.2, vertex fit χ2 probability larger than 10%, vertex transverse separation
S from the beamspot greater than 12 times the sum in quadrature of the uncertainty in S and
the beamspot transverse size, and cosαxy > 0.9994, where αxy is the angle, in the transverse
plane, between the B0 momentum vector and the line-of-flight between the beamspot and the B0

vertex. The invariant mass m of the B0 candidate must lie within 280 MeV of the nominal B0

mass (mB0) for either the K−π+µ+µ− or K+π−µ+µ− possibility. After applying the selection
criteria, events in which at least one candidate is found contain on average 1.05 candidates. A
single candidate is chosen based on the best B0 vertex fit χ2.

For the selected events, the dimuon invariant mass q and its uncertainty σq are calculated. We
define B0 → J/ψK∗0 and B0 → ψ′K∗0 control samples through the requirements |q−mJ/ψ| < 3σq
and |q−mψ′ | < 3σq, respectively, where mJ/ψ and mψ′ are the nominal masses of the indicated
meson. The average value of σq is about 26 MeV.

The remaining event sample still includes contributions from B0 → J/ψK∗0 and B0 → ψ′K∗0

decays, mainly due to unreconstructed soft photons in the charmonium decay. These events have
a low q value and fall outside the sideband selection described above. These events also have a
low reconstructed B0 mass value (m) and can be selectively removed using a combined selection
on q and m. For q < mJ/ψ (q > mJ/ψ), we require |(m −mB0) − (q −mJ/ψ)| > 160 (60) MeV.
For q < mψ′ (q > mψ′), we require |(m −mB0) − (q −mψ′)| > 60 (30) MeV. After applying
these requirements, 1397 events remain, which define the signal sample.

The four-track vertex candidate is identified as a B0 or B
0

depending on whether the K+π−

or K−π+ invariant mass is closest to the nominal K∗0 mass. The fraction of candidates assigned
to the incorrect state is estimated from simulation to be 12–14%, depending on q2.



The global efficiency, ε, is the product of the acceptance and the combined trigger, recon-
struction, and selection efficiency, both of which are obtained from Monte Carlo (MC) simulation.

The acceptance is obtained from generated events, i.e. before the particle propagation with
GEANT4, and is defined as the fraction of events with pT(B0) > 8 GeV and |η(B0)| < 2.2
that satisfy the single-muon requirement pT(µ) > 3.3 GeV and |η(µ)| < 2.3. These criteria
are less restrictive than the final selection criteria, to account for finite detector resolution,
because they are applied to generated quantities rather than to the reconstructed quantities.
Only events passing the acceptance criteria are processed through the GEANT simulation, the
trigger simulation, and the reconstruction software.

The combined trigger, reconstruction, and selection efficiency is given by the ratio of the
number of events that pass the trigger and selection requirements and have a reconstructed B0

compatible with the generated B0 in the event, relative to the number of events that pass the
acceptance criteria. Efficiencies are determined for both correctly tagged (the K and π have the
correct charge) and mistagged (the K and π charges are reversed) candidates.

We search for possible backgrounds that peak at the B0 mass, mimicking signal, using
simulation. The event selection is applied to inclusive samples of B0 → ψ(µ+µ−)X, Bs →
ψ(µ+µ−)X, B+ → ψ(µ+µ−)X, and Λb → ψ(µ+µ−)X events, where “X” represent a mixture
of some of the most common decay modes with a J/ψ meson in the final state. No evidence
for a peaking structure around the B0 mass is found. The distributions of the few events that
satisfy the selection criteria mimic the combinatorial background shape. Studies of simulated
Bs → K∗0(K+π−)µ+µ− events, generated with the same branching fraction as B0 → K∗0(K+π−)
µ+µ− events, reveal that around 70 such events are expected to peak near the Bs mass, integrated
over the entire q2 signal region. This background is considered to be negligible in comparison
to the 1397 signal events.

More details on the event reconstruction can be found in Ref. 6.

3 Analysis method

This analysis measures the P1 and P ′5 variables of the decay B0 → K∗0µ+µ− as a function of
q2. The decay is fully described as a function of the following angles: θ` the angle between the

positive (negative) muon momentum and the direction opposite to the B0 (B
0
) in the dimuon

rest frame, θK the angle between the kaon momentum and the direction opposite to the B0 (B
0
)

in the K∗0 (K
∗0

) rest frame, and ϕ the angle between the plane containing the two muons and
the plane containing the kaon and pion in the B0 rest frame. Although the K+π− invariant
mass is required to be consistent with that of a K∗0, there can be a contribution from spinless
(S-wave) K+π− combinations. This is parametrized with three terms: FS, which is related to
the S-wave fraction, and AS and A5

S, which are the interference amplitudes between the S-wave
and P-wave decays. Including these components, the angular distribution of B0 → K∗0µ+µ−can
be written as:

1
dΓ/dq2

d4Γ
dq2d cos θ`d cos θKdϕ

= 9
8π

{
2
3

[
(FS +AS cos θK)

(
1− cos2 θ`
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]}
.

(1)

The expression is an exact simplification of the full angular distribution, obtained by folding
the ϕ and θ` angles about zero and π/2, respectively.

For each q2 bin, the observables of interest are extracted from an unbinned extended max-
imum likelihood fit to four variables: the K+π−µ+µ− invariant mass m and the three angular



variables θ`, θK, and ϕ. For each q2 bin, the unnormalized probability density function (pdf)
has the following expression:

pdf(m, θK, θ`, ϕ) = Y C
S

[
SC(m)Sa(θK, θ`, ϕ) εC(θK, θ`, ϕ)

+ fM

1−fM SM (m)Sa(−θK,−θ`, ϕ) εM (θK, θ`, ϕ)

]
+YB B

m(m)BθK(θK)Bθ`(θ`)B
ϕ(ϕ),

(2)

where the contributions correspond to correctly tagged signal events, mistagged signal events,
and background events. The parameters Y C

S and YB are the yields of correctly tagged signal
events and background events, respectively, and are determined in the fit. The parameter fM

is the fraction of signal events that are mistagged and is determined from MC simulation.

The signal mass probability functions SC(m) and SM (m) are each the sum of two Gaussian
functions sharing the same mean, and describe the mass distribution for correctly tagged and
mistagged signal events, respectively. In the fit, the mean, the four Gaussian σ parameters, and
two fractions relating the contribution of each Gaussian, are determined from simulation. The
function Sa(θK, θ`, ϕ) describes the signal in the three-dimensional (3D) space of the angular
variables and corresponds to Eq. (1). The combination Bm(m)BθK(θK)Bθ`(θ`)B

ϕ(ϕ) is ob-
tained from B0 sideband data and describes the background in the space of (m, θK, θ`, ϕ), where
Bm(m) is an exponential function, BθK(θK) and Bθ`(θ`) are second- to fourth-order polynomials,
depending on the q2 bin, and Bϕ(ϕ) is a first-order polynomial.

The functions εC(θK, θ`, ϕ) and εM (θK, θ`, ϕ) are the efficiencies in the 3D space of −1 ≤
cos θK ≤ 1, 0 ≤ cos θ` ≤ 1, and 0 ≤ ϕ ≤ π for correctly tagged and mistagged signal events,
respectively. The numerator and denominator of the efficiency are separately described with a
nonparametric technique, which is implemented with a kernel density estimator.

The fit is performed in two steps. The initial fit uses sideband data in m to obtain the
Bm(m), BθK(θK), Bθ`(θ`), and Bϕ(ϕ) distributions (the signal component is absent from this
fit). The sideband region is defined by 3σm < |m−mB0 | < 5.5σm, where σm is the average mass
resolution (≈45 MeV) obtained from fitting a sum of two Gaussians with a common mean to
simulated signal events. The distributions obtained in this step are then fixed for the second
step, which is a fit to the data over the full mass range. The free parameters in this fit are
the angular parameters P1, P ′5, and A5

S, and the yields Y C
S and YB. To avoid difficulties in the

convergence of the fit due to the limited number of events, the angular parameters FL, FS, and
AS are fixed to previous CMS measurements performed on the same data set with the same
event selection criteria 6.

The expression describing the angular distribution of B0 → K∗0µ+µ−, Eq. (1) and also its
more general form in Ref. 13, can become negative for certain values of the angular parameters.
In particular the pdf in Eq. (2) is only guaranteed to be nonnegative for a particular subset
of the parameter space P1, P ′5, and A5

S, whose mathematical expression is nontrivial. The
presence of such a physical region greatly complicates the numerical maximization process of
the likelihood by minuit and especially the error determination by minos, in particular near the
boundary between physical and unphysical regions. Therefore the second fit step is performed by
discretizing the bidimensional space P1 – P ′5, and by maximizing the likelihood as a function of
the nuisance parameters Y C

S , YB, and A5
S at fixed values of P1 and P ′5. Finally the distribution of

the likelihood values is fit with a bivariate Gaussian distribution whose position of the maximum
inside the physical region corresponds to the best estimate of the angular parameters P1 and
P ′5.

The interference terms AS and A5
S must vanish if either of the two interfering components

vanish. From Ref. 13, these constraints are implemented as |AS| <
√

12FS(1− FS)FLR and
as |A5

S| <
√

3FS(1− FS)(1− FL)(1 + P1)R, where R is a ratio related to the S-wave and P-
wave line shapes, estimated to be 0.89 near the K∗0 mass. The constraint on AS is naturally
satisfied since the measurement of the parameters FS, FL, and AS is taken from the previous



CMS analysis.

To ensure correct coverage for the uncertainties of the angular parameters, the Feldman-
Cousins (FC) method is used with nuisance parameters. Two main sets of pseudo-experimental
samples are generated to compute the coverage for the two angular observables P1 and P ′5.
The first (second) set, used to compute the coverage for P1 (P ′5), is generated by assigning
values to the other parameters as obtained by profiling the bivariate Gaussian distribution
description of the likelihood determined from data at fixed P1 (P ′5) values. When fitting the
pseudo-experimental samples, the same fit procedure as applied to data is used.

More details on the analysis method can be found in Ref. 6.

4 Systematic uncertainties

Since the efficiency is computed using simulation, extensive checks have been performed to verify
the level of agreement between data and simulation. The systematic uncertainties associated
with the efficiencies and other effects are described below and summarized in Table 1.

In the following we will discuss how the main contribution to the systematic uncertainty are
determined, for an in-depth discussion cfr. 12.

Table 1: Systematic uncertainty contributions for the measurements of P1 and P ′5. The total uncertainty in each
q2 bin is obtained by adding each contribution in quadrature. For each item, the range indicates the variation of
the uncertainty in the q2 bins.

Systematic uncertainty P1(10−3) P ′5(10−3)

Simulation mismodeling 1–33 10–23

Fit bias 5–78 10–119

MC statistical uncertainty 29–73 31–112

Efficiency 17–100 5–65

Kπ mistagging 8–110 6–66

Background distribution 12–70 10–51

Mass distribution 12 19

Feed-through background 4–12 3–24

FL, FS, AS uncertainty propagation 0–137 0–205

Angular resolution 2–68 0.1–12

Total systematic uncertainty 90–200 70–250

Because the efficiency functions are estimated from a finite number of simulated events, there
is a corresponding statistical uncertainty in the efficiency. The efficiency functions are obtained
from fits to simulated data. Alternatives to the default efficiency function are obtained by
generating 100 new distributions, both for the numerator and the denominator of the efficiency
ratio, using the default kernel density estimators as pdfs. The effect of these different efficiency
functions on the final result is used to estimate the systematic uncertainty.

The principal check of the efficiency is obtained by comparing efficiency-corrected results
obtained from the control channels with the corresponding world-average values. Since the
B0 → J/ψK∗0 control channel has reduced uncertainties with respect to the B0 → ψ′K∗0 channel,
the efficiency as a function of the angular variables is checked by comparing the FL measurements
from the B0 → J/ψK∗0 channel, which contains 165 000 events. The resulting value of FL is
0.537 ± 0.002(stat), compared with the world-average value of 0.571 ± 0.007(stat+syst). The
difference of 0.034 is propagated to P1 and P ′5 by taking the RMS of their distributions resulting
from refitting the data 200 times varying FL within the discrepancy. As a cross check that
this systematic uncertainty can be applied across all q2 bins, the measured branching ratio,
B(B0 → ψ′K∗0) B(B0 → J/ψK∗0) = 0.479 ± 0.008(stat) ± 0.055(Rψ), is compared with the



world-average value 0.484±0.018(stat)±0.011(syst)±0.012(Rψ) and is seen to be in agreement
(Rϕ refers to the branching ratio B(J/ψ → µ+µ−)/B(ψ′ → µ+µ−) where for the world-average
is computed in the electron channel because of its smaller uncertainty).
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Figure 1 – K+π−µ+µ− invariant mass and angular distributions for the second and third q2 bin (top four plots)
2.00 < q2 < 4.30 GeV2, and (bottom four plots) 4.30 < q2 < 6.00 GeV2 12. Overlaid on each plot is the projection
of the results for the total fit, as well as for the three components: correctly tagged signal, mistagged signal, and
background. The vertical bars indicate the statistical uncertainties.

The pdf used in the analysis accommodates cases in which the kaon and pion charges are
correctly or incorrectly assigned. Both of these contributions are treated as signal. The mistag
fraction is fixed to the value obtained from MC simulation. In the statistically precise B0 →
J/ψK∗0 control channel, the mistag fraction is allowed to vary in the fit and a value of fM =
(14.5 ± 0.005)% is found, to be compared to the simulated value of (13.7 ± 0.1)%. The 0.8%
difference is propagated to P1 and P ′5 by taking the RMS of their distribution resulting from
refitting the data 10 times varying fM within this difference.

In the final fit, the FL, FS, and AS parameters are fixed to values found in previous CMS
measurements6. To propagate their uncertainty, 10 pseudo-experiments per q2 bin are generated
using the pdf parameters determined from the fit to data. The number of events in these pseudo-
experiments is 100 times that of the data. The pseudo-experiments are then fitted twice, once



with the same procedure as in data and once with all angular parameters free to vary. The
average ratio ρ of the statistical uncertainties in P1 and P ′5 determined from the two fits is used to
compute the systematic uncertainty, which is proportional to the confidence interval determined
with the FC method through the coefficient

√
ρ2 − 1. The stability of ρ as a function of the

number of events is also verified.

The systematic uncertainties are measured and applied in each q2 bin, with the total sys-
tematic uncertainty obtained by adding the individual contributions in quadrature.

5 Results

The 1397 events of the signal event sample are fit in seven q2 bins from 1 to 19 GeV2. As an
example, the individual mass and angular distributions for the second and third q2 bins of the
K+π−µ+µ− channel, along with the fit projections, are shown in Fig. 1. The fitted values of the
signal yields, P1, and P ′5, along with their associated uncertainties, are given for each of the q2

regions in Table 2. These results are also shown in Fig. 2, along with the SM predictions. The
fitted values for A5

S vary from −0.052 to +0.057.

Table 2: The measured signal yields, which include both correctly tagged and mistagged events, and the P1 and
P ′5 values, in bins of q2, for the decay B0 → K∗0µ+µ−. The first uncertainty is statistical and the second is
systematic. The bin ranges are selected to allow comparisons to previous measurements.

q2 (GeV2) Signal yield P1 P ′5

1.00–2.00 80± 12 +0.12+0.46
−0.47 ± 0.09 +0.10+0.32

−0.31 ± 0.07

2.00–4.30 145± 16 −0.69+0.58
−0.27 ± 0.09 −0.57+0.34

−0.31 ± 0.11

4.30–6.00 119± 14 +0.53+0.24
−0.33 ± 0.18 −0.96+0.22

−0.21 ± 0.25

6.00–8.68 247± 21 −0.47+0.27
−0.23 ± 0.15 −0.64+0.15

−0.19 ± 0.13

10.09–12.86 354± 23 −0.53+0.20
−0.14 ± 0.15 −0.69+0.11

−0.14 ± 0.13

14.18–16.00 213± 17 −0.33+0.24
−0.23 ± 0.20 −0.66+0.13

−0.20 ± 0.18

16.00–19.00 239± 19 −0.53+0.19
−0.19 ± 0.16 −0.56+0.12

−0.12 ± 0.07
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Figure 2 – Measured values of P1 and P ′5 versus q2 for B0 → K∗0µ+µ− from CMS 12, compared with LHCb 7 and
Belle 9 results. The statistical uncertainty is shown by the inner vertical bars, while the outer vertical bars give
the total uncertainty. The horizontal bars show the bin widths. The vertical shaded regions correspond to the
J/ψ and ψ′ resonances. The red and blue hatched regions show two SM predictions averaging over each q2 bin to
provide a direct comparison to the data. Reliable theoretical predictions are not available near the J/ψ and ψ′

resonances.

Two SM predictions, SM-DHMV and SM-HEPfit, are available for comparison with the
measured angular parameters. The SM-DHMV result, derived from Refs. 14,13, updates the cal-



culations from Ref. 17 to account for the known correlation between the different form factors 18.
Light-cone sum rule predictions, which are valid in the low-q2 region, are also combined with
lattice determinations at high q2 19 to yield more precise determinations of the form factors over
the full q2 range. The hadronic charm-loop contribution is derived from Ref. 20. The SM-HEPfit
result, derived from the calculation reported in Refs. 15,16, uses full QCD form factors 18 and
derives the hadronic contribution from LHCb data 7. Reliable theoretical predictions are not
available near the J/ψ and ψ′ resonances. The two SM predictions are shown in comparison to
the data in Fig. 2. Both are seen to be in agreement with the CMS results, although the agree-
ment with SM-DHMV is somewhat better. Thus we do not obtain evidence for physics beyond
the SM. Qualitatively, the LHCb data appear to be in better agreement with the SM-HEPfit
prediction than with SM-DHMV result, but the uncertainties are too large to allow a definite
conclusion.

6 Summary

Using pp collision data recorded at
√
s = 8 TeV with the CMS detector at the LHC, corre-

sponding to an integrated luminosity of 20.5 fb−1, an angular analysis has been performed for
the decay B0 → K∗0µ+µ−. In total, 1397 signal events are obtained. For each bin of the dimuon
invariant mass squared (q2), unbinned maximum likelihood fits are performed to the distribu-
tions of the K+π−µ+µ− invariant mass and three decay angles, to obtain values of the P1 and
P ′5 parameters. The results are among the most precise to date and are consistent with standard
model predictions and previous measurements.
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Fixed target measurements at LHCb for cosmic rays physics

GIACOMO GRAZIANI
INFN, Sezione di Firenze, via Sansone 1, 50019 Sesto Fiorentino (FI), Italy

The LHCb experiment has the unique possibility, among the LHC experiments, to be operated
in fixed target mode, using its internal gas target. The energy scale achievable at the LHC,
combined with the LHCb forward geometry and detector capabilities, allow to explore particle
production in a wide Bjorken-x range at the

√
sNN ∼ 100 GeV energy scale, providing novel

inputs to nuclear and cosmic ray physics. The first measurement of antiproton production
in collisions of LHC protons on helium nuclei at rest is presented. The knowledge of this
cross-section is of great importance for the study of the cosmic antiproton flux, and the LHCb
results are expected to improve the interpretation of the recent high-precision measurements
of cosmic antiprotons performed by the space-borne PAMELA and AMS-02 experiments.

1 LHCb as a fixed target detector

The LHCb detector 1 is a single-arm forward spectrometer covering the pseudorapidity range
2 < η < 5, designed for the study of particles containing b or c quarks, which are predom-
inantly produced at high η in pp collisions at the LHC. The forward geometry and excellent
vertexing, tracking and particle identification (PID) capabilities 2, which are key features for the
reconstruction of heavy flavour decays, make it also an ideal tool to study interactions of the
LHC beams with a fixed target. Such target is provided by the SMOG (System for Measuring
Overlap with Gas) device 3,4, through which tiny amounts of a noble gas (He, Ne, Ar) can be
injected inside the primary LHC vacuum around the LHCb vertex detector (VELO). The design
gas pressure in the VELO region is 2 × 10−7 mbar, which is small enough not to significantly
perturb the LHC operation. The device was originally conceived to determine the machine lu-
minosity using a beam gas imaging technique4. Since 2015, LHCb has started to exploit SMOG
to perform a set of physics runs, using special fills not devoted to pp physics, with different
beam and target configurations, allowing a wealth of unique production studies. One of the
main goals of this program is the study of heavy flavour production in proton-ion collisions with
different target mass number at

√
sNN ∼ 100 GeV, an intermediate energy between the existing

data collected at SPS and RHIC/LHC accelerators. These measurements can shed light on the
cold nuclear matter effects affecting the production of the most relevant probes that are used for
detecting quark-gluon plasma at higher energy density. Another attractive feature of the fixed
target configuration is the access to the large Bjorken-x region in the target nucleus. Nuclear
PDFs in this region are sensitive to antishadowing effects and to possible contributions from
intrinsic charm and beauty. The first results for charm production, obtained from a data set of
proton-argon collisions at

√
sNN = 110 GeV corresponding to a few nb−1, have been recently

released ?. Though the results are still limited by the data size, the observed differential D0

and J/ψ yields are already expected to provide constrains on nuclear PDFs at large x. Exclu-
sive particle production studies in this kinematic range can also provide crucial inputs to the
modelling of cosmic ray showers in the atmosphere and in the cosmos.



2 Cosmic collisions at LHCb

The measurement discussed in the following is motivated by the high-precision determination
of the p/p ratio in cosmic rays, up to the energy of 350 GeV, achieved during the last years
by the space-borne PAMELA 6 and AMS-02 7 experiments. The investigation of the antimatter
content in cosmic rays is recognized as a primary tool for the understanding of high-energy
astrophysical phenomena and the measurements of the antiproton fraction outside of the Earth’s
atmosphere provides a sensitive indirect probe for Dark Matter. The interpretation of these
measurements is currently limited by the uncertainty on the expected amount of secondary
antiprotons produced by spallation of primary cosmic rays on the interstellar medium. State-
of-the-art calculations 8,9,10 show that the experimental results are still compatible with the
secondary p production, tough data indicate a larger p flux at high energy with respect to most
predictions. The largest uncertainty on the prediction is due, particularly in the 10–100 GeV
range, to the limited knowledge of the p production cross-section in the relevant processes. In
particular, no data for p production exist for pHe collisions.

3 Measurement of antiproton production in pHe collisions

LHCb performed the first measurement of p production in pHe collisions by operating SMOG
with helium during special fills with limited number of proton bunches, accelerated to 6.5 TeV
(
√
sNN =110 GeV). Most of the data were collected in a single LHC fill during about five hours

in May 2016. Events were triggered with a minimum bias requirement, fully efficient on the
collisions producing an antiproton within the detector acceptance. The measurement is per-
formed from collisions occurring in an 80 cm long fiducial region, where the best reconstruction
efficiency is achieved. Antiprotons are counted in two-dimensional bins in momentum (p) and
transverse momentum (pT), in the range 12 < p < 110 GeV/c, 0.4 < pT < 4 GeV/c. The kine-
matic limits are dictated by the acceptance of the two ring-imaging Cherenkov detectors (RICH)
providing particle identification. The first one covers the range 2 < η < 4.4 and allows p/K−

separation in the momentum range 10-60 GeV/c, while the second has acceptance 3 < η < 5
and actively identifies antiprotons between 30 and about 110 GeV. The analysis described in
this document covers only the prompt p production, namely the antiprotons produced directly
in the pHe collision, or from resonances decaying via the strong interaction. The component
due to hyperon decays, treated here as a background component and subtracted from the result,
will be the subject of a dedicated study.

3.1 Reconstruction

Candidates are selected by requiring a negative track in the kinematic range of interest after
applying quality requirements on the reconstruction of the track and of the collision primary
vertex (PV), whose position must be compatible with the beam geometry and lie within a 80 cm
long fiducial region where the best reconstruction efficiency is achieved. These requirements are
almost fully efficient in simulation, while allowing to suppress vertices from decays, secondary
collisions, or combinatorial track association in events produced by collisions occurring upstream
of the fiducial region. The PV reconstruction efficiency is estimated from simulation. The av-
erage value varies with z from 76% in the most upstream region to 95% around the nominal
collision point, with a mild dependence on the pT of the candidate p. The related systematic
uncertainty is evaluated by weighting the simulation to account for discrepancies in the PV
topology description with respect to data. The reconstruction efficiency for prompt antiprotons,
εrec, including acceptance effects and the tracking detector efficiency, is determined from sim-
ulation in three-dimensional bins of p, pT and z. The bins are chosen to be small enough to
minimize the dependence on the assumed spectra in simulation, but are at least five times larger
than the resolution in each variable. The size of the kinematic bins is chosen according to the



expected spectrum of reconstructed antiprotons, while twelve bins of equal size are used for z.
To control systematic uncertainties, only bins where εrec exceeds 35% are retained. The tracking
efficiency predicted by the simulation, averaged over z, ranges from 40 to 80% depending on the
track kinematics. A correction determined from calibration samples in pp data, of order 1%, is
applied to account for imperfections in the simulation of the tracking detector response.

3.2 Particle identification

Antiprotons within the selected sample of negative tracks are identified through the response
of the RICH detectors, from which two variables are built, DLL(p− π) and DLL(p−K), rep-
resenting the difference of the log likelihood between the proton and pion and the proton and
kaon hypothesis. The fraction of antiprotons among the negative tracks is determined from the
two-dimensional distribution of the DLL variables. Three sets of templates for the different
particles species are considered: predicted by the simulation, obtained from calibration samples
in the pHe data set, and from calibration samples in the LHCb pp data collected in 2016. The
pHe calibration samples consist of selected K0

S → π+π− decays for pions, Λ → pπ−(Λ → pπ+)
for (anti)protons and φ → K+K− for kaons. Calibration samples in pp data have much larger
size, and, thanks to the available D∗± → D0(K∓π±)π± selection, provide better coverage of the
region with high p and pT for kaons. On the other hand they are characterized by a much larger
detector occupancy, which is critical for the RICH performance, with respect to the pHe events.
Such difference is taken into account by weighting the pp events according to the observed
charged track multiplicity. The most appropriate calibration templates are chosen for each
kinematic region, while the related systematic uncertainty is estimated from their comparison.
The fraction of antiprotons in each kinematic bin of the selected sample is determined with a
two-dimensional extended binned maximum likelihood fit, where the (DLL(p− π), DLL(p−K))
distribution in data is fitted as the sum of four components: π−, K−, p and ghost tracks. The
latter component, whose template is obtained from simulation, is needed to account for candi-
date tracks which can not be unambiguously matched to a particle. This occurs in simulation
in about 2% of cases. The DLL distributions for data and calibration samples, illustrating the
RICH performance, are shown in Fig. 1 for an arbitrary kinematic bin.
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Figure 1 – Example of two-dimensional DLL distributions for a particular bin (21.4 < p < 24.4 GeV/c, 1.2 <
pT < 1.5 GeV/c), illustrating the performance of the RICH detectors in separating π−, K− and p particles. The
distribution in data is shown on the left, while the templates for the four categories, obtained from calibration
samples (from simulation for the ghost component), are shown on the right.



3.3 Backgrounds

The selected antiprotons that are not prompt are treated as a background and are subtracted
from the selected sample. Such background is suppressed by requiring that the impact parameter
(IP), which is reconstructed through the VELO with a resolution of (15 + 29/pT( GeV/c)) µm,
is compatible with zero. The residual nonprompt background varies in simulation between 3%
at the lowest pT values and 1% at high pT. In 90% of cases, this background is due to hyperon
decays, while in the remaining cases the antiprotons come from a secondary collision in the
detector material and are mistakenly assigned to the primary vertex. The average background
level is constrained from the tail of the IP distribution in data to be (2.6 ± 0.6)%, where the
uncertainty is systematic and is estimated by varying the fraction of nonprompt p in simulation
within the range where a good agreement with data is observed.

Another background to be considered is due to the possible contamination of the gas target.
The rate of collisions on the LHC residual vacuum is evaluated by acquiring part of the data
without the injected helium gas, while using the same vacuum-pumping configuration of the
data taking with gas. The yield measured in these special data are scaled according to the
corresponding number of protons on target, and the relative average contribution from residual
vacuum is evaluated to be (0.7 ± 0.2)%, where the uncertainty is systematic. In Fig. 2, the
normalized PV multiplicity distributions for data with and without injected gas are compared.
The multiplicity is slightly lower on average for the collisions on the residual gas, though it
exhibits a longer tail. This confirms that residual vacuum is dominated by hydrogen, with a
small contribution from elements heavier than helium, as indicated by the rest gas analysis
performed by the LHC vacuum group in the absence of beam.
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Figure 2 – PV track multiplicity distributions for collisions on residual vacuum or on the helium target.

3.4 Normalization

The SMOG device does not presently allow a precise calibration of the injected gas pressure.
Instead, the normalization for the p production measurement is provided by observing a process
with a well-known cross-section. Single electrons scattered off by the proton beam can be ob-
served within the LHCb acceptance. For a 6.5 TeV proton beam, in the corresponding kinematic
range the scattering is purely elastic. The cross-section in the polar angle range 3 < θ < 27
mrad, outside of which the electrons can not be reconstructed in LHCb, is 180.6 µb. Though this
is three orders of magnitude below the total nuclear inelastic cross-section, events are expected
to have a distinct signature, with a single low-momentum and low-pT electron track visible in the
detector, with little or no other activity. Background events which could mimic this signature



are expected from soft nuclear interactions where the candidate electron is either the product of
a photon conversion, or a light hadron from a central exclusive production event. In both cases
the background is charge symmetric. This allows to model the background from events with
a single positively charged track (referred to as single positrons in the following). Multiplicity
distributions in data confirm that background-dominated regions close to the signal are charge
symmetric.

Single electrons candidate events are selected through a loose kinematic selection on the
track and applying veto requirements on any detector activity not compatible with the elastic
scattering hypothesis. The selection yields 16569 single e− candidates and 9548 e+ candidates.
The signal yield is obtained by the difference of the two components. The background subtracted
kinematic distributions are shown on Fig. 3. An excellent agreement with the simulation is
observed, confirming the validity of the charge-symmetry hypothesis for the background.
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Figure 3 – Distributions of (left) momentum and (right) pT for (top plot) single electron and single positron can-
didates; (bottom plot) background subtracted electron candidates, compared with the distributions in simulation,
which are normalized to data.

The luminosity is determined from the background-subtracted yield of scattered electronsNe,
the known cross-section σpe− and the electron reconstruction efficiency εe, as L = Ne/(ZHe ×
σpe− × εe), where ZHe = 2 is the helium atomic number. Possible effects of gas ionization
were evaluated and are expected to be negligible. The reconstruction efficiency, evaluated from
simulation, is limited by the soft momentum and transverse momentum spectrum. Electrons
lose a sizable fraction of their energy through bremsstrahlung in the beam pipe and detector
material, and large acceptance effects are caused by the spectrometer magnetic field. The
relative systematic uncertainty on εe is estimated to be 6% from the stability of the result
when varying the main selection criteria, and in particular from the ability of the simulation to
describe the large modulation of the efficiency with the electron azimuthal angle. The result
is L = 0.443 ± 0.011 ± 0.027 nb−1, where the first uncertainty is statistical, and the second is
systematic, dominated by the uncertainty on εe.



Table 1: Relative uncertainties on the p production cross-section measurement. The ranges refer to the variation
among kinematic bins.

Source Statistical Systematic Systematic
(correlated) (uncorrelated)

Data size 0.7− 10.8%
(< 3% for most bins)

Normalization 2.5% 6.0%
Event and PV requirements 0.3%
PV reco 0.8%
Tracking 2.2% 3.2%
Nonprompt background 0.3− 0.7%
Residual vacuum background 0.1%
Efficiency of IP requirement 1.0%
PID 1.2− 5.0% 0− 26%

(< 10% for most bins)
Simulated sample size 0.8− 15%

(< 4% for pT < 2 GeV/c)

3.5 Uncertainties

Table 1 summarizes the uncertainties on the cross-section measurement. The precision of the
measurement is limited by the systematic uncertainty. The largest uncertainty which is corre-
lated among all kinematic bins is the aforementioned relative 6% on the normalization. The
uncorrelated uncertainty is dominated for most bins by the error on the p fraction from the PID
analysis. Large relative uncertainties, up to 26%, affect the bins at the borders of the detector
acceptance and, for the intermediate momentum region, in the transition region between the
two RICH detectors, at η ∼ 4.4. For the other regions, the accuracy is typically a few per cent.
The relative total uncertainty in each bin is illustrated in Fig. 4. It amounts to a relative 10%
or less for most of the accessible pT regions.
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Figure 4 – Total relative uncertainty for the cross-section measurement in each kinematic bin, in per cent.

A major difference between the fixed target configuration and the standard pp data taking
in LHCb is the extension of the luminous region. Particular care is devoted to evaluate the
dependence on the z of the different experimental effects. The p yield normalized to the electron
yield is found to be independent of z within the statistical uncertainty. The stability of the
result is also checked as a function of the absolute time and of the time within the LHC orbit,
excluding unexpected biases related to the beam time structure.



3.6 Results

The antiprotons candidates are counted from a sample of 33.7 million selected pHe collisions,
from which a sample of 1.4 million antiprotons is determined by the PID analysis. The double
differential p production cross-section d2σ/dp dpT is computed in each kinematic bin after cor-
recting for the reconstruction efficiency and the background. The results are compared in Fig. 5
with the predictions of the EPOS LHC 11 model, which is used in the LHCb simulation.
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Figure 5 – Result for the p cross-section measurement, compared to absolute predictions from different models.
The plots show the ratio of data over simulation as a function of pT in the 18 momentum bins, for (black round
closed symbols) EPOS LHC, (red squared closed symbols) EPOS 1.99, (green squared open symbols) HIJING
1.38, and (violet round open symbols) QGSJETII-04. The error bars represent the uncorrelated uncertainty for
each measurement. The additional correlated uncertainty, shown only for EPOS LHC but also relevant to the
other cases, is indicated by the red dashed lines.



The double differential shape, notably the momentum spectrum, is found to be in good
agreement with the simulation, while the absolute production rate is larger on average by about
a factor 1.5. The data are also compared with three other models implemented in the CRMC 12

package v1.5.6: EPOS 1.99 13, HIJING 1.38 14 and QGSJET II-04 15.
The total inelastic cross-section is also determined from the measured total yield of recorded

collisions within the fiducial region. The PV reconstruction efficiency for inelastic collisions is
predicted, assuming the EPOS LHC model, to be 56.4±2.0%. The result is σLHCb

inel (pHe,
√
sNN =

110 GeV) = (140±10) mb which is larger than the EPOS LHC prediction by a factor 1.19±0.08,
implying that the measured p multiplicity per inelastic collision is significantly larger in data.
The multiplicity predicted by the pre-LHC version of EPOS is in better agreement with data.
HIJING predicts a lower inelastic cross-section (100 mb), while it reproduces well the measured
absolute p production cross-section values. QGSJET matches the measured values at very low
pT, while it exhibits a harder pT spectrum than data.

4 Conclusions and Outlook

The LHCb experiment has recently opened the way to the use of the LHC beams for fixed
target physics. The first measurement of antimatter production in pHe collisions is one of the
first results of this novel program. Further details on this work can be found in the related LHCb
conference contribution 16. The results are expected to contribute to reduce the uncertainty on
the prediction for the secondary antiproton flux in cosmic rays. Further development of this
study in the near future is foreseen, with the inclusion of data collected at

√
sNN = 86.6 GeV

during November 2016, and the measurement of the contribution due to hyperon decays. Several
other measurements relevant to the modelling of cosmic ray interactions will be possible in the
near future: production of light charged particles, including deuterons, photons and charmed
particles with different gas targets.
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Results of searches for dark matter mediators decaying either to invisible or visible particles
are presented looking at proton-proton (pp) collisions collected by the ATLAS and the CMS
experiments at the LHC, focusing mostly on 13 TeV data. No significant deviations from the
Standard Model (SM) predictions have been observed across several search channels, probing
either spin-1 vector/axial-vector dark matter mediators or spin-0 scalar/pseudoscalar ones.

1 Introduction

Although the SM describes remarkably well everything we see in collider experiments, it is not
an entirely satisfactory theory to explain all the phenomena we see in nature. Astrophysical
observations have provided evidences for the existence of Dark Matter (DM) in the universe 1,2.
The most current model assumes that DM candidates are weakly interactive massive particles
(WIMPs). If such particles exist, direct pair production of WIMPs may occur in TeV-scale
collisions at the CERN LHC 3.

2 Direct searches for dark matter mediators

If DM particles are produced in pp collisions, they would not generate directly observable signals
in the detector. However, if they recoil against an object “X” radiated from the initial state,
they may produce a large transverse momentum imbalance (Emiss

T ) in the event. These event
topologies are usually called “mono-X” signatures, where “X” might be a hadronic jet, a photon,
a weak boson, etc. These signatures represent the main candles used to search for direct pro-
duction of DM in particle colliders. They are sensitive to a large range of DM masses, providing
complementary information to direct and indirect DM searches. The interaction between SM
and DM particles is mediated by a bosonic mediator, which mass scale could be accessible by
the LHC collisions. Simplified DM models are used as benchmarks 4,5,6,7, where the DM particle
is assumed to be a Dirac fermion with mass mDM, which couples to SM quarks via a spin-1
mediator, such as a Z’, or a spin-0 particle with unknown mass mmed.



The channel which provides the strongest bounds on both spin-1 and spin-0 mediators is the so
called “monojet” analysis, which consists in a search for pair-produced DM particles in associ-
ation with high pT jets. Both ATLAS 8 and CMS 9 collaborations have performed this search
using 2.3 fb−1 and 12.9 fb−1 of

√
s = 13 TeV data, respectively 10,11. Candidate events are

accepted after requiring a high energetic jet, significant missing transverse energy and no ad-
ditional leptonic activity in the detector. The main backgrounds, coming from Z → νν and
W → `ν+jets, are modelled from dedicated control regions in data. No excess above the SM
background prediction has been observed, thus exclusion limits at 95% CL are set on the ratio
of the measured signal cross section to the predicted one.
Fig. 1 (left) shows the exclusion contours as a function of the mediator mass, mmed, and the
DM mass, mDM, assuming an axial-vector mediator with gq = 0.25 and gDM = 1. Mediator
masses up to 1.95 TeV and DM masses up to 550 GeV are excluded. In contrast, Fig. 1 (right)
reports the exclusion sensitivity as a function of the mediator mass for a pseudoscalar mediator
with gq = gDM = 1 and mDM = 1 GeV. In this case, the CMS monojet result is compared with
alternative search channels, where a spin-0 mediator may be produced in association with a bb̄
or a tt̄ pair. Mediator masses up to 430 GeV are excluded at 95% CL.

Figure 1 – Exclusion limits at 95% CL on the signal strength µ = σ/σth assuming an axial-vector mediator (left)
or a pseudoscalar one (right)11,12. In the axial-vector case, limits are shown in the mmed−mDM plane for gq = 0.25
and gDM = 1, where the observed (expected) excluded area is the one below the solid (dotted) red (blue) contour.
In the pseudscalar case, limits are shown as a function of mmed for gq = gDM = 1 and mDM = 1 GeV.

Moreover, the SM Higgs boson might play the role of a scalar dark matter mediator 13,14,15,16

since it couples to every particles with mass. Both ATLAS and CMS collaborations have per-
formed direct searches for invisible decays of the Higgs boson, exploring different production
mechanisms: gluon fusion (monojet search), vector boson fusion, associated production with
weak bosons (mono-V searches) or with tt̄ pairs. Eventually, a combination of these searches
at
√
s = 7, 8 TeV performed by the ATLAS collaboration yields an upper limit of 25% on

the Higgs boson invisible branching fraction B(h → inv) 17. Similarly, the CMS collaboration
performed a combination using data collected at

√
s = 7, 8, 13 TeV, which sets an upper bound

on B(h→ inv) of 24% 18.
Fig. 2 (left) shows the CMS profile likelihood ratios as a function of B(h→ inv) for both partial
combinations of individual channels and the full combination. Upper limits on B(h→ inv) are
interpreted in the context of the Higgs portal model of DM interactions, where a hidden sector
provides a stable DM candidate with tree-level couplings to the SM Higgs boson. Direct detec-
tion experiments are sensitive to the elastic scattering between DM particles and nuclei through
Higgs boson exchange, producing nuclear recoil signatures which can be interpreted in terms of
DM-nucleon interaction cross section. When the DM candidate is lighter than mh/2, the limit
on invisible Higgs decay width (Γinv) can be translated into a spin-independent DM-nucleon



cross section bound. Fig. 2 (right) shows the 90% CL upper limit on the spin-independent DM-
nucleon cross section from the ATLAS collaboration, assuming mh = 125 GeV, for the scalar,
majorana and vector DM particle scenarios.
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Figure 2 – Left: CMS profile likelihood ratios as a function of B(h→ inv) assuming SM production cross sections
of the Higgs boson, where the solid curves represent the observation in data, while the dashed ones are the
expectation from the background only hypothesis 18. The likelihood scans are shown for the full combination as
well as for the individual channels targeting different Higgs production modes. Right: ATLAS upper limit at 90%
CL on the WIMP-nucleon cross section in the context of the Higgs portal model vs mDM

17. Limits are reported
separately for a scalar, majorana or vector WIMP and they are determined from the 90% CL bound of 22% on
B(h→ inv). ATLAS results are compared to several exclusion contours from direct detection experiments.

3 Indirect searches for dark matter mediators

A large variety of BSM models predict new narrow resonances which can be observed along
the dijet mass spectrum, mjj . One of the most popular benchmark for the dijet search is
represented by the Z’ leptophobic model 19,20, which predicts a spin-1 resonance coupled to SM
quarks via a universal coupling constant, gq. If the Z’ is allowed to decay also to invisible
particles, i.e. gDM 6= 0, this benchmark becomes equivalent to the simplified DM model for spin-
1 DM mediators. Therefore, dijet measurements may allow to further constrain the existence of
DM particles.
Both ATLAS and CMS collaboration have recently released measurements of the dijet spectrum
based on 2016 data 21,22 corresponding to 37 fb−1 and 35.9 fb−1, respectively. Due to a limited
amount of bandwidth available at the trigger level, these searches can only explore the dijet
spectrum for mjj > 1.25 TeV. No excess over the predicted background has been observed.
Fig. 3 (left) shows the ATLAS 95% CL exclusion limit on the quark coupling gg as a function
of the resonance mass, mZ′ , for the leptophobic Z’ model. In addition, both collaborations
have also performed a trigger object based analysis to search for resonances with mass in the
range between 0.6 and 1.1 TeV 22,23. Eventually, to test the existence of resonances lighter
than 600 GeV, ATLAS looked at events where the mediator is boosted in the transverse plane,
recoiling against a high-pT ISR photon or jet 24. This allows to probe resonances with mass
between 0.25 and 1 TeV for the X + γ search and between 300 and 600 GeV for the X + j case.
Finally, another limitation occurs while going even lower in mass: for boosted resonances lighter
than ≈ 300 GeV, the jets arising from the decay overlap in the detector so that jet substructure
techniques are necessary to reconstruct signal events. CMS performed a search for boosted low
mass Z’ resonances probing, for the first time at hadron colliders, the mass region between 100
and 300 GeV, using 2.7 fb−1 of 13 TeV data 25. Results are shown in Fig. 3 (right).
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Figure 3 – 95% CL exclusion limits on the quark coupling, gq, for the Z’ leptophobic model as a function of the
resonance mass, mZ′ . Left: latest result from the ATLAS high mass analysis, mjj > 1.5 TeV 21. Right: exclusion
from the CMS boosted dijet search in the mjj range between 100 and 300 GeV, where gq = gB/6

25. The exclusion
applies up to gq ≈ 0.5 when the narrow width approximation breaks down.

This set of complementary approaches allow to search for new physics in dijet events over a broad
mass range, from 100 GeV up to 4 TeV. Dijet limits are used to constrain DM simplified models
with a leptophobic vector and axial-vector mediators that couples to quarks and DM particles.
Fig. 4 left (right) shows the exclusion contours in the plane defined by the mediator mass, mmed,
and the DM one, mDM, for a vector (axial-vector) mediator assuming gq = 0.25 and gDM = 1.
For this particular choice of couplings, the dijet analysis shows stronger sensitivity than direct
DM searches, excluding mediator masses between 0.5 and 2.5 TeV independently of mDM. The
exclusion power of the dijet search on mmed increases with mDM because the branching fraction
in qq̄ increases with mDM. When 2 ·mDM > mmed, the mediator cannot decay to DM particles,
thus DM limits becomes equivalent to the leptophobic Z’ ones with gq = 0.25. In addition, when

mDM = 0, dijet DM bounds corresponds the ones on the Z’ mass at gq/
√

1 + 16/3 ·Nf ≈ 0.18.

In contrast, direct searches have better sensitivity only for light mediators, which cannot be
probed by the dijet analysis.
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It should also be noted that the excluded region strongly depends on the chosen coupling and
model scenario. For small values of gq, the Z’ production cross section decreases while the
branching ratio into DM increases, thus the dijet exclusion sensitivity decreases more rapidly
then the one from direct searches.



4 Comparison with direct and indirect detection experiments

The limits from ATLAS and CMS experiments, obtained using the simplified DM models, may
be compared to the ones from direct and indirect DM detection experiments, which are usually
expressed as bounds on the DM-nucleon scattering cross section. The approach outlined in
Ref. 26 is used to translate the exclusion contours in the mmed − mDM plane into limits on
the spin-dependent/spin-independent DM-nuclean cross section as a function of mDM. Results
from CMS and ATLAS collaborations are shown in Fig. 5 for the vector (left) and axial-vector
(right) mediators. When compared to direct detection experiments, limits from the LHC are
the strongest one for DM masses smaller than 5 GeV for the vector case. For an axial-vector
mediator, LHC limits are the strongest one over the whole mDM range.
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DAMIC: Dark Matter In CCD
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DAMIC is a direct detection dark matter experiment using thick silicon CCDs as target
and sensor. This technique is sensitive to nuclear recoil induced by the interaction of low
mass WIMP on the target nucleus thanks to the silicon crystal characteristics and low noise
readout capabilities. DAMIC is installed at SNOLAB and has set limits on WIMP-nucleon
cross section between 1 and 20 Gev/c2 with a detector of 9 grams cumulating an exposure of
0.6 kg.day. After explaining the functioning and the advantages of the technique we will review
the performances and results of the DAMIC detector and the status of the current upgrade to
DAMIC100. We will also focus on the challenges and the potential of a prospective versions
of a kg scale detector.

Introduction

DAMIC is a detector based on cooled CCD used as a DM direct detector and sensitive to WIMP
mass below 20 GeV/c2. The technique was first considered in the years 2010 1. We will show in
this contribution that since then, many efforts were undertaken and rewarded by competitive
limits in the WIMP search at low mass.
After a short explanation of the detection general functioning, we will detail the calibration and
background studies done for the DAMIC operation. The analysis carried out with 0.6 kg·day
exposure are then presented as well as the search for hidden photon, another DM candidate, in
the range from 1.2 to 30 eV. The currently installed version the setup called DAMIC100 will be
described and the future generation, DAMIC1K is discussed.

1 The DAMIC detector

Detection principle The DAMIC sensor is a semiconductor crystal in silicon N-doped. It
is divided in pixels, and acts as the target but as the detector as well. As an energy deposit
occurs in the CCD, electron-hole pairs are created at a rate of one pair per 3.77eV deposited and
dragged to the surface of the CCD by an electric field. Charges are then stored in potential wells
in a 1µm thick layer on the surface. After the exposition of the CCD, the pixels are read out and
an image of the energy deposits during the time of the exposition is obtained. A WIMP particle
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recoil ionization e�ciency below 60 eVee, resulting in no
ionization signal for nuclear recoils below 0.3±0.1 keVnr.

B. Depth

The relationship between �xy and z of an interaction
can be analytically solved in one dimension given the
electric field profile within the CCD substrate and the
fact that the lateral variance of the charge carriers (�2

xy)
due to di↵usion is proportional to the transit time from
the interaction point to the CCD pixel array [6]. The
resulting relation is

�2
xy = �A ln |1 � bz|. (2)

The constants A and b are related to the physical prop-
erties and the operating parameters of the device and are
given by

A =
✏

⇢n

2kBT

e

b =

✓
✏

⇢n

Vb

zD
+

zD

2

◆�1

,

where ✏ is the permittivity of silicon, ⇢n is the donor
charge density in the substrate, kB is Boltzmann’s con-
stant, T is the operating temperature, e is the electron’s
charge, Vb is the bias applied across the substrate and zD

is the thickness of the device.
In practice it is most accurate to measure the param-

eters A and b directly from data. This was done us-
ing cosmic ray background data acquired on the sur-
face, by fitting the width of Minimum Ionizing Parti-
cles (MIPs) that penetrate the CCD as a function of
depth. These events are identified as straight tracks
with a relatively constant energy deposition per unit
length consistent with the stopping power of a MIP.
As MIP tracks follow a straight line, the depth can be
calculated unambiguously from the path length on the
x-y plane. FIG. 4 shows a MIP in a CCD operated
at the nominal temperature and substrate bias used in
SNOLAB. Characteristic bursts of charge (darker spots)
along the track correspond to the emission of �-rays.
The best-fit parameters to the di↵usion model (Eq. (2))
are A=215±15 µm2 and b=(1.3±0.1)⇥10�3 µm�1, which
correspond to a maximum di↵usion at the back of the de-
vice of �max=(21±1) µm⇡ 1.4 pix. The accuracy of this
calibration has been validated by studying the di↵usion
of X-ray events that interact near the surfaces on the
back and the front of the CCD [15] and from �-ray data,
which provides ionization events uniformly distributed in
the bulk of the device.

By studying the energy loss of �s from an external 3H
source we find that the CCD has a ⇠2 µm dead layer
on its front and back surfaces, as expected from the fab-
rication process of the device [6]. There is no evidence
for regions of partial or incomplete charge collection that
may hinder the CCD energy response.
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FIG. 4. A Minimum Ionizing Particle (MIP) observed in cos-
mic ray background data acquired on the surface. Only pixels
whose values are above the noise in the image are colored.
Darker colors represent pixels with more collected charge.
The large area of di↵usion on the top left corner of the image
is where the MIP crosses the back of the CCD. Conversely,
the narrow end on the bottom right corner is where the MIP
crosses the front of the device. The reconstructed track is
shown by the long-dashed line. The short-dashed lines show
the 3� band of the charge distribution according to the best-
fit di↵usion model.

V. DATA SETS AND IMAGE PROCESSING

The DAMIC setup at SNOLAB was devoted to back-
ground studies throughout the years 2013–2015, with
more than ten installations involving changes to the ex-
ternal shielding and CCD packaging, and di↵erent ma-
terials being placed inside the copper box for screening
purposes. During 2015, data was acquired intermittently
in both 1⇥1 and 1⇥100 acquisition modes with two or
three 8 Mpix, 675 µm-thick CCDs (2.9 g each). Table I
summarizes the dark matter search data runs including
the number of CCDs and images, and the total exposure
after the mask and image selection procedures discussed
below.

The energy and di↵usion responses of all CCDs were
calibrated with X-rays and cosmic rays on the surface
before deployment. At SNOLAB, a fluorescence copper
line (8 keV) induced by radioactive particle interactions
in the copper surrounding the CCDs was used to confirm
the calibrated energy scale. The value of �max was also
monitored to validate the depth response calibrated on
the surface. The radiogenic background rate measured
below 10 keVee decreased with time thanks to the con-
tinuous improvements in the radio-purity of the setup,
with an average event rate throughout the data runs of
⇠30 keV�1

ee kg�1 d�1.

Images were taken with exposures of either 104 or
3⇥104 seconds, immediately followed by the acquisition
of a ‘blank’ image whose exposure is only the readout
time. Due to the small probability of a physical event
occurring during readout, the blanks contain only the
image noise.

Each image was processed as follows. First, a pedestal
was subtracted from each pixel value, estimated from the
medians of the pixels values of the column to which the
pixel belongs. Correlated noise results in a simultane-
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(b) a–b coincidence

Figure 7. a) Three a particles detected in different CCD images at the same x-y position. Their energies and
the time separation between images are consistent with a sequence from a 232Th decay chain. b) A peculiar
cluster found in a single image, consistent with a plasma a and a b track originating from the same CCD
position. This may happen for a radioactive decay sequence occurring within the 8-hour exposure time of
an image.

same exposure, shown in Figure 7(b). As the energy of the a cannot be measured due to digitizer
saturation, this particular decay sequence cannot be identified.

4. Limits on 32Si and 210Pb contamination from b decay sequences

We have performed a search for decay sequences of two b tracks to identify radioactive contam-
ination from 32Si and 210Pb and their daughters, whose b spectra extend to the lowest energies
and could represent a significant background in the region of interest for the WIMP search. These
isotopes do not emit a or penetrating g radiation, and their decay rates are significant for extremely
low atomic abundances due to their 10–100 y half-lives, making conventional screening methods
ineffective in determining their presence at the low levels necessary for a WIMP search.

32Si is produced by cosmic ray spallation of argon in the atmosphere, and then transported to
the Earth’s surface, mainly by rain and snow. Detector-grade silicon is obtained through a chemical
process starting from natural silica. Therefore, the 32Si content of a silicon detector should be close
to its natural abundance in the raw silica. Spectral measurements of radioactive background in
silicon detectors suggest a rate of 32Si at the level of hundreds of decays per kg day [15]. 32Si leads
to the following decay sequence:

32Si �! 32P+b� with t1/2 = 150y, Q�value = 227keV (4.1)
32P �! 32S+b� with t1/2 = 14d, Q�value = 1.71MeV (4.2)

210Pb is a member of the 238U decay chain (Figure 4) and is often found out of secular equilib-
rium, as chemical processes in the manufacture of materials separate it from other 238U daughters.
It may also remain as a long-term surface contaminant following exposure to environmental 222Rn
(Section 3). 210Pb leads to the following decay sequence:
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➤ unique spatial and energy resolution 
➤ observe decay chain from a 

single isotope* 
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238U and 232Th decay chain 
➤
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➤
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(*Ref: A. Aguilar-Arevalo et al. (DAMIC Collaboration) JINST 10 (2016) no.08, P08014 arXiv:
1506.02562 [astro-ph.IM])

Figure 1 – Left: sketch of the functioning of the DM detection with CCD; bottom: sketch of the charge spread
during the diffusion of the pixel surface. Right: Example of particle signal in a CCD. Characteristics features for
e−, ν, α, β can be clearly noticed.

would scatter on the silicon nuclei and induce a nuclear recoil which in turn would produce a
small energy deposit as sketched in the Figure 1-top left. The energy threshold for the electron
hole pair production of the Silicon as well as a low reading noise translates in a low WIMP mass
threshold. Furthermore, as sketched on the Figure 1-bottom left, the charges are directed along
the z axis and diffused on the x and y axis so the RMS of the charge distribution at the surface
σxy is an estimator of the depth of the interaction, giving a 3D reconstruction of the energy
deposit location. The figure 1-right illustrates the particle identification capabilities of the CCD
technology based of their characteristic features. α particle are clearly distinguished by the large
and located energy deposit, electron are more scattered and yield a wormy like track and while
muon passes through and produce a straight track.
DAMIC CCDs are three-phase polysilicon gate structure with a buried p-channel based on a
technology developped for DECam CCD2. They are 0.675 mm thick and the low density of
donors (1011/cm3), allows for a large depletion zone with a relatively low voltage ( 40V). A
CCD is composed of 4k×2k or 4k×4k pixels, and weight 2.9g or 5.8g. Each pixel is a square of
15µ m side and provides a signal almost unpolluted by dark current (less than 10−3 e−/pixel/day
at 120 K).
The read out of the CCD is carried out after each exposition, typically of 8 hours for the DM
search run. The charges are transferred from one row to the next one with a parallel clock, while
a higher frequency serial clock transfers the electrons of the last row to the output node where
the charge is measured. The operation of charge measurement adds an electronic noise, however
the uncertainty on the measured number of charges is as low as to 1.8 thanks to correlated double
sampling technique. This sets the detection threshold to low energy, around 50eVee (electron
Volt electron equivalent).
The acquisition can be operated in two modes, 1×1 and 1×100. In the former case, every pixel
is read and saved offering the best spatial resolution, whereas in the latter case, 100 rows are
transfered in the last one before its serial transfer to the output node leading to a better energy
resolution at the cost of a poorer spatial resolution.

The DAMIC detector The DAMIC detector is installed at the SNOLAB underground fa-
cility, in the Vale’s Creighton nickel mine. It is located below of 2 km of rock, or 6010 meter
water equivalent. The DAMIC CCDs are enclosed in a series of containers which are shown in
the Figure 2. Going from the most inner part, each CCD lays on a silicon support, is held in
a copper frame and is connected to a flex cable to form a module ( Fig 2-a) ). The module is
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11Figure 2 – Views of the DAMIC detector incuding its shieling. See text for details.

inserted in one slit of a copper box ( Fig 2-b) ). The box is placed in a copper vessel, under
a lead block ( Fig 2c) ) and put under a very low pressure of 10−6 mbar and cooled down to
a temperature of 120 K. The vessel is surrounded by a lead castle of 21 cm thickness to shield
the sensitive part against γ rays. Note that the lead layer close to the vessel was selected from
ancient lead, poor in 210Pb contaminant. Finally a 42 cm high density polyethylene shield acts
as a neutron absorber( Fig 2-d) ).

Energy calibration The CCD technology also has the advantage of showing a good linearity
en energy. The response of DAMIC CCD to source of photons of known energy is shown in
Figure 3-left. X-rays sources are chosen down to energies of around 1keVee and optical sources
are used to cover the lower energy region where DAMIC is still sensitive. The linearity factor
is constant to 5% error over the three order of magnitudes. Additionally, the Fano factor F ,
that enters in the energy resolution definition as σE ∝

√
E · F is found to be 0.13. As a WIMP

particle is expected to produce a nuclear recoil, the detector needs to be calibrated to such
process. The Figure 3-right shows the relation between the ionization energy and the nuclear
recoil energy. It was performed on a silicon detector with a fast neutron source above 2 keVr in
the study 4 and on a CCD similar to the DAMIC one with photoneutron at lower energy 5.

Background A crucial point in low rate experiment is the background contamination. The
DAMIC experimental technique has no discrimination power of a nuclear recoil as expected for
a WIMP signal from an electron recoil, as produced by low energy β or Compton. Hence, the
background limitation and control is of prime importance. While the detector is well shielded
from the neutron induced by atmospheric muons with 6km w.e. of rock, it can be polluted by
radioactive contaminants in the shielding, the components around the sensor, or even within
the sensor itself. A special care is given in the handling of the CCD and the nearest part of
it. The copper is etched and most of the material are screened to verify the low radioactive
contamination. Inner most lead layer are made out of ancient lead batch to ensure a low
activation by cosmic rays. A nitrogen flux is circulated around the vessel to limit the radon
concentration close to the sensor. Additionally, thanks to the combined spatial and energy
resolution specific to DAMIC, the contamination from some radioactive chain can be measured
by correlating event position and energy with their expected features. Radioactive contamination
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the standard CCD readout, where the charge collected
by each pixel is read out individually, o↵ering maximum
spatial resolution. In the latter configuration, one hun-
dred rows are transferred into the serial register before
the charge is clocked in the x direction and each column
segment is read out individually. As the total charge of
an ionization event is distributed over a smaller number
of charge measurements, there is a smaller contribution
from the readout noise. As a consequence, the energy
resolution and the energy threshold for ionization events
distributed over multiple pixels is improved. However,
the spatial resolution in the y coordinate is lost, with �x

still positively correlated to the depth of the interaction
(FIG. 2(c)). DAMIC CCDs are read out with an inte-
gration time for the correlated double-sampling of 40µs,
which leads to an image readout time of 840 s (20 s) in
the 1⇥1 (1⇥100) mode.

DAMIC CCDs feature an output node at each end of
the serial register. As described above, all the charge col-
lected by the CCD pixel array is read out through one of
these output nodes. No charge is deposited in the other
output node, which is also read out and o↵ers a measure-
ment of zero charge, i.e. of noise. Since the readout of
the two output nodes is synchronized by the clocking, the
noise image allows the identification and suppression of
the correlated electronic noise of the detector’s readout
chain (Sec. V).

IV. ENERGY AND DEPTH RESPONSE OF A
DAMIC CCD

A. Energy

The output of a CCD readout chain is recorded in Ar-
bitrary Digital Units (ADU) proportional to the num-
ber of charge carriers placed in the CCD’s output node.
The signal produced by electron recoils, which lose their
energy through ionization, is proportional to the gener-
ated number of charge carriers, with an average of one
electron-hole pair produced for every 3.77 eV of deposited
energy [9]. Thus, we define the electron-equivalent energy
scale (in units of eVee) relative to the ionization pro-
duced by recoiling electrons from the photo-absorption
of X-rays of known energy.

Calibrations were performed by illuminating the CCD
with fluorescence X-rays from O, Al, Si, Cr, Mn and Fe.
FIG. 3 summarizes the measurement of the linear cal-
ibration constant, k (ADU/eVee), at di↵erent energies,
which demonstrates the linear response of the CCD to
electron recoils. From X-ray data we also estimated the
intrinsic fluctuations in the number of charge carriers pro-
duced. The measured resolution of 54 eVee at 5.9 keVee

corresponds to a Fano factor [10] of 0.133±0.005.
To demonstrate the linearity of the CCD output to

weaker signals we used optical photons from a red light-
emitting diode (LED) installed inside the DAMIC cop-
per vessel, which produce a single electron-hole pair by
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photoelectric absorption. Several CCD images were read
out, each exposed to light for 20 s. For a given pixel, the
number of charge carriers detected in the images follows
a Poisson distribution. The mean (µl) and variance (�2

l )
of the increase in the pixel ADU induced by the LED
exposure are then related to the calibration constant (k)
by:

k =
1

3.77 eVee

�2
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µl
. (1)

We employed Eq. (1) to estimate the calibration constant
at very low light levels, when only a few of charge carriers
are collected by a pixel. These results are included in
FIG. 3 and demonstrate a CCD response linear within
5% down to 40 eVee.

A recoiling silicon nucleus following a WIMP inter-
action in the CCD bulk will deposit only a fraction of
its energy through ionization, producing a significantly
smaller signal than a recoiling electron of the same en-
ergy. The nuclear recoil ionization e�ciency, which re-
lates the ionization signal in the detector (in units of
eVee) to the kinetic energy of the recoiling nucleus (in
units of eVnr), must be known to properly interpret the
measured ionization spectrum in terms of WIMP-induced
recoils. Until recently, measurements of the nuclear recoil
ionization e�ciency in silicon were available only down to
⇠3 keVnr [11] and a theoretical model from Lindhard [12]
was usually employed to extrapolate to lower energies.
We adopt new results [13, 14] that extend the measured
nuclear recoil ionization e�ciency down to ⇠0.7 keVnr,
covering most of the energy range relevant for low-mass
WIMP searches. Measurements in [13] employ a silicon
drift detector exposed to a fast-neutron beam at the Tan-
dem Van de Graa↵ facility of the University of Notre
Dame to provide accurate results in the 2–20 keVnr en-
ergy range. For the calibration at lower energies [14],
nuclear recoils were induced in a DAMIC CCD by low en-
ergy neutrons from a 124Sb-9Be photoneutron source, and
their ionization signal was measured down to 60 eVee. A
linear extrapolation of these results is used for the nuclear
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the standard CCD readout, where the charge collected
by each pixel is read out individually, o↵ering maximum
spatial resolution. In the latter configuration, one hun-
dred rows are transferred into the serial register before
the charge is clocked in the x direction and each column
segment is read out individually. As the total charge of
an ionization event is distributed over a smaller number
of charge measurements, there is a smaller contribution
from the readout noise. As a consequence, the energy
resolution and the energy threshold for ionization events
distributed over multiple pixels is improved. However,
the spatial resolution in the y coordinate is lost, with �x

still positively correlated to the depth of the interaction
(FIG. 2(c)). DAMIC CCDs are read out with an inte-
gration time for the correlated double-sampling of 40µs,
which leads to an image readout time of 840 s (20 s) in
the 1⇥1 (1⇥100) mode.

DAMIC CCDs feature an output node at each end of
the serial register. As described above, all the charge col-
lected by the CCD pixel array is read out through one of
these output nodes. No charge is deposited in the other
output node, which is also read out and o↵ers a measure-
ment of zero charge, i.e. of noise. Since the readout of
the two output nodes is synchronized by the clocking, the
noise image allows the identification and suppression of
the correlated electronic noise of the detector’s readout
chain (Sec. V).

IV. ENERGY AND DEPTH RESPONSE OF A
DAMIC CCD

A. Energy

The output of a CCD readout chain is recorded in Ar-
bitrary Digital Units (ADU) proportional to the num-
ber of charge carriers placed in the CCD’s output node.
The signal produced by electron recoils, which lose their
energy through ionization, is proportional to the gener-
ated number of charge carriers, with an average of one
electron-hole pair produced for every 3.77 eV of deposited
energy [9]. Thus, we define the electron-equivalent energy
scale (in units of eVee) relative to the ionization pro-
duced by recoiling electrons from the photo-absorption
of X-rays of known energy.

Calibrations were performed by illuminating the CCD
with fluorescence X-rays from O, Al, Si, Cr, Mn and Fe.
FIG. 3 summarizes the measurement of the linear cal-
ibration constant, k (ADU/eVee), at di↵erent energies,
which demonstrates the linear response of the CCD to
electron recoils. From X-ray data we also estimated the
intrinsic fluctuations in the number of charge carriers pro-
duced. The measured resolution of 54 eVee at 5.9 keVee

corresponds to a Fano factor [10] of 0.133±0.005.
To demonstrate the linearity of the CCD output to

weaker signals we used optical photons from a red light-
emitting diode (LED) installed inside the DAMIC cop-
per vessel, which produce a single electron-hole pair by
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out, each exposed to light for 20 s. For a given pixel, the
number of charge carriers detected in the images follows
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of the increase in the pixel ADU induced by the LED
exposure are then related to the calibration constant (k)
by:
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We employed Eq. (1) to estimate the calibration constant
at very low light levels, when only a few of charge carriers
are collected by a pixel. These results are included in
FIG. 3 and demonstrate a CCD response linear within
5% down to 40 eVee.

A recoiling silicon nucleus following a WIMP inter-
action in the CCD bulk will deposit only a fraction of
its energy through ionization, producing a significantly
smaller signal than a recoiling electron of the same en-
ergy. The nuclear recoil ionization e�ciency, which re-
lates the ionization signal in the detector (in units of
eVee) to the kinetic energy of the recoiling nucleus (in
units of eVnr), must be known to properly interpret the
measured ionization spectrum in terms of WIMP-induced
recoils. Until recently, measurements of the nuclear recoil
ionization e�ciency in silicon were available only down to
⇠3 keVnr [11] and a theoretical model from Lindhard [12]
was usually employed to extrapolate to lower energies.
We adopt new results [13, 14] that extend the measured
nuclear recoil ionization e�ciency down to ⇠0.7 keVnr,
covering most of the energy range relevant for low-mass
WIMP searches. Measurements in [13] employ a silicon
drift detector exposed to a fast-neutron beam at the Tan-
dem Van de Graa↵ facility of the University of Notre
Dame to provide accurate results in the 2–20 keVnr en-
ergy range. For the calibration at lower energies [14],
nuclear recoils were induced in a DAMIC CCD by low en-
ergy neutrons from a 124Sb-9Be photoneutron source, and
their ionization signal was measured down to 60 eVee. A
linear extrapolation of these results is used for the nuclear

Electronic recoil: 
➤ linear response down to 40 eVee 

(e- recoil with X-ray and LED at low E) 
➤ resolution of 54 eVee at 5.9keVee 

(Fano factor of 0.133) 

Nuclear recoil: 
➤ fast neutron source (1.8-20 keVnr) 

(arXiv:1702.00873)  
photoneutron (0.7-2.3 keVnr) 
(Phys. Rev. D 94, 082007) 

➤ Deviation from Lindhard model (at low E)

!8

&  

Figure 4.  Summary of the low calibration effort results by the DAMIC Collaboration. Two measurements were 
performed to extend the previous results (green) to recoil energies as low as 0.7 keV. This calibration shown for the 

first time a clear deviation from Lindhard at low energies.

&  

Figure 5. Preliminary result of DAMIC electron scattering dark matter cross section based on the dark current rate 
observed for the CCDs at SNOLAB, compared to the best published limits from XENON experiment. Produced in 
collaboration with Jeremy Mardon (Stanford), Rouven Essig, Tien-Tien Yu (Stony Brook) and Tomer Volansky (Tel 

Aviv)  

r
Recoil energy / keV

1 10

e
e

I
o
n
i
z
a
t
i
o
n
 
e
n
e
r
g
y
 
/
 
k
e
V

-110

1

10

Ionization efficiency in silicon

Be9Sb124UChicago 

Antonella (systematic)

Antonella

Gerbier et al (1990)

Lindhard, k=0.15

Lindhard, k=0.05

]-2[MeV c�m
1 10 210

]2
[c

m
e⇥

-4010

-3910

-3810
-3710

-3610

-3510
-3410

-3310
-3210

-3110

-3010
-2910

-2810
-2710

XENON10-ER
15 kg day

DAMIC-DC
0.00035 kg day

F=1

13
Figure 3 – Left: Energy calibration of DAMIC CCD with electronic recoil signal (or ionization energy). Right:
Relation between nuclear recoil energy and ionization enegy.

can also take place inside the bulk of Silicon. The 32Si isotope is produced via spallation of argon
in atmosphere and is found in the Silica used to extract the Silicon. The β decay of 32Si leads
to 32P and could induce a low energy background. The study of events compatible spatially,
in energy and in time with the decay chain parameters (the beta spectrum and the half time)
is carried out to estimate the 32Si concentration. The Figure 4-left shows the evolution (each
curve represent a stage of DAMIC) of the background in DAMIC detector over the years. It
shows an impressive decrease from 104 d.r.u. = counts / keV / day / kg to 5 d.r.u. thanks to
the changes along the years including the improvements detailed in this paragraph.

2 Dark Matter searches

Low mass WIMP search After a period mainly dedicated to background studies and re-
duction (years 2013-2015), DAMIC setup has acquired data for DM search in 20156. The data
are composed of 1x1 and 1x100 acquisition with 2 and 3 CCDs of 8 Mpixels and 2.9 g each.
Exposure are either 104 or 3× 104 s and the average background event rate below 10 keVee over
the data taking period is 30 d.r.u..
The image are first treated to remove the unstable pixels: after a correction for the pedestal and
the correlated noise observed as a systematic shift in the two output node serving for the read-
ing, the pixels with too large and frequent variations from their normal condition are masked.
Furthermore, since a blank image is acquired for each exposed image, the consistency of the
distribution between the exposed and blank images serves as a last check before the event selec-
tion.
Below 10 keVee, nuclear recoil induced by a WIMP is expected to leave a very little ionization
energy in the detector. Hence, the event search is directed toward pointlike events. A mask is
constructed on each image to exclude cluster, i.e. contiguous pixels with signal larger than 4
times the electronics noise and with a total energy larger than 10 keVee. To find clusters, the
image is scanned with a 11×11 pixels sliding window. In each of these windows, the likelihood
of 2D white noise (LN ) and of a white noise plus a Gaussian signal with a fixed width (LG) are
computed and compared. If −(ln LG

LN
) ≤ −4, the window is selected and then the signal is fitted

to find the best parameters to describe the cluster. The distribution of ∆LL = − ln(max(LG)
LN

)
is compared with simulated ionization events and blank image. Candidate events are selected
with the condition of ∆LL ≤ −28 in the case of 1×1 data. At this point further selection is
operated to exclude spatially correlated events which can originate from pixel defect if they are
at the same location on different images, or from radiation following radioactive decay when the
separation distance is less than 300µ m. The distribution of the candidate events is displayed
in Figure 4 in the energy as a function of σxy plane. A final selection is applied to remove
surface event likely to be produced by low energy electrons emitted from the surface directly
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FIG. 9. Energy spectrum of the final candidates. The red line
shows the best fit model with parameters stot = 0, b1x1 = 31
and b1x100 = 23.

fit to the data with all parameters free. The statistic q is
positive by construction and values closer to zero indicate
that the restricted fit has a likelihood similar to the un-
constrained (free) case. On the other hand, large values
reflect that the restricted case is unlikely. To quantify
how likely is a particular value of q, the corresponding
PDF is required. To compute this distribution we used
a fully Frequentist approach and obtained it by perform-
ing the estimation of q outlined above for a large number
of Monte Carlo samples generated from the background-
only model (stot=0).

We performed the discovery test on the joint data
set assuming the standard halo parameters: galac-
tic escape velocity of 544m s�1, most probable galac-
tic WIMP velocity of 220m s�1, mean orbital ve-
locity of Earth with respect to the galactic cen-
ter of 232 m s�1 and local dark matter density of
0.3 GeV c�2 cm�3. We found the recorded events to be
compatible with the background-only hypothesis with
a p-value of 0.8 (FIG. 9). The result corresponds
to a dominant background from Compton scattering
of 15±3 keV�1

ee kg�1 d�1 (21±4 keV�1
ee kg�1 d�1) in the

1⇥1 (1⇥100) data set.
We proceeded to set a 90% confidence level upper limit

on the WIMP-nucleon elastic scattering cross-section,
�̃��n. To compute the upper limit we followed an ana-
log approach where, for each value of M , we performed
a scan on s to find a s̃ such that the test based on the
corresponding q(s̃),

q(s̃) = �log

"
Max{Lrestricted(

�!
b |�!E , M, stot = s̃)}

Max{Lfree(stot,
�!
b |�!E , M)}

#
,

rejected the hypothesis stot�s̃ with the desired 90% C.L.
Note that for each of the scanned points we generated
the corresponding q(s) distribution from Monte Carlo.

The limit on the WIMP cross-section �̃��n was com-
puted from s̃, the total exposure of the experiment, E ,
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FIG. 10. Upper limit (90% C.L.) on the WIMP cross-section
�̃��n derived from this analysis (red line). The expected
sensitivity ±1� is shown by the red band. For comparison,
we also include 90% C.L. exclusion limits from other experi-
ments [3, 16] and the 90% C.L. contours corresponding to the
potential WIMP signals of the CDMS-II Si [3] and DAMA [17]
experiments.

and the normalization constant C (Eq. (3)) as

�̃��n = C
s̃

E .

The 90% exclusion limit obtained from our data is
shown by the red line in FIG. 10. The wide red
band presents the expected sensitivity of our experi-
ment, generated from the distribution of outcomes of
90% C.L. exclusion limits from a large set of Monte Carlo
background-only samples. The good agreement between
the expected and achieved sensitivity confirms the con-
sistency between the likelihood construction and experi-
mental data.

Several sources of systematic uncertainty were investi-
gated. The Fano factor, which is unknown for low energy
nuclear recoils, was varied from 0.13, as for ionizing parti-
cles, up to unity. Exclusion limits were generated chang-
ing the nuclear recoil ionization e�ciency within its un-
certainty [14]. The detection e�ciency curves for the sig-
nal and the background (FIG. 8) were varied within their
respective uncertainties, including those associated to the
background composition (Sec. VII). All these changes
had a negligible impact on the exclusion limit for WIMP
masses >3 GeV c�2. At lower masses the nuclear recoil
ionization e�ciency becomes relevant, its uncertainty re-
sulting, for example, in a change by a factor of ±1.5 in
the excluded cross-section at 2 GeV c�2.

IX. CONCLUSION

We have presented results of a dark matter search per-
formed with a 0.6 kg d exposure of the DAMIC experi-
ment at the SNOLAB underground laboratory. The sili-
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VII. REJECTION OF SURFACE EVENTS

The selection criteria presented in Sec. VI were imple-
mented to distinguish events due to ionization by particle
interactions from electronic noise. High-energy photons
that Compton scatter in the bulk of the device produce
background ionization events with a uniform spatial dis-
tribution because the scattering length is always much
greater than the thickness of the CCD. Hence, ionization
events from Compton scattering are only distinguishable
from WIMP interactions through their energy spectrum.
Nuclear recoils from WIMP interactions would produce a
characteristic spectrum that decreases exponentially with
increasing energy, while the Compton scattering spec-
trum is almost flat throughout the WIMP search energy
region.

Another background comes from low energy electrons
and photons radiated by surfaces surrounding the CCDs,
and from electrons produced in the silicon that exit the
device after depositing only a small fraction of their en-
ergy. These events occur tens of µm or less from the
surface of the CCDs and can be rejected by appropriate
requirements on the depth of the interaction. We selected
events with 0.35<�xy<1.22, corresponding to interaction
depths between 90 µm and 600µm, which left 51 (28) can-
didates in the 1⇥1 (1⇥100) data set. The dashed lines
in FIG. 7 represent this fiducial region. The group of
events at 8 keVee corresponds to Cu fluorescence X-rays
from radioactive background interactions in the copper
surrounding the CCDs. Due to the relatively long X-ray
absorption length at this energy (65 µm), some of the
events leak into the fiducial region. We thus restricted the
WIMP search to clusters with energies <7 keVee. The se-
lection e�ciency was estimated by simulation to be ⇠75%

for events uniformly distributed in the CCD bulk.

The rejection factor for surface background in the fidu-
cial region was estimated by simulating events from the
front and back surfaces of the CCD. The gray markers in
FIG. 7 show the �xy versus energy for one of these sim-
ulations, where the interactions were simulated to occur
<15 µm from the front and back surfaces of the device in
the 1⇥1 data. The rejection factor is >95% for surface
electrons with energy depositions >1.5 keVee and for ex-
ternal photons with incident energies 1.5–4.5 keVee. The
rejection factor decreases for higher energy photons to
85% at 6.5 keVee due to their longer absorption length.
Below 1.5 keVee the �xy reconstruction worsens, leading
to significant leakage into the fiducial region which must
be accounted for.

We developed a model of the radioactive background
that includes contributions from both bulk and surface
events. We estimated the relative fractions of surface
and bulk events in the background from the �xy distribu-
tion of clusters with energies in the range 4.5–7.5 keVee,
where the expected contribution from a WIMP signal
is smallest in the search range. We used all available
data to perform this estimate, including data acquired
with a lower gain for ↵-background spectroscopy stud-
ies and excluded from the WIMP search, and evalu-
ated background contributions for each CCD individu-
ally. We estimated that 65±10% (60±10%) of the total
background originated from the CCD bulk (i.e. from
Compton scattered photons), 15±5% (25±5%) from the
front and 20±5% (15±5%) from the back of the CCD in
the 1⇥1 (1⇥100) data set. This background composition
was assumed to be energy independent, which is justi-
fied by the fact that the background continuum of both
bulk and surface events is expected and observed to be

➤ energy cut E < 10 keVee 
➤ selection of clusters with likelihood 

method 
➤ remove surface events

A. Aguilar-Arevalo et al. (DAMIC Collaboration) Phys. Rev. D 94, 082006

Figure 4 – Left: Evolution of the background in the DAMIC detector. The current level has reach 5 d.r.u. Right:
Distribution of selected events for the WIMP search in the plane energy as a function of σxy, the depth estimation.

surrounding the CCD. Additionally the excess found at 8 keVee from the copper fluorescence
line is also excluded. The number of final candidates inside the fiducial area (inside the dashed
rectangle in the Figure 4) amounts to 31 for 1×1 mode and 23 for the 1×100 mode.
WIMP induced event and the electrons produced by Compton scattering inside the fiducial vol-
ume are indistinguishable individually. However, while for the WIMP induced signal one expects
an exponentially decreasing spectrum, it is expected flat for the Compton background. Hence
we construct the following likelihood function with the energy of each candidate event:

Ls+b(s, b,M |E) = e−(s+b) ×
N∏

i=1

[sfs(Ei,M) + bfb(Ei)] (1)

where s and b are the expected number of signal and background events, fs and fb their energy
distribution. Note that fs depends on the mass of the WIMP and the model assumed. We assume
the standard halo parameters: galactic escape velocity of 544 km.s−1, most probable galactic
WIMP velocity of 220 km.s−1, mean orbital velocity of Earth with respect to the Galactic
center of 232 km.s−1, and local dark matter density of 0.3 GeV c−2. cm −3. Upper limits on
the WIMP nucleon elastic scattering cross section are constructed by scanning the WIMP mass
parameter. For each mass M assumed, we produce a set of Monte Carlo samples with a defined
number s of signal events according the assumed spectrum fs. We compare the likelihood of the
data with the distribution found in the MC sample and search the mass Mχ and cross section
σχ−n for which we reject the initial hypothesis with 90% confidence level. The limits retrieved
in the plane (Mχ / σχ−n) are displayed in Figure 5(black solid line). It shows that DAMIC is
competitive in the low mass region E < 10 GeV. For the first time a region of the CDMS-II
potential signal (blue region in the Figure 5) is excluded with the same target composition.

Hidden photon Aside from the WIMP hypothesis, light bosonic candidate has been proposed
as DM candidate. Semiconductor like DAMIC detector are sensitive to eV scale hidden photon
via their absorption in the Silicon crystal. The absorption in a medium can be express with
the effective mixing parameter related to the photo electric cross section. The absorption of
hidden photons in DAMIC CCD would yield a very small signal but would modify the expected
distribution of pixel content. Such a signature was searched in 6.5 d of data of one CCD, chosen
for its low leakage current and measured during a dedicated run at lower temperature than usual
operations (105 K). The data are compared with simulation of hidden photon absorption and
limits on the kinetic parameter and the mass of the hidden photon were placed. They are the
most stringent direct detection limit between 3 and 12 eV.c−2 7 (see Figure 5).
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FIG. 1. Mean of the pixel values in each row over the nine
images, hpi, as a function of row number. The first 42 rows
contain the CCD data, while the remaining 18 rows constitute
the y overscan. The dotted line shows hpi=0, while the solid
line presents the level of leakage charge that corresponds to
�=4.0 e� mm�2 d�1.

the serial register. Because of the low event rate from
radioactive backgrounds (⇠1 g�1 d�1), only 0.95% of the
pixels were removed by this procedure.

Figure 1 shows the mean value of pixels in each row
over the nine images, hpi, after the image processing and
pixel selection described above. Rows �43 correspond
to the y overscan, for which hpi is consistent with zero.
The first 42 rows of the image contain the CCD data, for
which an o↵set is clearly visible due to charge collected
by the pixels. HP absorption would produce charge
uniformly distributed throughout the pixel array. The
higher values of collected charge in rows 30–40 indicate
the presence of non-uniform sources of leakage current,
e.g., optical or near-infrared photons inside the vessel or
dark current exacerbated by mechanical stress of the sili-
con lattice. The same pattern is more clearly observed in
the other CCDs with higher leakage current installed in
the DAMIC box, with a spatially uniform charge distri-
bution in the bottom-half of the devices, i.e., rows 1–21.

Thus, we consider rows 1–21 to place upper limits on
the possible contribution to the collected charge from HP
absorption. This selection corresponds to N=4.68⇥105

unmasked pixels over the nine images, equivalent to an
exposure of 11.5 g d. The distribution of pixel values (Fig-
ure 2) can be described as a function of the pixel value
in ADU, p, by

f(p) = N
1X

n=0

F (n|�,�, mV )Gaus(↵p|n � µ0,�pix),

where the sum is over the number of carriers collected
by a pixel, n, each multiplied by a Gaussian function
that describes the pixel white noise with mean n and
standard deviation �pix, and relative frequencies, F , that
depend on the leakage current per unit area, �, and the
HP absorption rate, �. An o↵set, µ0, that could remain
because of the statistical uncertainty in the subtraction
of the pedestal was included in the function.

In the absence of charge from HP absorption, i.e., for
the case of the “null” hypothesis, F reduces to the con-
tribution from leakage current:

F (n|�, 0, mV ) = Poisson(n|E�), (2)
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FIG. 2. Distribution of the pixel values, p, considered for this
analysis (markers). The solid line shows the best-fit result
with the null hypothesis, i.e., only pixel white noise and a
constant leakage current source across the device. The p-
value is 0.78. The dashed line shows the result after including
a fixed contribution from HPs with mass mV =10 eV and an
absorption rate of �=103 g�1 d�1.

modeled as a Poisson distribution under the assumption
of uncorrelated production of charge carriers uniformly
distributed across the selected region of the CCD. The
mean leakage charge collected by a pixel is proportional
to the image single pixel exposure of E=0.0156 mm2 d.

To obtain the contribution to F from the charge gen-
erated by HP absorption we rely on Monte Carlo sim-
ulations. For a given HP mass mV , we simulated a
number of interactions drawn from a Poisson distribu-
tion with mean �NE⇢, where ⇢ is the CCD density of
1.57 mgmm�2. We randomly selected the spatial posi-
tion of the HP absorption uniformly in depth and within
the selected region of the CCD. For each simulated HP
absorption, we generated the number of charge carriers as
for the photoelectric absorption of a photon with energy
mV c2, using the probability distributions from Ref. [10].
We then distributed the carriers on the pixel array ac-
cording to the charge di↵usion model for the CCD, de-
scribed and validated in Ref. [1]. A histogram was made
of the contents of all pixels in the simulated pixel array,
and the simulation was repeated 100 times to obtain a
numerical distribution of F (n|0,�, mV ). This function
was then convolved with Eq. 2 to obtain F (n|�,�, mV ).

We first performed a likelihood fit to the data with the
null hypothesis, with �pix, � and µ0 as free parameters.
Two penalty terms were added in the log-likelihood defi-
nition to include in the fit the prior knowledge of the val-
ues of �pix and µ0. The value of �pix was constrained to
the result from a fit to the pixels in the y overscan, while
µ0 was constrained within the statistical uncertainty in
the pedestal subtraction. The best-fit result has a p-
value of 0.78, with best-fit values of �pix=1.889±0.002 e�,

�=4.0±0.4 e� mm�2 d�1 and µ0=0.010±0.005 e�.
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FIG. 3. Upper limits (90% C.L.) on the HP absorption rate,
�, as a function of HP mass, mV , obtained from the likelihood
fit described in the text.

To explore the HP signal, we performed a scan for
values of mV and �. For each value of mV , we increased
the value of � in discrete steps starting from zero. At
every step, the likelihood fit was performed where the
parameters mV and � were fixed and �pix, � and µ0

were free. The minimum log-likelihood was registered
and a likelihood profile was constructed for every mV as
a function of �. There was no statistical significance of
a HP signal for any mV . The 90% C.L. upper limit on
� was thus obtained from the likelihood profile using a
likelihood-ratio test. Figure 3 presents the results as a
function of mV from 1.2 to 30 eV c�2.

Below 5 eV c�2, HP absorptions produce only one
charge carrier, leading to a current source that would
be indistinguishable from leakage current, and an upper
limit on the absorption rate at the same level as the leak-
age current. At higher mV , the multiplicity in the num-
ber of carriers produced per absorption increases, lead-
ing to pixels that collect significantly more carriers than
would be expected from leakage current. This leads to a
longer tail on the right side of the pixel distribution, and
consequently to a stronger upper limit on �. As an exam-
ple, the dashed line in Figure 2 shows the best-fit result
with fixed parameters mV =10 eV and �=103 g�1 d�1.

The absorption rate, �, is related to the HP kinetic
mixing, , through eff according to Eq. 1. We use this
relation to translate the upper limit on � for a given mV

to the corresponding upper limit on . Following Ref. [4],
we compute the polarization tensor using the complex in-
dex of refraction in silicon, estimated at the detector op-
erating temperature of 105 K by extrapolating the values
given in Ref. [11] using the empirical parameterization
from Ref. [12]. The results are shown in Figure 4.

Several sources of systematic uncertainty were investi-
gated. The largest e↵ect arises from the uncertainty in
the linearity of the CCD output signal, which we esti-
mated by varying ↵ by ±10%, resulting in changes in the
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FIG. 4. Exclusion plot (90% C.L.) for the HP kinetic mix-
ing, , as a function of HP mass, mV , from the dark matter
search presented in this letter (solid line). The exclusion limits
from other direct searches for HP dark matter in the galactic
halo with a dish antenna (thin-dotted line) [13] and with the
XENON10 experiment (dashed line) [5] are shown for com-
parison. A limit from a direct search with the XENON10
experiment for HPs radiated by the Sun (dot-dashed line) [5]
and an indirect constraint from the upper limit of the power
lost by the Sun into invisible radiation (thick-dotted line) [14]
are also presented.

upper limit of � ranging from 10% for mV <5 eV c�2 up
to a factor of 2 for mV =30 eV c�2. We repeated the anal-
ysis for di↵erent selected regions of the CCD. Restricting
the analysis to the last 2200 columns or considering rows
1–18 leads to <20% changes in the upper limits of �.
We confirmed the absence of pixels with values from 6 to
8�pix, thus the result is insensitive to the upper bound
on the pixel values. Finally, varying the temperature by
±10 K had a <5% impact on the upper limits of .

The exclusion limits presented in this letter are the
most stringent direct detection constraints on HP dark
matter with masses 3–12 eV c�2. The sensitivity of the
experiment is approaching that of searches for HP emis-
sion by the Sun, o↵ering a complementary technique for
their detection. Continued identification and mitigation
of dark current and light sources in DAMIC will improve
the sensitivity, making CCDs promising direct probes
for HP dark matter with eV-scale masses. In addition,
this work characterizes the noise sources of DAMIC and
demonstrates the sensitivity of the experiment to inter-
actions that produce as little as a single electron, corre-
sponding to ionization signals as small as 1.2 eV.

We thank Tongyan Lin for motivating discussions on
HP dark matter. We are grateful to SNOLAB and its
sta↵ for support through underground space, logistical
and technical services. SNOLAB operations are sup-
ported by the Canada Foundation for Innovation and
the Province of Ontario Ministry of Research and In-
novation, with underground access provided by Vale at
the Creighton mine site. We acknowledge the financial

Figure 5 – Left:Limits on WIMP cross section as a function of the WIMP mass imposed by DAMIC detector.
Right: Limits on the kinetic mixing parameter of the hidden photon.

3 DAMIC100 and beyond

DAMIC100 An extension of the DAMIC setup has been installed in April 2016 and January
2017. The new setup is currently composed of seven 4k×4k CCD (5.9g each) for a total mass of
41 g. Several other changes were carried out. The copper box and some modules were replaced.
A part of the shielding was also replaced with Roman ancient lead.

Toward DAMIC1K A next generation experiment with a mass of 1 kg is also considered
for the near future. Additionally to an increase of mass, DAMIC1K will attempt to reduce the
background noise and decrease the energy threshold to explore lower WIMP mass with a better
sensitivity. The expectation in terms of sensitivity are presented in Figure 5-left (dotted-dashed
line) for 1 kg.year, and 0.1 d.r.u.. Lowering the electronics noise would shift this curve to lower
mass.
However, to scale up the detector mass by around one order of magnitude can present some
challenges. With the current CCDs, one would require 180 CCDs to reach 1 kg. Keeping the
current technology, a few changes would decrease this number. For instance, for a size of
individual CCD raised to 6k×6k and the thickness increased to ∼ 1 mm, the number of required
CCDs drops to around 50. Further developments in the CCD fabrication process could even
increase the thickness to a few mm.
As far as the background noise is concerned, the current DAMIC installation noise is stable.
Full simulations of the radioactive contamination are being carried out to understand further the
origin of the current background to later reduce it and optimize the shielding or the geometry
of the future detector. Since the irreducible background will eventually come one from the CCD
bulk contaminant such as 32Si and 3H, the process of fabrication and transportation might have
to be controlled as well. Finally, work to decrease the readout noise is under progress. Several
options, sometimes complementary are considered: the optimization of the first amplification
stage; the use of skipper CCD (these devices under development allow the multiple reading of
a pixel without any noise addition); finally a digital filtering of the CCD signal would help in a
more precise determination of the charge of each pixel.



Conclusion

The DAMIC detector, a CCD based dark matter detector was described. The calibration carried
out down to very low ionization energy and the measurement of its equivalent in nuclear recoil
energy were presented. The effort to reduce the background to finally reach stable operation
with 5 d.r.u. were also shown. Thanks to these improvements DAMIC has been shown to be a
competitive detector in the low mass region with the limits placed with 0.6 kg.day of data.
Further improvements are ongoing with the recent installation of DAMIC100 and the develop-
ment of the next generation of 1kg scale detector DAMIC1K.
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Table top searches for screened scalar interactions associated with dark energy

David C. Moore
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Recent proposals have suggested that dark energy could arise from interactions related to a
new scalar particle. In models where forces from such an interaction are “screened,” existing
laboratory and solar system constraints on fifth forces can be avoided. Results from recent
table-top laboratory searches using atomic and micron-sized test masses are discussed, and
prospects for future improvements in sensitivity using these techniques are described.

1 Introduction

Understanding the accelerating expansion of the Universe is one of the most compelling open
problems in fundamental physics. Observations of this expansion are consistent with a cosmo-
logical constant, with energy density Λ ∼ 2 meV 1. In the standard cosmological paradigm,
the presence of this “dark energy” drives the accelerating expansion; however, its value is many
of orders of magnitude smaller than would expected from simple estimates 2, leading to the
“cosmological constant problem.” Alternatively, it is possible that dark energy arises from the
presence of a new scalar field3,4. In certain scenarios, such “quintessence” models of dark energy
may provide a solution to the cosmological constant problem 5.

If dark energy does arise from the presence of a new scalar field, its effects may be detectable
in the laboratory as a “fifth force” coupling to mass. To avoid existing constraints on such forces
from the laboratory and solar system, such new interactions must be “screened,” i.e. their
interactions must be suppressed in the solar system and laboratory relative to their strength at
cosmological scales 6,2. There has been significant recent theoretical interest in such screening
mechanisms 2. Generally, these models require an environmental dependence of the coupling
(e.g. symmetrons 7 or varying dilatons 8), mass (e.g. chameleons 9), or inertia (e.g. Vainshtein
mechanism 10, galileons 11) of the new scalar to suppress its interactions in previous searches.

Recent experiments employing techniques from optical and atomic physics have substantially
improved sensitivity to certain classes of screened scalar interactions. In the following sections,
we describe searches for fifth forces related to dark energy using levitated micron-sized spheres
(Sec. 2) and atom interferometry (Sec. 3).

2 Levitated microspheres

Recent techniques have allowed the optical levitation of micron-sized dielectric spheres in high
vacuum environments (see, e.g. 13). At high vacuum, the levitated sphere is decoupled from
the environment, and thermal noise in the measurement of its center-of-mass motion can be
minimized. Previous work has demonstrated the ability to measure sub-attonewton forces acting
on micron-sized test masses 12,14.
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Figure 1 – a) Picture of the optical trapping setup used to levitate micron-sized spheres in high vacuum. The
trap is formed in the vacuum chamber at the center of the image. Optics on the input side are used to transmit
the trapping and imaging beams through the vacuum chamber. Output optics collect the transmitted light and
image the position of the microsphere. b) Simplified optical schematic of the setup shown in a). c) Measurement
of the response of the microsphere’s motion to an electric field as it is discharged. Each black point corresponds
to a 10 s integration. Discrete steps in the response of the microsphere’s motion to the electric field are observed,
correlated with flashes of UV light that knock either one or two electrons off the sphere. Figures adapted from 12.

A photograph of an optical trapping setup capable of levitating 5 µm diameter silica spheres
in vacuum is shown in Fig. 1a. In addition to being thermally isolated, the sphere is also
electrically decoupled from the vacuum chamber. Thus, its charge can be precisely controlled
as shown in Fig. 1c, mitigating electrostatic backgrounds 12.

To search for a fifth force from a screened scalar interaction, a 10 µm thick gold plated
silicon cantilever is oscillated at distances between 20 µm and 200 µm from the location of
the sphere (as shown in the inset to Fig. 2). The measurement is limited by backgrounds due
to residual electrical contact potentials on the cantilever relative to the shielding electrodes,
but conservative limits on inverse power law chameleons can be calculated, as shown in Fig. 2.
The presence of these backgrounds and the self-screening of the chameleon interaction by the
mass of the microsphere prevent these results from being sensitive to chameleon models with
Λ = 2.4 meV. However, for Λ > 4.6 meV these results were sensitive to chameleon models,
and constrained matter couplings within a factor of ∼3 of the best existing limits from atom
interferometry at the time of publication (see Sec. 3).

Current results using microspheres are limited by the presence of backgrounds due to dipole
moments of the spheres, which couple to electric field gradients sourced by contact voltage
potentials on the cantilever 15. Future work may be able to improve upon these results by elim-
inating backgrounds due to dipole interactions. Possibilities for improvements include spinning
the microspheres to average over the permanent dipole moment in the direction perpendicular
to the laser beam axis, or measuring and canceling the electric contact potentials present on the
cantilever relative to the shielding electrodes 15.



Distance

Figure 2 – Limits on the chameleon self-coupling, Λ, versus the inverse of the matter coupling, 1/β, for the results
from the microsphere search for inverse power law chameleon interactions. The gray region shows the constraints
from the search using microspheres 15, and is compared to the 2015 results from atom interferometry 16. (inset)
The experiment uses a 10 µm thick gold plated silicon cantilever, which is translated at a distance between 20
and 200 µm from the microsphere. Figures reproduced from 15.

3 Atom interferometry

Atoms provide an ideal probe for certain classes of screened scalar interactions, such as chameleons,
where the screening is due to the presence of mass. Since atoms are truly microscopic probes, in
the case of chameleons they are not self-screened over the full region of cosmologically interesting
parameter space.

The most sensitive method to measure acceleration acting on a single atom is matter wave
interferometry using cold atoms18. A simplified schematic of a matter wave interferometer using

Beam splitter Mirror Beam splittera) b)

Figure 3 – a) Photograph of the atom interferometer vacuum chamber used for the measurements described in
Sec. 3. A movable cylindrical tungsten mass is positioned at the center of the vacuum chamber. b) Schematic
of the principle of the Mach-Zehnder atom interferometer used for these measurements. Light pulses tuned to
the atomic transitions of the atoms act as beam splitters and mirrors at the input and output ports of the
interferometer. Figures reproduced from 17.



Figure 4 – Updated limits from the atom interferometry experiments on inverse power law chameleons. The
purple region corresponds to the microsphere results shown in Fig. 2, and the dark blue region shows the previous
atom interferometry results from 2015 16. The updated results are indicated in light blue. Figure reproduced
from 18.

atoms is shown in Fig. 3b. Such interferometers can measure accelerations smaller than 10−9 g
(i.e., 1 ng) 18.

The use of atom interferometry to probe chameleon dark energy models was first proposed
by Burrage et al. in 2014 19, and was first realized experimentally by Hamilton et al. in 2015 16.
To search for the presence of a fifth force coupling to the atoms, a movable 0.19 kg tungsten
mass was positioned in the chamber and the differential acceleration acting on the atoms with
the mass in a position near the atom cloud, and far from the cloud, was measured. Following
the initial results from 2015, updated constraints from an improved apparatus were presented in
December 2016 18. As shown in Fig. 4 these results improve by nearly two orders of magnitude
over previous constraints. Future work may allow atom interferometry to fully constrain the
remaining parameter space allowed for inverse power law chameleons with Λ = 2.4 meV.

4 Summary

Recent experiments using optical techniques have led to significant improvements in constraints
on fifth forces resulting from screened scalar interactions that may be associated with dark
energy. Both experiments using levitated micron-sized spheres and atom interferometry have
demonstrated substantial sensitivity to inverse power law chameleon models. While no evidence
for such fifth forces has been observed, the allowed parameter space for chameleon models
has been constrained by these experiments. For more general fifth forces, both techniques
provide complementary constraints since microspheres can be sensitive to new forces appearing
at distances below 100 µm, while atom interferometry provides sensitivity to ng accelerations
using microscopic test masses. Future improvements to these experiments may allow further
increases in sensitivity to the presence of weakly coupled or short range fifth forces.



References

1. P. A. R. Ade et al. Planck 2015 results. XIII. Cosmological parameters. arXiv:1502.01589,
2015.

2. Austin Joyce, Bhuvnesh Jain, Justin Khoury, and Mark Trodden. Beyond the Cosmolog-
ical Standard Model. Phys. Rept., 568:1–98, 2015.

3. B. Ratra and P. J. E. Peebles. Cosmological consequences of a rolling homogeneous scalar
field. Phys. Rev. D, 37:3406–3427, 1988.

4. R. R. Caldwell, R. Dave, and P. J. Steinhardt. Cosmological imprint of an energy com-
ponent with general equation of state. Phys. Rev. Lett., 80:1582–1585, 1998.

5. P. J. Steinhardt. A quintessential introduction to dark energy. Phil. Trans. Roy. Soc.
Lond., A361:2497–2513, 2003.

6. Bhuvnesh Jain and Justin Khoury. Cosmological Tests of Gravity. Annals Phys.,
325:1479–1516, 2010.

7. Kurt Hinterbichler and Justin Khoury. Symmetron Fields: Screening Long-Range Forces
Through Local Symmetry Restoration. Phys. Rev. Lett., 104:231301, 2010.

8. T. Damour and A.M. Polyakov. The string dilation and a least coupling principle. Nuclear
Physics B, 423(2):532 – 558, 1994.

9. Justin Khoury and Amanda Weltman. Chameleon fields: Awaiting surprises for tests of
gravity in space. Phys. Rev. Lett., 93:171104, 2004.

10. A.I. Vainshtein. To the problem of nonvanishing gravitation mass. Physics Letters B,
39(3):393 – 394, 1972.

11. Alberto Nicolis, Riccardo Rattazzi, and Enrico Trincherini. Galileon as a local modification
of gravity. Phys. Rev. D, 79:064036, Mar 2009.

12. David C. Moore, Alexander D. Rider, and Giorgio Gratta. Search for Millicharged Particles
Using Optically Levitated Microspheres. Phys. Rev. Lett., 113(25):251801, 2014.

13. Zhang-Qi Yin, Andrew A. Geraci, and Tongcang Li. Optomechanics of Levitated Dielectric
Particles. Int. J. Mod. Phys., B27:1330018, 2013.

14. G. Ranjit, D.P. Atherton, J.H. Stutz, M. Cunningham, and A.A. Geraci. Attonewton
force detection using microspheres in a dual-beam optical trap in high vacuum. Phys.
Rev. A, 91:051805, May 2015.

15. Alexander D. Rider, David C. Moore, Charles P. Blakemore, Maxime Louis, Marie Lu,
and Giorgio Gratta. Search for screened interactions associated with dark energy below
the 100µm length scale. Phys. Rev. Lett., 117:101101, 2016.

16. P. Hamilton, M. Jaffe, P. Haslinger, Q. Simmons, H. Müller, and J. Khoury. Atom-
interferometry constraints on dark energy. Science, 349(6250):849851, 2015.

17. H. Müller. Talk at Sub-eV 2016, Lawrence Berkeley National Laboratory, Decem-
ber, 9 2016. https: // indico. physics. lbl. gov/ indico/ event/ 298/ session/ 4/

contribution/ 33/ material/ slides/ 0. pptx .
18. M. Jaffe, P. Haslinger, V. Xu, P. Hamilton, A. Upadhye, B. Elder, J. Khoury, and

H. Müller. Testing sub-gravitational forces on atoms from a miniature, in-vacuum source
mass. arXiv:1612.05171, December 2016.

19. Clare Burrage, Edmund J. Copeland, and E. A. Hinds. Probing Dark Energy with Atom
Interferometry. JCAP, 1503(03):042, 2015.

https://indico.physics.lbl.gov/indico/event/298/session/4/contribution/33/material/slides/0.pptx
https://indico.physics.lbl.gov/indico/event/298/session/4/contribution/33/material/slides/0.pptx




Dark Matter Direct Detection Experiments with Xenon in Dual Phase
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Dual phase (liquid - gas) direct detection xenon experiments have recently demonstrated their
exceptional capabilities for rare event detection. They examine the interaction of dark matter
particles through their scatter off nuclei in the target. This technology currently achieves the
most stringent limits on WIMP (Weakly Interacting Massive Particle) searches: it is evolving
rapidly since the last decade and is expected to continue leading the field. The most recent
results from LUX, PandaX and XENON Collaborations are reviewed, focused on dark matter
sensitivity limits.

1 Introduction

The existence of Dark Matter (DM) is known from gravitational effects, but its nature remains
a deep mystery. There is a wide range of astronomical evidence that the visible stars and gas
in all galaxies, including our own, are immersed in a much larger cloud of non-luminous matter.
It is typically an order of magnitude greater in total mass. Evidences from large-scale galaxy
surveys and microwave background measurements is consistent with the existence of this DM,
indicating that the majority of matter in the universe is non-baryonic. Current estimates put
the DM fraction of mass-energy density of the observable Universe at ∼26 %, baryonic matter
makes up ∼ 5% while the remainder is accounted for by dark energy. The existence of DM
is at present one of the strongest pieces of evidence that the current theory of fundamental
particles and forces, summarized in the Standard Model (SM) of particle physics, is incomplete.
The nature of this non-baryonic component is still totally unknown, and the resolution of the
”Dark Matter puzzle” is of fundamental importance to cosmology, astrophysics, and elementary
particle physics 1.

A number of proposed candidates have been put forward over time: one motivated possibil-
ity is that DM consists of undiscovered particles that arise naturally in many theories beyond
the Standard Model, including supersymmetric theories, theories with extra spatial dimensions.
One of the most compelling candidate is Weakly Interacting Massive Particle (WIMP). This
particle is well motivated, not only because it resolves the DM puzzle, but also because it simul-
taneously solves longstanding problems associated with the SM of particle physics. WIMPs are
particles formed in the early universe and subsequently gravitationally clustered in association
with baryonic matter. They interact weakly with normal matter and have mass near the weak
scale.

There are several complementary methods used to determine the nature and properties of
DM particle. Direct detection experiments examine the interaction of DM particles with a
detector as they elastically scatter off nuclei in the target. DM may also be discovered indirectly
by finding evidence of WIMP pairs annihilating somewhere in the galactic neighborhood. Finally,
evidence for DM may also come from collider searches. It should be noted that collider and
indirect searches for DM can be much less straightforward than direct searches: collider searches



alone cannot be used to determine whether or not an eventual discovery of new particles is
attributable to DM; halo indirect search results interpretation are also subject to ambiguities
due to large astrophysical uncertainties. On the other hand, direct search experiments, in
combination with colliders and indirect searches, might not only establish the identity of DM,
but may also provide a wealth of additional cosmological information. For this reason, direct
detection appears to be one of the most promising techniques to shed light on the nature of the
DM.

Large efforts have been pursued to develop experiments which are able to directly test
the particle nature of DM. Given the low interaction strength expected, the probability of
multiple collisions within a detector is negligible, thus the signature results in a recoil spectrum
of single scattering events. In the most common approach, the experiments attempt to measure
the nuclear recoils energy produced by collisions between DM candidates and detectors target
nuclei. Different technologies have been explored so far to achieve this goal. Among the most
promising, dual phase direct detection xenon experiments have recently demonstrated their
exceptional capabilities for rare event detection. This technology currently achieves the most
stringent limits on WIMP searches: it is evolving rapidly since the last decade and is expected to
continue leading the field in the near future. Nowadays, there is a worldwide competition among
many collaborations that have chosen the liquid xenon as detecting medium, namely XENON
at Laboratori Nazionali del Gran Sasso in Italy, PandaX at Jin-Ping laboratory in China and
LUX-LZ at the Sanford Underground Research Facility in the United States.

2 Direct dark matter detection

The direct detection of WIMPs was initially proposed by W. Goodman and E. Witten 2 and has
been the subject of numerous studies. This section summarizes the important elements of the
interaction of WIMPs with nuclei.

2.1 WIMP-nuclei elastic scatter

The WIMP interaction with the target nucleus results in an elastic scatter. For a detector con-
taining nN target nuclei, the interaction rate R can be expressed as a function of the interaction
cross-section σχ−N , the average velocity < v >, the local density of dark matter ρ0 and the
WIMP mass mχ :

R = σχ−N
ρ0
mχ

< v > nN (1)

If we consider a speed velocity of the order of a few hundred km/s, in the laboratory frame,
WIMP will not be relativistic. The energy of the nucleus recoil Er can be then simply expressed
as:

Er =
mχv

2

2

4mχmN

(mχ +mN )2
cos(θr) (2)

with θr being the diffusion angle of the recoil compared to the incident direction of the
WIMP and mN the nucleus mass. This corresponds to energies within the 1-100 keV range.

We can then prove that the differential rate is:

dR

dER
= NN

ρ�
mW

∫ vmax

vmin

f(v)v
dσ

dER
dv (3)

where f(v) is the WIMP velocity distribution. The minimum velocity is vmin =
√

mNEth
2mr

which depends on the energy threshold Eth of the detector and on mr =
mNmχ
mN+mχ

that corresponds
to the WIMP-nucleus reduced mass. vmax is the escape WIMP velocity in the Earth reference
frame.



2.2 Interaction cross-section

The interaction between a WIMP and the elementary constituents of the target nucleus (i.e.
quarks) can take place either by exchanging a Higgs boson (scalar coupling) or by exchanging
a Z boson (axial coupling). The scalar interaction is called spin-independent (SI), the axial
interaction spin-dependent (SD). For a nucleus A

ZX, the cross sections in the zero momentum
transfer limits are:

σSI0 =
4m2

r

π
(Zfp + (A− Z) fn)2 (4)

σSD0 =
32G2

Fm
2
r

π

J + 1

J
(ap < Sp > +an < Sn >)2 (5)

where fi and ai are the effective WIMP-couplings to neutrons and protons in the spin-
independent and spin-dependent case, respectively. J is the total angular momentum of the
target nucleus. < Sp > and < Sn > are the proton and neutron spin content of the target
nucleus.

Thus, in order to increase the sensitivity to the spin-independent interaction, it is better
to choose a heavy target nucleus: the cross-section is in fact proportional to the square of the
atomic number (A). In order to be sensitive to the spin-dependent interaction for which a non-
zero spin nucleus is needed and therefore a target containing nucleus with an odd number of
protons or neutrons must be used.

In practice, for the interpretation of experimental results, the spin-dependent cross-section
is obtained by cancelling one of the two terms of the parenthesis, in equation 5 to account for
either a purely WIMP-neutron or WIMP-proton interaction. The limits on the spin-dependent
cross-section are then given for coupling to the proton and to the neutron separately. This is
made to simplify the presentation and the comparison of the results between the experiments
even if, to be rigorous, neither the values of the amplitudes of diffusion nor their sign are known
a priori, the sum of the two terms must be taken into account.

2.3 WIMP halo properties

At the scale of our galaxy, the spatial distribution of dark matter is constrained by the observa-
tions of the rotation curves and by the N - body simulations which reproduce the formation of
the galaxies 3. The WIMPs are distributed, in a first approximation, as a sphere with a density
profile ρ(r) = ρ0/r

2 with ρ0 = 0.3 GeV/c2/cm3, where the index 0 refer to the Sun. Moreover,
the velocity distribution in the galactic frame follows a maxwellian function f(v) ∝ exp(−v2/v20)
with v0 = 220 km/s being the velocity of the solar system around the galactic center. To take
into account the possible escape of WIMPs from the gravitational attraction of the galaxy, a
maximum speed is imposed (vmax = 650 km/s).

2.4 Energy spectrum

The first observable accessible to the detector is the recoil energy spectrum of the nuclei. Figure 1
presents the expected spectra for different target nuclei in the case of a 100 GeV/c2 WIMP. The
shape of the spectra derives from the integral of equation 3 which leads to an exponential decay
when one considering a maxwellian velocity distribution. It can be observed that the slope of
the spectrum is more important for high mass nuclei: this can be explained as due to the form
factor which increase with the atomic number. It is important to highlight that the highest rate
is expected at the lowest energy. It is thus crucial to have the lowest possible energy threshold,
especially in the case of high atomic number targets such as xenon,

The number of detected events is proportional to the cross-section and to the WIMP mass.
Smaller masses give lower recoil energies and therefore less events above the threshold. Larger
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Figure 1 – (left) Expected WIMPs interaction rate as a function of recoil energy for several target materials 4.
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masses induce a lower density of galactic WIMPs, since density and mass are constrained by
astrophysical observations. For a fixed cross-section, this number is maximal for masses around
50 GeV/c2. To summarize, the detection (or not) of events by an experiment results in an
accepted (or excluded resp.) zone in these two parameters space.

2.5 Background discrimination

One of the main limitation for all experiments looking for rare events come from background
noise. This noise has several components: an electromagnetic one, corresponding to the inter-
action of γ and β generating electronic recoils and a second one consisting of induces nuclear
recoils from neutrons interacting with a target nuclei. Although the electromagnetic background
shows higher rates with respect to the nuclear one, it can be reduced at analysis level through
the S2/S1 ratio, leading to a rejection of more than 99% electronic recoils background events
with ∼50% acceptance for the WIMPs. Neutron background noise is more problematic because
the signature is the same as WIMPs. It is therefore crucial to reduce it to the maximum. In the
following, the different sources of background will be presented.

Cosmic rays

The high value of the cosmic ray flux at the surface of the earth (∼ 300 m−2.s−1 at sea level with
∼ 190 m−2.s−1 muons) prevents direct detection of dark matter. In order to reduce this flux, it is
therefore necessary to build detectors in underground laboratories. For reference, the muon flux
is 2.58 × 10−8 cm−2.s−1 at LNGS5, 4.4 × 10−9 cm−2.s−1 at SURF5 and 2.0 × 10−10 cm−2.s−1

at Jin-Ping laboratory 6. This rate is low enough that cosmic muons will not represent a main
background to dark matter searches. Nevertheless, they can still induce neutrons either by direct
spallation or indirectly, by spallation and capture of the created pions. When these reactions
take place in the detector, the neutrons induced by muons can be identified by the large quantity
of energy deposited at the same time in the detector by the muon itself. On the other hand, when
these reactions occur in the passive shield or in the rock surrounding the laboratory, neutrons
induced by the muons can interact in the detector and mimic the interaction of a WIMP.

External radioactivity

The radioactivity in the detector environment comes mainly from the overlying rock, which
contains uranium, thorium and potassium at the ppm level (parts-per-million, 106). γ radiation
produced close to the sensitive volume of the detector can be reduced by selecting materials with



low radioactive activity. In order to decrease the surrounding background by suppressing the
external contamination, the detectors are enclosed by an active veto whose goal is to increase
the purity of the internal volume.

Internal radioactivity

Xenon contains a double beta decaying isotope, 136Xe, with a large lifetime of 2.2 × 10−21 yr. If
needed, this isotope can be relatively removed by centrifugation but its contribution is negligible
for experiment smaller than few tons mass. Krypton (is naturally present in the commercial
xenon) and radon (daughter of uranium) can also contribute to the internal background through
electronic recoils. Hard work is done in order to reduce those two contributions. Krypton can
be removed from cryogenic distillation 7 and methods to continuously remove the radon are also
being used 8.

Neutrinos

With their increasing sensitivities, direct dark- matter detectors will start to be sensitive to
neutrino interactions. It can then become a background in electronic 9 and nuclear-recoils 10.
Neutrinos coming from pp and 7Be reactions should be the first events detected thanks to their
larger fluxes.

3 Detector conception

3.1 Liquid Xenon as target

Noble gases are very good media for particles detection: they produce a fast response to the
scattering of a particle by emitting simultaneously a scintillation and an ionization signal in
presence of a drift field. An other advantage comes from their high stopping power that is
related to their atomic masses (except that for the helium).

Among all the noble liquid, the heaviest one is the radon, Rn. However, due to its very high
intrinsic radioactivity, it is not a good candidate for particle detection. The second heaviest
liquid noble gas appears to be the xenon, Xe: it represents one of the best candidate as detector
medium for dark matter searches. A summary review of the main physical properties of noble
liquids is presented in table 1.

As detector media, all noble gases from neon, Ne, up to xenon present similar advantages
such as the possibility to create homogeneous detection volumes at a reasonable cost, with high
particle stopping powers that depend roughly on the density of the material. They present also
the advantage of an accurate interaction position reconstruction thanks to the low transverse dif-
fusion for drifting electrons. This allows the exploitation of their self-shielding capacity through
fiducialisation.

In case of the xenon, in addition of being the noble gas with the best stopping power (radon
excluded) it also presents the property of having almost no intrinsic radioactivity. All isotopes
of xenon found in nature are stable, or long-life double-beta emitter (136Xe, Half-life ∼ 1021 yr)
and can be purified in radioactive krypton and radon at the ppt level (10−12 mol/mol) 25. This
property is crucial for low background experiments. Argon, Ar, has the advantage to have
a better separation between electronic and nuclear recoils, compared to xenon, through pulse
shape discrimination but has also two main disadvantages. The first one consists in its small
wavelength emission light (λ = 128 nm) that requests a light shifter to allow its detection. Then,
the argon extracted from the atmosphere cannot be used for dark matter search, due to isotope
39Ar, a β− emitter, that implies intrinsic background leading to sensitivity limitation. One of
the possibility for low-background experiments with argon is then to use low-radioactivity argon,
such as depleted argon or argon from underground gas wells. As a result, the cost advantage
with respect to xenon is strongly reduced.



Table 1: Liquid Noble main properties for particle detection 11.

Element Neon Argon Krypton Xenon

Atomic Number (Z) 10 18 36 54

Atomic mass (A) 20.2 40.0 83.8 131.3

Boiling Point [K] 27.1 87.3 119.7 165.0

Liquid Density 1.21 1.40 2.41 2.94

Scintillation [γ/keV] 30 40 25 42

Scintillation Wavelength [nm] 85 128 150 178
39Ar 136Xe

Natural radioactivity No Standard : ∼ 1 Bq/kg Yes 85Kr
Depleted : ∼ 1 mBq/kg

Price $$ $ (Std.)/ $$$ (Depl.) $$$ $$$$

Liquid xenon is an excellent medium with high scintillation and ionization efficiencies and
a low energy threshold (< 10 keV) making it an ideal target for interaction with WIMPs. On
one hand, it allows to reach a high sensitivity on spin-interaction cross-sections (as shown in
equation 4), the cross-section is proportional to the square of the atomic number that corresponds
to A=131 for the xenon. On the other hand, isotopes with an odd number of nucleons, 129Xe
(spin 1/2) and 131Xe (spin 3/2) are naturally present in the natural xenon with respective
abundance of ∼ 26% and ∼ 21% making xenon also sensitive to the spin-dependent interaction.

Its atomic number (Z = 54) and its high density (∼ 3 g.cm−3) allow to reduce significatively
external radiations coming from the environment and from the walls of the detector. It is thus
possible to define a fiducial volume in the most central part of the detector for WIMPs search.
All events outside of this volume are rejected. Finally, the background noise can be reduced by
the dual scintillation / ionization information, which offers the possibility of rejecting a large
part of the electronic recoils.

Finally, the cryogenic associated to the xenon liquidation (∼ 170 K) is simple, the cost of
xenon is still fairly affordable to consider experiments containing several tons of liquid xenon.

3.2 TPC Principle

When a particle interacts in the liquid xenon, two distinct signal types are created, as presented
in figure 1 (right). A direct scintillation light (S1) is promptly emitted after few nanoseconds

Figure 2 – (left) Dual phase time projection chamber detecting scintillation light (S1) and the ionization charge
signal (S2) after interaction in the liquid xenon (LXe). The S2 light is produce at the top of the TPC in the gas
phase (GXe) 18. (right) The time distance between the two signals give the vertical direction of the vertex. The
S2/S1 ratio is the discriminant variable between nuclear and electronic recoils 18.



and detected by the photo-sensors (PMTs) placed on top and on the bottom of the chamber. At
the same time, ionization electrons start to drift from the initial point of interaction following
the direction of the applied external field. Arriving at the grounded gate grid, at the top
of the detector, they are extracted into the gas phase by a much stronger anode field. The
electrons are re-accelerated and create proportional scintillation light along excitation/ionization
tracks through the gas gap. This provides the secondary amplified signal (S2) which enables
to reconstruct the original event location along the vertical direction by measuring the time
difference ∆t between S1 and S2 signals. In addition, the position in the perpendicular plane
can be derived from the S2 hit pattern on the top photo-sensors array. The typical position
resolution is of the order of few centimeters. This principle is illustrated in figure 2.

The intensities of the S1 and S2 signals will depend on the type of the recoil, i.e. nuclear
or electronic. Neutrons lose their energy in almost point-like interactions, leaving electrons
behind in a dense concentration, and imply high recombination rates even in strong extraction
fields 17. In contrast, γ radiation undergoes Compton scattering with multiple steps at different
interaction sites, thereby enhancing the effective charge yield. As a result to this difference, the
S2/S1 ratio can be used to discriminate the nuclear recoil from the electronic one.

4 Recent results and perspectives

4.1 Leptophilic dark matter searches

Due to the orbit of the Earth around the Sun, the net velocity of the WIMPs in the labora-
tory frame varies with a period of one year. Since the number of events measured is directly
proportional to the speed of the WIMPs (see equation 1), an annual modulation of the events
distributions is expected. It should be maximized in June and minimal in December and the
amplitude of the expected variations is of the order of 7 % 13. If an experiment detects enough
events, it can then be sensitive to this annual modulation. However, this observable does not
constitute a single proof, it is possible that the background noise also varies annually. This is the
case, for example, for the cosmic muons whose rate depends on the atmosphere’s temperature
and can be observed in underground sites14. A comparison of results from identical experiments
built in the two hemispheres might help in shading light on annual modulation interpretations.

The signal observed by the DAMA/LIBRA experiment 15 may be interpreted as coming
from a leptophilic dark matter candidate. Since the detector has no nuclear/electronic recoil
discrimination power, leptophilic dark matter was evocated to reconcile the observed signal with
the null-results from other experiments. The XENON100 experiment 16 performed two analyses
focused on an exclusive interaction between the dark matter particle and electrons.

For the first analysis 19, the 34 kg inner fiducial volume has been used to select events
belonging to the electronic recoil band. The results are obtained by analyzing the 70 summer
live-days only, where the modulation effect seen by DAMA/LIBRA, is stronger. Figure 3 presents
the comparison between the expected DAMA/LIBRA rate and the measured XENON100 energy
spectra. The difference of the integral counts excludes the DAMA/LIBRA signal as axial-vector
coupling between WIMPs and electrons at 4.4 σ significance level, even considering all events
from XENON100 background as signal candidates. Mirror dark matter and luminous dark
matter are also excluded at 3.6 σ and 4.6 σ respectively.

The XENON100 experiment operated in stable condition for a long-enough period to allow
performing a second analysis to study the annual modulation 20. The corresponding results
have been confirmed by XMASS 21. The measured phase of 112 ± 15 days disfavored the
interpretation of a modulation due to standard DM halo at 2.8 σ confidence level, as it can be
seen in figure 3 on the right. In addition, the annual modulation interpreted as a DM signature
with axial-vector coupling of WIMPs to electrons was also excluded at 5.7 σ confidence level.
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Figure 3 – (left)The DAMA/LIBRA modulated spectrum (red), interpreted as WIMPs scattering through axial-
vector interactions, as it would be seen in the XENON100 detector. The 1σ band includes statistical and system-
atic uncertainties. The (blue) data points are XENON100 data from the 70 summer live days with their statistical
uncertainty. The expected average XENON100 rate is also shown (dashed cyan) 19. (right) The XENON100 best-
fit, 95% and 99.73% confidence level contours as a function of modulation amplitude and phase relative to January
1, 2011 for the period of 1 year 20.

4.2 PandaX-II

The PandaX (”Particle and Astrophysical Xenon Experiments”) Collaboration is the second
phase of the Chinese experiment currently running at the Jin-Ping laboratory (CJPL). It consists
in a half-ton scale dual-phase xenon detector. The first results from its 98.7 first days for dark
matter searches have been recently reported 22 with a total exposure of 3.3 × 104 kg.day. The
most stringent upper limit on the spin-independent scattering cross section (at 90% confidence
level) is 2.5 × 1046 cm2 for a WIMP mass of 40 GeV/c2 (see figure 5). The PandaX-II experiment
continues to take data to explore the WIMP parameters space.

4.3 LUX

LUX, Large Underground Xenon experiment, installed at the Sanford underground laboratory
(SURF) in the United-States, released its latest results 23. The detector employs a total mass of
250 kg of liquid xenon and a ∼ 100 kg fiducial mass for the WIMP search. The collaboration
reached a 3.3 × 104 kg.day total exposure after 332.0 days of dark matter observations. The
data were ”salt”: real calibration events are added in order to control the quality of the analysis.
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Figure 4 – Exclusion upper-limits for spin-dependent WIMP-nucleon cross-section assuming pure neutron coupling
(left) and pure proton coupling (right) 24.



The final limit has a minimum of 2.2 × 1046 cm2 at 40 GeV/c2. The most recent spin-dependent
results shown presented in figure 4: the upper limits set on the WIMP-neutron (WIMP-proton)
cross section of σn = 1.6 × 1041 cm2 (σp = 5 × 1040 cm2) at 35 GeV/c2, almost a six-fold
improvement over the previous LUX results 24. The spin-dependent WIMP-neutron limit is the
most stringent worldwide to date.

4.4 XENON1T

XENON1T experiment just released its first results 25. It consists of a dual phase (liquid-gas)
xenon time projection chamber with a total target mass of 2000 kg of xenon, located at the Lab-
oratori Nazionali del Gran Sasso (LNSG) in Italy. It is the first ton-scale detector of this kind. A
blinded search strategy has been put in place to analyze 34.2 live days of data, acquired between
November 2016 and January 2017, when an earthquake temporarily interrupted detector oper-
ations. With an electronic recoil background of (1.93± 0.25)× 10−4 events/(kg×day× keVee),
the detector reached the lowest background ever achieved in a dark matter experiment. The
most stringent exclusion limits are derived on the spin-independent WIMP-nucleon interaction
cross section for WIMP masses above 10 GeV, with a minimum of 7.7 × 10−47 cm2 for a
35 GeV/c2 WIMP mass. XENON1T is still in data taking conditions.

4.5 Future

A fast upgrade of the XENON1T detector is foreseen. The main goal is to increase the current
sensitivity reach (1.6 × 10−47 cm2 after 2 t.y exposure) by an additional order of magnitude.
In order to do so, the R&D for the XENONnT experiment is already started, in parallel with
the operation of XENON1T. This fast upgrade will be possible thanks to the reuse of most
of the detector infrastructures and subsystems. A competitive installation from the LZ (LUX-
ZEPPLIN) consortium27 foresees the same sensitivity by 2020. The expected limits are presented
in figure 5.
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DARWIN (Dark matter WIMP search with noble liquids) 28 is an European design study.
This ultimate dark matter detector is designed to employ a time projection chamber filled with
40 t of liquid xenon. The full instrument will require about 50 t of liquid xenon. DARWIN
will be limited by the irreducible background coming from the solar flux of pp-neutrinos. The
sensitivity reach of 10−49 cm2 will allow for the detection or the exclusion of WIMPs with masses
above ∼ 5 GeV/c2.
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WIMPS – how to hunt them and how to save them

Felix Kahlhoefer

Deutsches Elektronen-Synchrotron DESY, Notkestraße 85, D-22607 Hamburg, Germany

The non-observation of new physics at the LHC and in direct detection experiments puts sig-
nificant pressure on the idea that dark matter consists of weakly-interacting massive particles
(WIMPs) produced from thermal freeze-out. In light of these results I will discuss ways to
extend the WIMP idea by introducing new mediators and/or additional states in the dark
sector. Doing so affects the phenomenology of WIMP models in important ways, leading to
additional constraints but also offering new ways to avoid thermal overproduction of dark
matter. I will discuss how to constrain such models with the LHC and whether thermal dark
matter can still be viable.

1 Introduction

Out of the many different approaches for explaining the observed abundance of dark matter
(DM) in the Universe, the most widely studied paradigm is thermal freeze-out.1 This idea is
based on the assumption that DM particles were in thermal equilibrium with Standard Model
(SM) states at high temperatures in the early Universe and then decoupled as the temperature
dropped below the rest mass of the DM particles and their number density became exponentially
suppressed. What makes this idea so appealing from the theoretical perspective is that a new
stable particle with weak interactions and a mass around the electroweak scale is predicted to
obtain roughly the correct relic abundance from thermal freeze-out. For this reason DM particles
from thermal freeze-out are often referred to as Weakly Interacting Massive Particles (WIMPs).

But the WIMP idea is also appealing from the experimental perspective, because it makes
a number of important predictions. First of all, the requirement of thermal equilibrium implies
that DM must have some sizeable interaction with SM particles, meaning that it should be
possible in principle to observe interactions of DM particles with ordinary matter. A number of
strategies to search for such interactions have been devised and can be categorized in three differ-
ent classes: indirect detection experiments trying to observe DM annihilation, direct detection
experiments searching for DM scattering and collider searches for DM production. Crucially, it
turns out that WIMPs cannot be arbitrarily heavy, because perturbative unitarity requires their
mass to be below approximately 100 TeV.2 It should therefore be possible to comprehensively
probe the WIMP paradigm.



The search for WIMPs has so far however been without success. Most recently, a number of
direct detection experiments, such as LUX3 and PandaX4 have published results from their most
recent data sets without observing any significant excess over expected backgrounds. Similarly,
the LHC has now performed a large number analyses at a centre-of-mass energy of 13 TeV,
without finding evidence for the production of DM particles.5 These results raise the question
whether the WIMP idea is beginning to be disfavoured, i.e. whether experimental data now
excludes the bulk of the WIMP parameter space.

In this short talk I will try to answer this question by considering a number of different
WIMP models. I will first review some of the simplest WIMP models and their experimental
status and then discuss possible ways to extend these models. The central conclusion will be
that extensions of the simplest models typically do not only open up new parameter space (to
save WIMPs) but also lead to interesting new experimental signatures that can be used to devise
new search strategies (to hunt WIMPs).

2 The status of simple WIMP models

We begin by reviewing different simple WIMP models. One can classify these models by the spin
of the DM particle (which can be 0, 1

2 or 1), the mediator of the DM interaction (which can be
the SM Z boson or the SM Brout-Englert-Higgs (BEH) boson) and, in the case of fermionic DM,
the parity and CP properties of the interaction.6,7 In each case one can then compare the coupling
strength required for a successful prediction of the DM relic abundance from thermal freeze-out
to current experimental bounds. For the case of DM particles interacting via Z boson exchange
(the prototypical WIMP), the conclusion is essentially that direct detection constraints are so
strong that these models have already been ruled out for a long time. The notable exception is
the case of fermionic DM with axial couplings, where direct detection constraints are weakened.
For example, a Majorana fermion (e.g. a supersymmetric higgsino) with mass around 1 TeV is
still perfectly consistent with all experimental results.

It is important to note that these constraints rely on tree-level Z boson exchange. It is
still perfectly possible for DM to be part of a multiplet of SU(2)L provided there is no direct
coupling to Z bosons. A number of possible realizations of this so-called minimal DM8 have
been considered in the literature. For the most promising candidate, a quintuplet with zero
hypercharge, the only free parameter of the model is the mass of the DM particle, which is fixed
to around 10 TeV from the requirement to reproduce the observed relic abundance. While direct
detection experiments are not very sensitive to such a DM particle, strong indirect detection
constraints arise from searches for gamma rays due to a significant Sommerfeld enhancement of
the annihilation rate in the Galactic Centre.

For the case of BEH boson exchange (and neglecting CP-violating couplings) the situation
becomes more interesting. While there is considerable tension for fermionic DM, there is viable
parameter space for both spin-0 and spin-1 DM with a mass above the TeV scale. A particularly
attractive case is the one where DM is a real scalar singlet, coupled to the SM via the so-called
Higgs portal. This fully renormalizable three-parameter model offers arguably the simplest
realization of the WIMP idea. A large number of studies of this model have been performed,
most recently by the GAMBIT collaboration.9 The conclusion is that this simple model is still
perfectly viable and can account for all of the DM provided the singlet mass is sufficiently
large. Intriguingly, for singlet masses between 700 GeV and 2 TeV the contribution of the scalar
singlet to the scalar potential stabilizes the electroweak vacuum, leading to a model that is
viable all the way up to the Planck scale.10 Xenon1T will be decisive in probing this parameter
space, demonstrating once again how experimental searches are closing in on the simplest WIMP
models.



3 New mediators

The mounting experimental tension on the simplest WIMP models may lead one to conclude that
it is time to abandon the WIMP idea and focus on alternative DM candidates, such as axions or
sterile neutrinos. However, it is important to keep in mind that the thermal freeze-out paradigm
is very general and does in particular not require the DM particle to participate in the SM weak
interactions. Indeed, it is not necessary for the DM particle to couple directly to any SM
particle, provided that there is a new mediating particle that is responsible for communicating
the interactions of DM. Clearly, postulating the existence of such a new mediator will open up
new parameter space, but it will also give rise to additional experimental constraints. A new
mediator coupling to SM fermions, for example, may appear as a resonance at the LHC and is
therefore constrained by searches for dijet and dilepton resonances.11,12

The interesting question is therefore whether viable parameter space for thermal freeze-out
remains when combining the results from DM searches with the direct constraints on new me-
diators. Compared to the relatively small number of simple WIMP models discussed above, the
list of possible models of DM interacting via a new mediator is significantly longer, making it
challenging to comprehensively discuss all possibilities. Nevertheless, we can significantly reduce
the number of interesting cases by focussing on models that are more likely to be phenomeno-
logically viable. First of all, one would like to avoid the strong constraints on spin-independent
scattering from direct detection experiments, which can for example be achieved by focussing on
Majorana fermions and spin-1 mediators. Secondly, strong constraints on the leptonic couplings
of the new mediator compel one to focus on mediators coupling dominantly to quarks. A num-
ber of further possibilities (e.g. spin-1 mediators with purely axial couplings) are disfavoured by
the requirement that the model respect the full gauge symmetry of the SM before electroweak
symmetry breaking.13

An interesting example for a model that satisfies all of these criteria is the one where the
new mediator corresponds to the gauge boson of a new U(1)′ gauge group, under which only
quarks and DM are charged (with effective couplings gχ and gq, respectively). This gauge group
is spontaneously broken by the vacuum expectation value of a SM singlet S, which thereby
generates the mass of the Z ′ boson and the DM particle χ. After the spontaneous symmetry
breaking, the physical component s of the new Higgs field can have a mixing angle θ with the
SM BEH boson and thereby obtain couplings also to SM fermions. The model therefore contains
two possible dark mediators: the Z ′ boson and the dark Higgs s. The relevant terms in the
interaction Lagrangian are given by:

Lχ ⊃ −gχ
2
χ̄γµγ5χZ ′µ −

yχ

2
√

2
χ̄χs , (1)

Lq ⊃ −
∑
q

(
gq q̄γ

µqZ ′µ + sin θ
mq

v
q̄qs

)
, (2)

where the two DM couplings are related via the underlying gauge symmetry via

yχ
mχ

= 2
√

2
gχ
mZ′

. (3)

The model is fully described by six parameters (three masses and three couplings), out
of which one can be eliminated by requiring the model to reproduce the observed DM relic
abundance. For example, for given masses mχ, mZ′ and ms one can eliminate the coupling
gχ and then scan over the remaining two couplings gq and sin θ to determine whether any
combination of couplings can be consistent with all experimental constraints. An example for
such a scan14 is shown in Figure 1. This plot shows the viable regions of parameter space as
a function of mZ′ and ms for fixed mχ = 100 GeV. For the parameter points shaded in red
it is impossible to find any combination of couplings that is consistent with the relic density



requirement as well as with all experimental constraints, whereas in the white regions at least
one coupling combination can be found that is compatible with all requirements.

We make the following three observations from Figure 1 (and similar plots for different values
of mχ):

1. Heavy mediators are generally disfavoured. There is no allowed parameter space if both
the Z ′ and the dark Higgs are significantly heavier than the DM particle.

2. Allowed parameter space is found if either mχ = mZ′/2 or mχ = ms/2, such that DM
annihilations are resonantly enhanced and much smaller values of gχ (and hence yχ) are
sufficient to obtain large annihilation cross sections.

3. Experimental constraints are significantly relaxed if either mZ′ < mχ or ms < mχ.
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Figure 1 – Global scan for mχ = 100 GeV to determine those values of the two SM–mediator couplings that
give the weakest constraints. The red shaded region is excluded for all possible combinations, while in the white
region all constraints can be evaded. In the orange shaded region it is not possible to exclude large values of gq,
corresponding to large mediator width.

The final observation can be understood as follows. If one of the mediators is lighter than
the DM particle, a new final state for DM annihilation opens up, namely either χχ → Z ′Z ′

or χχ → ss. Since the cross section for these processes is independent of gq and θ, it is easily
possible to reproduce the observed relic abundance while evading experimental constraints (as
long as the couplings are large enough that the mediator decays eventually). Clearly, such
a set-up deviates quite significantly from the simplicity of the original WIMP idea and likely
warrants a different name such as secluded DM.15 Still, it serves as a useful illustration that
thermal freeze-out can easily be viable in more complex dark sectors.

4 Experimental signatures of complex dark sectors

Let us finally focus on the question whether it is possible to probe models of DM interacting
with a new light mediator experimentally. For concreteness, we consider the case in which the
light mediator is the scalar singlet s discussed above. To be experimentally viable, this singlet
must have a tiny but non-zero mixing with the SM Higgs boson, so that it can decay into SM
fermions without violating experimental bounds on Higgs invisible decays. Due to the smallness
of this mixing angle, it is virtually impossible to produce the new light scalar at colliders, and
constraints from DM searches are equally suppressed. Nevertheless, couplings within the dark
sector must be large in order for the dark Higgs field to generate the masses of the other dark
sector particles. This means that, if any dark sector state can be produced at colliders (for



q

q

χ

χ

g

Z ′ q

q

χ

χ

b

b

Z ′
Z ′

s

q

q

χ

χ

b

b

Z ′

χ

s

q

q

χ

χ

g

Z ′ q

q

χ

χ

b

b

Z ′
Z ′

s

q

q

χ

χ

b

b

Z ′

χ

s

Figure 2 – Processes leading to a mono-dark-Higgs signal at the LHC.

example via the interactions of an additional Z ′ boson), it has a high probability of radiating
off a scalar singlet (so-called dark-Higgs-strahlung). This is illustrated in Figure 2, which shows
possible diagrams contributing to the process pp→ χχs.

It turns out that for large Z ′ masses the rate of dark Higgs bosons emitted with large
transverse momentum from an intermediate or final state can become comparable to the rate
of QCD radiation from the initial state, which is commonly used to search for DM production
at the LHC. Moreover, since the dark Higgs will decay dominantly into b-quarks (for 10 GeV ≤
ms ≤ 150 GeV), we then end up with a very characteristic signal: a fat jet containing two b-jets
with an invariant mass mJ close to the singlet mass, produced in association with large amounts
of missing transverse momentum.16 In other words, we expect large production cross sections
for a final state that can much more easily be distinguished from background processes than
generic QCD radiation.

The experimental search for this new class of events is conceptually very similar to existing
searches for SM BEH bosons produced in association with DM (so-called mono-Higgs searches).
The only difference of a mono-dark-Higgs search is simply to consider general invariant masses
of the fat jet. Adopting the event selection from a recent ATLAS analysis17, we find that the
dominant background for ms < mh stems from V + bb̄, in agreement with the background
estimates published by the ATLAS collaboration. As expected, however, the shape of the mJ -
distribution is very different for signal and background. This makes it possible to achieve a
sensitivity that significantly surpasses the the one of conventional mono-jet searches. This is
illustrated16 in Figure 3, which shows the expected sensitivity of a mono-dark-Higgs search using
40 fb−1 in the conventional parameter plane of Z ′ mass versus DM mass for ms = 50 GeV and
fixed couplings. The conclusion is that mono-dark-Higgs searches are a highly promising way to
probe models with an additional light Higgs boson in the dark sector up to Z ′ masses of several
TeV and thereby explore dark sectors that would otherwise evade detection.
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Figure 3 – Expected sensitivity of a mono-dark-Higgs search with an integrated luminosity of 40 fb−1 for different
values of ms. For comparison, we show the expected sensitivity of a conventional mono-jet search and the
parameter combinations for which the observed relic abundance is reproduced.



5 Conclusions

Thermal freeze-out and in particular the WIMP idea have dominated DM model building for
the past decades and have shaped the experimental search programme. While it is true that the
non-observation of new physics at the LHC and null results in direct DM searches put significant
pressure on this paradigm, it is important to note that some of the simplest WIMP models such
as scalar singlets interacting via the Higgs portal are still viable. Nevertheless, it is certainly
timely to question whether the idea of thermal freeze-out is beginning to be disfavoured and
whether more emphasis should be placed on alternative approaches.

A useful way to address this question is to extend the simplest WIMP models by new
mediators, which open up large new parameter space but also predict many new signatures,
such as dijet resonances. Considering for example the case of new mediators from a broken
U(1)′ gauge group, we find significant experimental pressure on heavy mediators. If on the
other hand the dark sector has additional structure, for example because the additional singlet
in the dark sector is light, thermal freeze-out remains perfectly viable. Intriguingly, such models
of secluded WIMPs can be probed experimentally, for example with LHC searches for boosted
fat jets in association with missing transverse energy. Implementing such new search strategies
will help to make the best use of the increasing sensitivity of direct detection experiments and
LHC searches in order to probe a wide range of viable realizations of the thermal freeze-out
paradigm.
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Dark matter self-interactions are a well-motivated solution to the core-vs.-cusp and the too-
big-to-fail problems. They are commonly induced by means of a light mediator, that is also
responsible for the dark matter freeze-out in the early universe. Motivated by the fact that
such scenario is excluded in its simplest realizations, we will discuss the possibility that the
relic density of a self-interacting dark matter candidate can proceed from the freeze-out of
only annihilations into SM particles. We will argue that scalar and Majorana dark matter in
the mass range of 10 to 500 MeV, coupled to a slightly heavier massive gauge boson, are the
only candidates in agreement with multiple current experimental constraints. We will also
discuss prospects of establishing or excluding these two scenarios in future experiments.

1 Introduction

The ΛCDM model is a very successful paradigm that describes a plethora of astrophysical and
cosmological observations. Nevertheless, at small astrophysical scales there are a few discrepan-
cies between its predictions and observations. Two of these discrepancies have been dubbed the
core-vs.-cusp and the too-big-to-fail problems. The former arises because N-body simulations
of collisionless dark matter (DM) particles predict halos with a cusp at their center, whereas
objects such as dwarf galaxies exhibit a core (See e.g. Refs. 1,2,3). The second problem has to
do with the fact that simulations of the Milky Way predict subhalos too massive and too dense
to host the brightest observed satellites (See e.g. Refs. 4,5).

While there is no consensus in the scientific community on the origin of these discrepancies
yet, one can enumerate a couple of hypothesis. The most evident one being that the effect
of baryons must be included in simulations. Possible astrophysical explanations include super-
nova/AGN feedback, tidal effects within halos and low star-formation rates (See Ref. 6 for a
recent review). One can also entertain a more audacious alternative from the particle-physics
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point of view. Namely, one can postulate DM self-interactions that become relevant at small
scales, without modifying the physics at large scales 7.

The idea behind the self-interaction hypothesis is introducing a mean free path for DM
particles in halos of the order of 1 to 10 kpc. This naturally gives rise to DM distributions that
are qualitatively different. Notice that in the ΛCDM paradigm, the mean free path is infinity
because DM is collisionless. Given the fact that the mean free path induced by a self-interaction
cross section σ is

Mean Free Path ∼
(

ρ

mDM
σ

)−1
(1)

and taking into account the magnitude of the DM density in galactic halos, one finds σ/mDM ∼
1cm2/g at the scale of galaxies (v ∼ 10 - 100 km/s). Simulations show that this is indeed a
plausible solution 8,9,10,11,12,13,14,15,16. One must keep in mind that the order of magnitude of
this cross section is much larger than the typical annihilation cross sections of DM particles
produced via the freeze-out scenario. As we will see, the simplest way to achieve such difference
in cross sections is by introducing a light mediator.

2 Inducing DM-self interactions with light mediators

One of the simplest models for self-interacting DM consists of introducing a lighter boson η
in addition to the DM particle. This particle plays two roles as summarized schematically in
Fig. 1. On the one hand, the exchange of η bosons induces a long range force between the DM
particles in such a way that σ/mDM ∼ 1cm2/g. On the other hand, because of the interaction
vertices DM DM η, one also naturally obtains DM annihilations into the η particles. One can
then assume that the DM is produced by means of the freeze-out of the process DMDM → ηη
in the early universe. Here the large difference between the self-interaction cross section and
the annihilation cross section is due to the fact that in the former case one relies on a non-
perturbative effect taking place at small velocities such as the ones encountered in DM halos 24.
Even though this is a remarkably simple and predictive setup, in practice it is hard to achieve
due to multiple constraints.

Light mediator η
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Figure 1 – Schematic representation of DM phenomenology in the presence of a light mediator.

One must start by saying that the ordinary freeze-out mechanism only works if the DM
and the Standard Model (SM) sectors were in thermal equilibrium at some point in the early
universe. This is typically done by introducing an interaction between some SM particles and
the mediator η in such a way that the process establishing the kinetic equilibrium is the one
shown in Fig. 2. Such interaction also induces the decay of the mediator alleviating possible
problems with its cosmological abundance.



DM

SM

η

Figure 2 – Process establishing kinetic equilibrium between the SM and SM sectors.

Nevertheless, the presence of a light mediator coupled to the SM is severely constrained 17

because of the following reasons. First, such mediator was present in large amounts in the
early universe if it was in thermal equilibrium as required from the freeze-out mechanism. This
is generally in conflict with BBN and CMB observations if the decay of the mediator is not
sufficiently fast, that is, if the coupling of the η boson with SM particles is not sufficiently large.
In addition, due to its light mass, the mediator can naturally enhance DM direct detection rates18

if the coupling of the η boson with SM particles is not sufficiently small. Both facts together
lead to the exclusion of many DM scenarios. Finally, due to non-perturbative effects such as
the Sommerfeld enhancement, the light mediator also induces large DM annihilation signals into
the mediator which subsequently decay into SM particles, affecting cosmic-ray fluxes or CMB
observables 19.

Different avenues have been proposed in the literature to overcome the previous problems.
One possibility is to consider DM production mechanisms other than the freeze-out . This has
been systematically studied in Ref. 17. One example that fulfills all the constraints along these
lines is the freeze-in mechanism. In that case, the DM or the η particle were never in thermal
equilibrium in the early universe and the DM is slowly produced from the SM bath by means
of very small couplings. Notice that the abundance of the mediator is naturally much smaller,
surpassing BBN and CMB bounds. This is illustrated in the left panel of Fig. 3. Interestingly,
the parameters that lead to the observed abundance of DM and to its self-interaction with a
strength of 1cm2/g, can also give rise to a X-ray line with an overall flux equal to that of the
tentative 3.5 keV line 20,21.
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Figure 3 – Example of self-interacting DM produced via the freeze-in mechanism. Here A is the DM candidate. It
is a vector boson with fine-structure constant αX . The mediator η is a scalar boson mixing with the SM Higgs by
means of an angle β = 0.2× 10−9. Left Panel: Abundance of DM particles as a function of SM temperature. The
dotted line corresponds to the observed abundance of DM. The mediator component is naturally subdominant.
Right panel: Parameter space giving rise to DM self-interactions in DM halos with a velocity of 20 km/s. The
contours correspond to cross sections per DM mass of 0.1, 1 and 10 cm2/g.



3 Can we still consider the standard freeze-out?
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Figure 4 – Upper panel : Z′ portal for scalar DM. As a function of the DM mass mS and dark coupling αD,
the solid lines show the Z′ mass satisfying the relic density and the self-interaction constraints, for two choices
of the scalar self-coupling λS . In the shaded region at right-bottom corner, the dark freeze-out from SS → Z′Z′

is too fast to account for the DM abundance. Non-solid (colored) lines show the expected sensitivities of future
experiments. Lower panel: Z′ portal for Majorana DM. As a function of the DM mass mχ and dark coupling αD,
the solid contour lines show the values of Z′ mass (left) and kinetic mixing parameter ε (right) satisfying the relic
density and the self-interaction constraints. All shaded regions are experimentally excluded in various ways. In
the shaded region at the right-bottom corner, the dark annihilation χχ→ Z′Z′ is too fast to account for the DM
abundance.

Part of the trouble of the freeze-out scenario discussed above is the fact that the mediator
is light. Taking this as a motivation, we now consider possible scenarios in which the mediator
is heavy 22. In this case, dimensional analysis on σ/mDM ∼ λ2/m3

DM directly suggests that DM
must be at the MeV scale and that it must be a singlet. We assume then that the relic density
is set by means of annihilations with the η boson as a mediator. In addition, interactions
between the mediator and the DM candidate set the self-interaction cross section. For MeV
candidates, indirect detection constraints are very strong. In fact, CMB observations rule out s-
wave annihilations at the MeV scale23 and consequently we assume further that the annihilations
are p-wave suppressed. After a systematic classification of all possible mediators, in Ref. 22 we
found that the mediator can only be a dark vector Z ′ slightly heavier than the DM.

This leads to a highly predictive and minimal scenario, in which all Z ′ couplings to SM
particles are known up to the overall multiplicative kinetic mixing parameter. Then, there are



in principle four parameters: the masses of the DM and the Z ′, the kinetic mixing ε and the dark
fine-structure constant αD. The freeze-out via DM DM→ Z ′ → fSMfSM and the self-interaction
hypothesis constrain two of them.

Moreover, the p-wave annihilations are realized only in two cases. These are

• Scalar DM coupled to a heavier Z ′: One possibility is that DM is a scalar S. Annihilations
into fermions are p-wave suppressed and determine the relic density via the freeze-out
mechanism. Notice that there are no annihilation into photons. In addition, DM self-
interactions are mediated by the exchange of the Z ′ and/or the quartic coupling λS .

This is scenario is highly testable 25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41 via dark photon
searches and CMB observations. All of them are summarized in the upper panel of Fig. 4,
where, we show the different constraints along contours of constant Z ′ mass, for a fixed
quartic coupling. See Ref. 22 for details and references to each particular experiment.
Direct detection experiments where DM scatters off electrons in semiconductors might
exclude this scenario completely 43.

• Majorana DM coupled to a heavier Z ′: The other possibility is that the DM is a Majorana
fermion χ. As for the previous case, annihilations into fermions are p-wave suppressed and
give rise to the observed abundance of DM by means of the freeze-out mechanism. No
annihilation into photons take place. DM self-interactions are mediated by the exchange
of the Z ′ only. As for the previous scenario, this setup is testable via dark photon searches
and CMB observations. All of them are summarized in the lower panel of Fig. 4, where
we show the different constraints along contours of constant Z ′ mass (left) and constant
kinematic mixing ε (right). Additional model building is required because there must be
a dark scalar close in mass to the Z ′. See Ref. 22 for details.

4 Conclusions

Self-interacting dark matter is a well-motivated solution to the small-scale structure problems
of the ΛCDM paradigm. Multiple observations severely constrain the production of such DM
candidates via the freeze-out mechanism. This motivates the study of other productions mech-
anisms such as freeze-in, as discussed in section 2. In this work, we have shown that freeze-out
can still work if no light mediator is present and we have argued that this requires DM to be
at the MeV scale. Furthermore, we have seen that this is only possible if the DM is coupled
to a slightly heavier vector boson. From its simplicity and the fact that it does not require
any special tuning, this scenario constitutes an attractive way to accommodate both DM large
self-interactions and the relic density constraint. Here, the huge difference between the self-
interaction and annihilation cross sections is not due to any special mechanism taking place; it
is simply due to the fact that the kinetic mixing, which enters in the annihilation but not in
the self-interaction, is suppressed. Moreover, this scenario offers possibilities of particle physics
tests. Fig. 4 summarizes various constraints and future possibilities of testing it or ruling it out.
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Dark Matter Search Results from the PICO-60 C3F8 Bubble Chamber
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The PICO Collaboration recently reported dark matter search results with the PICO-60 de-
tector, a 52 kg C3F8 bubble chamber located at SNOLAB, in Sudbury, Canada. The results
provide the world’s best constraints on the spin-dependent WIMP-proton interaction and
represent a factor 17 improvement compared to the previous results. As larger exposure and
lower background are needed for the implementation of a ton-scale next-generation bubble
chamber, the PICO Collaboration is planning the replacement of the PICO-60 detector with
a 40-litre bubble chamber with a novel design that will allow better control on surface tension
induced backgrounds.

1 Introduction

Astronomical and cosmological observations indicate that 85% of the universe’s matter content
is made out of non-baryonic cold dark matter 1,2. Theories beyond the Standard Model of
particle physics are required to supply a viable candidate to dark matter. In some cases, such
as in supersymmetric theories 3, dark matter is hypothesized to be taking the form of a weakly
interacting massive particle (WIMPs). Dark matter direct detection experiments are aiming at
the observation of the elastic scattering of a WIMP from the dark matter galactic halo with a
nucleus from a detector target. As Earth’s relative velocity to the WIMP halo is averaging 220
km/s, and that the WIMP mass is predicted to range from 1 GeV to 10 TeV, typical nuclear
recoil energies are expected to range from 1 to 100 keV. The low threshold detectors that are
required for this search must also allow large exposures combined with low intrinsic backgrounds,
since current limits on the WIMP scattering cross section correspond to interaction rates that
are orders of magnitude lower than the ones from natural radioactive background sources. As the
nature of the WIMP-nucleus interaction remains unknown, searches in both the spin-dependent
(SD) and spin-independent (SI) couplings are essential 4,5,6. The largest PICO bubble chamber
to date, PICO-60, was recently operated at SNOLAB in Sudbury, Ontario, Canada. The results
from PICO-60’s first WIMP search run with a C3F8 target were recently reported in Ref. 17.
With an efficiency-corrected dark matter exposure of 1167 kg-days, these data provide the world-
leading constraints on the spin-dependent WIMP-proton interactions and an improvement of a
factor 17 compared to previous results.



2 The PICO Bubble Chamber

The PICO bubble chamber consists of a synthetic silica bell jar sealed to stainless steel bellows
that is suspended in a stainless-steel pressure vessel. The silica jar is partially filled with the
fluorinated target liquid and is topped with a water buffer that creates the separation of the
active fluid from the bellows (Fig. 1). A hydraulic system controls the pressure of the system
and allows to superheat the target (expansion). When a particle interaction deposits energy in
the superheated liquid, a bubble nucleation can occur if certain conditions are met. According
to the Seitz theory of bubble chambers 7, the energy deposits must exceed a critical energy,
and be contained within a critical radius. Bubbles that fail to pass these conditions are too
small and will collapse under their own surface tension. High frame-rate video cameras are
comparing successive images, and the appearance of a gas bubble within the detector triggers
a fast compression. Images from this event are stored along with the digitized acoustic signals
sensed by the piezoelectric transducers that are coupled to the sicica jar. Other data stored for
the bubble event include the readings of the various pressure and temperature transducers, as
well as the fast digitization of the signal of a differential pressure transducer. After a period of
compression that allows for all gases to condense, the chamber is ready for the next expansion.

Figure 1 – The detection principle of the PICO bubble chamber. When the energy deposition from a particle’s
interaction with the superheated fluid exceeds the detector’s threshold energy and is contained within the critical
radius, a small gas bubble is nucleated and grows to macroscopic scales. A fast compression of the system
is triggered by the photographic system and condenses the bubble back to the liquid state. The acoustic signal
associated with the bubble formation contains valuable information on the microscopic structure of the nucleation
mechanism.

The bubble chamber technology employed by the PICO Collaboration is particularly ad-
vantageous to the search for WIMPs. Due to the microscopic details of bubble nucleation in
superheated liquids 7, the detectors can be operated in thermodynamic conditions at which they
are virtually insensitive to gamma or beta radiation. Furthermore, the measurement of the
bubble’s acoustic emission allows for powerful discrimination between signals from alpha decays
and those from nuclear recoils 8. Finally, the bubble chamber’s photographic system allows the



unambiguous identification of the fast neutron multiple scattering and the identification of bub-
bles originating at the wall and surface interfaces due to surface tension effects. The signature of
a WIMP scattering in a bubble chamber therefore consists in a single bubble, originating in the
bulk of the superheated liquid, with acoustic characteristics corresponding to the nuclear recoil
hypothesis. While in principle any liquid can be superheated, fluorine-rich liquids are generally
used in dark matter searches and have consistently allowed to produce the strongest constraints
to the SD WIMP-proton interactions 9,10,11,12,13,14,15,16.

3 The PICO-60 Detector

The PICO-60 bubble chamber has previously been operated at SNOLAB with a 18-liter CF3I
target. WIMP search results and the observation of an anomalous background were reported
in Ref. 11. A similar anomalous background was observed in the first dark matter search run
of the PICO-2L detector 9. A leading hypothesis for the cause of these background events is
bubble nucleation due to surface tension effects introduced by the contamination of the active
target with particulate matter and water droplets 18. Advances in fluid handling and detector
operation allowed the eradication of th anomalous background in the PICO-2L detector during
a second WIMP search run 10.

Figure 2 – Schematics of the PICO-60 detector.

The PICO Collaboration recently recommissioned the PICO-60 detector with a 52.2 ± 0.5 kg
C3F8 target, following a rigorous cleaning procedure targeting particulate contamination. A
detailed description of the PICO-60 apparatus is found in Ref. 11 and a schematics of its key
components is shown in Fig. 2. A new seal design was deployed between the silica jar and the
stainless steel bellows to minimize particulate generation, replacing the gold wire seal described
in Ref.11 with PTFE gasket. Eight piezoelectric acoustic transducers were attached in the upper
portion of the silica jar using a spring loaded HDPE ring. A 4-camera system in two vertical
columns was implemented to cover the field of view required by the increase in active volume.
An example set of images from the camera system is shown in Fig 3 for a multiple bubble event
during a neutron calibration.



Figure 3 – Pictures from PICO-60’s 4 cameras of a 9-bubble event from 252Cf neutron source calibration.

4 WIMP Search Run

The first PICO-60 WIMP search run with a C3F8 target was conducted between November
2016 and January 2017. The PICO Collaboration decided on conducting a blind analysis, in
which the acoustic data allowing for the discrimination of the dominant 222Rn background was
not processed until the run was over and that all the selection criteria for a WIMP candidate
bubble were defined. The WIMP search run was finished when 30 live days of data were col-
lected. The cuts and their efficiencies were calculated using engineering background data and
neutron calibration with AmBe and 252Cf sources. The fiducial volume boundaries for bulk
event determination was calculated using the bubble’s position reconstruction distributions of
wall and surface bubble events. After all cuts are applied, 106 single bulk bubble are found in
the dataset and shown along with all other single bubbles in the WIMP search runs in Fig 4.
Three multiple-bubble events are also found in the WIMP search data, which is consistent with
expected event rate from the neutron background. The fiducial volume corresponds to 45.7 ±
0.5 kg of C3F8, or 87.7% of the total mass. This corresponds to a total efficiency-corrected
exposure of 1167 kg-days.
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Figure 4 – Spatial distribution of single bubble events in the WIMP search data. Z is the reconstructed vertical
position of the bubble, and R2/Rjar is the distance from the center axis squared, normalized by the nominal jar
radius (145 mm). The fiducial cut is represented by the dashed line. Red squares are the 106 single bulk bubbles
passing all cuts prior to acoustic unblinding and grey dots are all rejected single bubble events.



5 WIMP Search Results

After the WIMP search exposure was completed, and that all cuts were defined and their
efficiencies calculated, the WIMP search run acoustic data was processed. The values for AP,
the acoustic parameter allowing alpha particle event discrimination, and NN score, the score
given by a neural network trained to distinguish nuclear recoils from alpha particles based
on the bubble’s acoustics, are shown for the 106 single bulk bubbles found in the 1.2 ton-
days exposure WIMP search data in Fig. 5 and compared with values obtained during neutron
calibration. None of the 106 events correspond to the nuclear recoil hypothesis as defined by
AP and NN score.
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Figure 5 – Top: AP distributions for AmBe and 252Cf neutron calibration data (black) and WIMP search data
(red) at 3.3 keV threshold. Bottom: AP and NN score for the same dataset. The acceptance region for nuclear
recoil candidates, defined before WIMP search acoustic data unmasking using neutron calibration data, are
displayed with dashed lines and reveal no candidate events in the WIMP search data.

The Poisson limits at the 90% C.L. for the SD WIMP-proton and SI WIMP-nucleon elastic
scattering cross-sections, as a function of WIMP mass, are calculated with the method detailed
in 17 and are shown in Fig. 6. These limits correspond to an upper limit on the spin-dependent
WIMP-proton cross section of 3.4 × 10−41 cm2 for a 30 GeV c−2 WIMP, and are currently the
world-leading constraints in the WIMP-proton spin-dependent sector.

The limits set by PICO-60 can be compared with the results from the LHC if one chooses a
specific model for dark matter production. The LHC Dark Matter Working Group recommends
a set of simplified model to facilitate comparison with direct detection experiments 30,31,32. For
a given simplified model involving a mediator exchanged via the s-channel, there are four free
parameters: the dark matter mass mDM, the mediator mass mmed, the universal mediator
coupling to quarks gq, and the mediator coupling to dark matter gDM. We make a direct
comparison of the sensitivity of PICO to that of CMS33,34 by applying our results to the specific
case of a simplified dark matter model involving an axial-vector s-channel mediator. The limits
expressed in the mDM −mmed plane are shown in Fig. 7 assuming gq = 0.25 and gDM = 1.

6 Future Prospects

As larger exposure and lower backgrounds will be key to the success of next-generation dark
matter experiments, the PICO Collaboration is planning the replacement of the PICO-60 bubble
chamber with of a novel design 40-litre bubble chamber, that will offer a greater control on the
particulate-water induced backgrounds. The Right-Side-Up configuration eliminates the need
for a water buffer by the addition of a second nested synthetic silica jar acting like a piston. In



10
1

10
2

10
3

WIMP mass [GeV/c
2
]

10
-41

10
-40

10
-39

10
-38

10
-37

S
D

 W
IM

P
-p

ro
to

n
 c

ro
s
s
 s

e
c
ti
o
n
 [
c
m

2
]

PICO-60 C
3
F

8

10
0

10
1

10
2

WIMP mass [GeV/c
2
]

10
-44

10
-42

10
-40

10
-38

S
I 
W

IM
P

-n
u
c
le

o
n
 c

ro
s
s
 s

e
c
ti
o
n
 [
c
m

2
]

PICO-60 C
3
F

8

Figure 6 – Left: Constraints on the SD WIMP-proton cross section as a function of WIMP mass. The 90% C.L.
limit from PICO-60 C3F8 are plotted in thick blue, along with limits from PICO-60 CF3I (thick red) 11, PICO-
2L (thick purple) 10, PICASSO (green band) 15, SIMPLE (orange) 16, PandaX-II (cyan) 19, IceCube (dashed and
dotted pink)20, and SuperK (dashed and dotted black)21,22. The indirect limits from IceCube and SuperK assume
annihilation to τ leptons (dashed) and b quarks (dotted). The purple region represents parameter space of the
constrained minimal supersymmetric model of Ref. 23. Right: Constraints on the SI WIMP-nucleon cross-section
as a function of WIMP mass in the low WIMP mass range. The 90% C.L. limit from PICO-60 C3F8 are plotted
in thick blue, along with limits from PICO-60 CF3I (thick red) 11, PICO-2L (thick purple) 10, LUX (yellow) 24,
PandaX-II (cyan) 25, CRESST-II (magenta) 26, and CDMS-lite (black) 27.
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Figure 7 – Constraints on the simplified model parameters mDM and mmed. The limits are shown at the 95%
C.L. for PICO-60 (thick blue) and CMS for an axial-vector mediator using the monojet/mono-V (red) 33 and
mono-photon (orange) 34 channels.

order to separate the active, superheated region of the detector from the stainless-steel bellows
and moving parts of the assembly, a temperature gradient will be set so that the target liquid
is superheated in the upper region of the detector, and cold (inactive) in the lower region of
the detector. Schematics of the PICO-40L RSU detector that will be installed during Summer
2017 are shown in Fig. 8. A next-generation ton-scale bubble chamber experiment, PICO-500,
has been proposed. This detector, located at SNOLAB, would allow the exploration of further
WIMP models predicted by current theories, and reach a sensitivity for the WIMP-proton spin-
dependent cross-section bellow 10−42 cm2.



Figure 8 – Schematics of the planned PICO-40L RSU detector. The buffer-liquid-free technology is made possible
by a steep temperature gradients between two nested synthetic silica jars separating the superheated phase in the
upper region of the assembly and the inactive region where the stainless-steel bellows are located.
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Standard Model – Axion – Seesaw – H portal inflation

Carlos Tamarit a

Institute for Particle Physics Phenomenology, Durham University, DH1 3LE, United Kingdom.

Extending the Standard Model with a new complex singlet scalar, right-handed neutrinos and
a vector-like quark allows to simultaneously tackle several problems in particle physics and
cosmology within a constrained framework that can be falsified by future probes of the cosmic
microwave background, as well as by upcoming axion experiments. This Standard Model -
Axion - Seesaw - H portal inflation theory (SMASH) provides predictive inflation and H boson
stabilization, and can explain baryogenesis, light neutrino masses, dark matter and the strong
CP problem. The model contains a unique new mass scale which coincides with the axion
decay constant, and also sets the scale for perturbative lepton-number violation processes.
Testable predictions include a minimum value of the tensor-to-scalar ratio of r & 0.004, a
running of the spectral index α & −8× 10−4, a change δNeff ∼ 0.03 in the number of effective
relativistic neutrinos, and an axion mass in the range 50µeV ≤ mA ≤ 200µeV .

1 Minimal extensions of the Standard Model

The results of experiments on Earth and in space are vastly compatible with the theoretical
framework obtained by, on the one hand, extending the Standard Model of particle physics
(SM) to accommodate for neutrino masses, and on the other by assuming some form of cold
dark matter in the Universe, together with early and late periods of accelerated expansion
driven, respectively, by inflationary dynamics and the cosmological constant. Despite its success,
the framework does not provide unique answers to questions such as the microscopic origin of
neutrino masses, dark matter and inflation. Furthermore, the Standard Model alone cannot
explain the origin of the observed baryon asymmetry (the Universe is overwhelmingly made of
matter, rather than anti-matter), and is still plagued by puzzles such as the apparent absence of
CP violation in the strong interactions (strong CP problem), and the instability that appears in
the H boson’s potential, for the preferred values of the H and top quark masses, when the field
becomes large 1,2. The latter problem is particularly troublesome when considering its interplay
with inflation and the ensuing reheating of the Universe, as both processes can generate large
perturbations in the H boson that drive it towards the unstable region, preventing it from
reaching the electroweak vacuum 3. Other well-known problems, which won’t be addressed here,
are related to the naturalness of the electroweak and cosmological constant scales.

Each of the problems of inflation, H stability, baryogenesis, neutrino masses, dark matter and
strong CP have known solutions that can be realized in terms of new particles and interactions.
For example, inflation can be sourced by the dynamics of a slowly-rolling scalar field with a
positive energy density. The H particle can be stabilized by means of new bosonic interactions.
Baryogenesis may proceed from CP violation in out-of-equilibrium decays of heavy particles,
or it can be created in first-order phase transitions, or as a byproduct of some other scalar
field dynamics. Neutrino masses can be explained through a seesaw mechanism, triggered by
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new heavy particles, or by some radiative effect. Dark matter can be a new fermion or boson
which acquires the observed relic density by either thermal or non-thermal dynamics, and the
strong CP problem can be addressed with axions, or assuming a spontaneously broken exact
CP symmetry. When considering extensions of the Standard Model which realize the previous
solutions, one may implement them with independent sectors, or one may try to find more
minimal setups in which the different solutions become intertwined. In this spirit, one may
aim for minimal models addressing as many solutions as possible. There is a long history in the
literature of combined solutions and minimal models. A model that stands out for its minimality
is the νMSM 4,5. By simply adding three right-handed neutrinos Ni to the Standard Model,
the νMSM can provide inflation through the H scalar field 6 (with a non-minimal gravitational
coupling), light neutrino masses through a seesaw mechanism 7 involving the Ni, baryogenesis
through flavoured oscillations of N2, N3 (required to have GeV scale masses) 8, and dark matter
from a keV scale N1. Despite these remarkable properties, H inflation in the νMSM has been
argued to lack predictivity, due to problems with unitarity 9. Moreover, it requires a stabilized
H potential at large field values, which the model fails to provide for the current central values
of the H and top masses (although stability is not yet ruled out 1,2). Other minimal models
addressing a host of problems in particle physics and cosmology, which also include right-handed
neutrinos, are for example the new minimal Standard Model of reference 10, (which relies on two
extra scalars for inflation and dark matter, and fails to stabilize a 125 GeV H particle) and the
model of reference 11, which is similar to the νMSM (and shares its problems with H inflation)
but includes an added complex scalar and vector-like quark which implement a KSVZ axion
solution to the strong CP problem 12,13,14,15,16, with the axion providing dark matter 17, and
with baryogenesis proceeding through thermal leptogenesis 18.

Within this theory landscape, the SMASH model described here, which was put forth in
references 19 and 20 (building upon the ideas in 21), is similar in spirit to the theory of reference
11, with two important model-building differences: the H is released from the task of single-
handedly inflating the Universe, which avoids unitarity problems, and the right-handed neutrino
and axion sectors are related by a single new physics scale. This makes SMASH highly predictive.
In our work we undertook detailed analyses of how the Universe evolves according to the model,
how it addresses the problems mentioned earlier, and worked out its main falsifiable predictions.
In SMASH, inflation arises from the combined dynamics of the H scalar and a new complex
singlet σ, which also stabilizes the H direction. The field σ is charged under an anomalous
Peccei-Quinn (PQ) symmetry (with the anomaly arising due to the existence of a new vector-
like quark), and its vacuum expectation value (VEV) sets the scale of right-handed neutrino
masses, which can give rise to baryogenesis through thermal leptogenesis, and also explain light
neutrino masses through the seesaw mechanism. The phase of σ provides an axion field that can
explain the dark matter of the Universe and solve the CP problem thanks to the PQ anomaly,
like in the KSVZ model.

2 The SMASH theory

As the νMSM, the SMASH theory includes right-handed neutrinos Ni (at least two; we will
assume three in order to allow all light neutrinos to be massive). There is also a complex scalar
σ, a singlet under the SM gauge group, and a vector-like quark made of two Weyl spinorsQ and Q̃
in the fundamental and anti-fundamental representation of the colour group, respectively. Q, Q̃
are assumed to have hypercharges ∓1/3 (or ±2/3) in order to allow for a mixing with down
(up) quarks and prevent the existence of stable exotic charged particles, which are severely
constrained by experiments 22. We assume a U(1) PQ symmetry under which σ has unit charge,
and which remains anomalous under SU(3) thanks to the Q, Q̃. The non-zero charges are given
in table 1, using Weyl-spinor notation. The most general scalar potential compatible with the



symmetries of the model can be written as

V (H,σ) = λH
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while the Yukawa interactions of the Weyl fermions are (with i, j labelling the three generations,
and choosing ∓1/3 hypercharges for Q, Q̃)

L ⊃−

[
YuijqiεHuj + YdijqiH

†dj +GijLiH
†Ej + FijLiεHNj +

1

2
YijσNiNj

+ y Q̃σQ+ yQd iσQdi + h.c.

]
.

(2)

Note how the symmetry forbids a tree-level mass term for the Ni and for Q, Q̃, whose mass is
set by 〈σ〉.

Table 1: Nonzero charges of the Weyl spinor and scalars under the U(1) PQ symmetry in SMASH.

q u d L N E Q Q̃ σ
1/2 −1/2 −1/2 1/2 −1/2 −1/2 −1/2 −1/2 1

3 SMASHy history of the Universe

The SMASH model provides a well-defined picture of particle physics from the electroweak to
the Planck scale, and gives rise to a predictive cosmological history of the Universe from inflation
until the present. The evolution of the Universe according to SMASH is as follows (see figure 1,
taken from 20, for a summary): a period of inflation driven by σ with a small admixture of H
is followed by a preheating phase in which the scalar degrees of freedom involved in inflation
oscillate in a quartic potential, behaving as a radiation fluid. This opens up a period of radiation
domination shortly after inflation, which continues as the Universe reheats into SM degrees of
freedom. The PQ symmetry is restored by non-thermal and thermal effects, eventually breaking
as the Universe cools down. The RH neutrinos acquire then a mass and subsequently decay
producing the baryon asymmetry of the Universe. Once the electroweak symmetry becomes
broken at lower temperatures, the light neutrinos acquire small masses through the seesaw
mechanism. As the cooling proceeds and the QCD interactions become strong, they generate a
mass for the phase of σ (the axion field), which starts oscillating and behaves as dark matter,
while the effective CP violating angle in the strong interactions is relaxed to zero. After that,
the evolution of the Universe is standard, with a late period of matter domination followed by
the current accelerated expansion.

3.1 Inflation and stability

The scalar potential of equation (1) supports slow-rolling solutions with a positive energy density,
giving rise to inflation. The potential energy valleys will act as attractors for inflation, allowing to
consider a one-dimensional effective dynamics. Although the latest Planck data discard inflation
from a minimally coupled scalar with monomial interactions, one can obtain viable models by
considering non-minimal gravitational couplings to the Ricci curvature R of the form

S ⊃ −
∫
d4x
√
−g

[
M2

2
+ ξH H

†H + ξσ σ
∗σ

]
R . (3)
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Figure 1 – (Taken from 20). SMASHy history of the Universe, illustrated by following the evolution of the inverse
of the horizon length scale, a(t)H, with a(t) denoting the scale factor of the Universe, and H the Hubble expansion
rate.

By performing a Weyl rescaling of the metric, the theory becomes equivalent to that of minimally
coupled scalars with a modified potential. This potential has again inflationary valleys, along
which the effective dynamics can be described in terms of a canonically normalized field χ with
a potential which becomes flat at large field values:

Ṽ (χ) =
λ

4
φ(χ)4

(
1 + ξ

φ(χ)2

M2
P

)−2

, (4)

where φ parametrizes the one-dimensional inflaton direction before canonical normalization.
λ and ξ in (4) represent effective quartic and non-minimal couplings, which depend on the
orientation of the inflationary valley. The previous effective potential is non-renormalizable, and
the theory can be seen to have an associated cutoff Λ = MP /ξ

9. On the other hand, CMB
observations impose ξ ∼ 105

√
λ, and successful inflation requires values of the field χ up to

MP /
√
ξ. Note how in order to have field values below the cutoff during inflation, one needs ξ . 1.

The direction of the inflationary valley is determined by the signs of the parameter combinations
κH ≡ λHσξH − λHξσ , κσ ≡ λHσξσ − λσξH . For inflation along the H direction, one recovers
the H inflation scenario 6 with λ = λH , ξ = ξH . H mass measurements imply λH = O(0.1), so
that CMB constraints enforce ξH ∼ 104. This violates the ξ . 1 cutoff condition, which makes
the predictions of H inflation questionable. Thus we center on inflation along the σ direction
(HSI) or the mixed H/σ direction (HHSI). Assuming 1 & ξσ � ξH , for HSI one needs to use
equation (4) with λ = λσ, ξ = ξσ, while for HHSI one has λ = λσ − λ2

Hσ/λH , ξ = ξσ. Then
predictive inflation with ξ . 1 (which can be seen to require λσ . 10−10) is compatible with
CMB measurements, as seen in figure 2, taken from 20, which shows the tensor-to-scalar-ratio
r and the spectral index ns at a reference scale k∗ = 0.002 Mpc−1, together with the 68% and
95% confidence-level regions of Planck/BICEP 23. The narrow SMASH predictions in the thick
black line of figure 2 could be ruled out by future experiments such as CORE24 and LiteBIRD25.
One has r & 0.004, and it can also be seen that α = dns/d(logk∗) & −8× 10−4.

In SMASH, the H and σ directions can be absolutely stable while providing successful
inflation. This is essentially due to the threshold stabilization mechanism 26,27, which, whenever
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Figure 2 – (From 20). Inflationary predictions for r and ns (at a scale of 0.002 Mpc−1) in SMASH, where
the thick black line takes into account the post-inflationary history.

σ gets a large VEV, implies a non-trivial matching between the SM H quartic λH and that of
SMASH: λH = λH +λ2

Hσ/λσ. This not only makes λH larger than in the SM, but also enhances
the contributions of λH to its beta function. This results in enhanced stability in pure H or
mixed H/σ directions. Stability can be seen to require δ ≡ λ2

Hσ/λσ in between 10−3 − 10−1,
depending on the top mass. Similarly, the σ direction can remain stable despite the coupling
of σ to RH neutrinos, as long as they remain light enough (. 107 GeV for λσ . 10−10 and
vσ ∼ 1011 GeV, as preferred by predictive inflation and dark matter).

3.2 Reheating

After the slow-roll inflationary period, the effective inflaton field φ (aligned with σ in HI, and
mostly aligned with σ with a very small H component in HHSI) oscillates in a potential domi-
nated by a quartic interaction, behaving as a radiation fluid. The absence of a transition from
matter-domination to radiation-domination at early times (and the absence of the corresponding
uncertainty in the transition time), simplifies the matching between perturbations generated dur-
ing inflation and their associated length scales today, resulting in the narrow SMASH predictions
in figure 2. During the oscillation phase, the background scalar field behaves as a condensate
of particles with energies equal to the oscillation frequency, ω ∼

√
λσφ0, with φ0 ∼ MP /a(t)

corresponding to the amplitude of oscillations. The condensate can annihilate or decay into SM
particles through multi-body processes, reheating the Universe; the production of bosonic parti-
cles can be enhanced by resonant effects. The φ ∼ σ background gives a mass mh ∼

√
λHσ|φ| to

H. Since predictive inflation and stability enforce λHσ � λσ, one typically has mh � ω, except
very near the times at which the inflaton background crosses zero, making mh = 0. This makes
H production from the background very inefficient, while, on the other hand, σ fluctuations
can grow very fast thanks to unhindered resonant production. The large σ fluctuations end up
erasing the oscillations of the σ background and restoring the PQ symmetry, as the phase of σ
acquires random values. In the case of HSI, the inflaton can only directly produce H bosons.
The large σ fluctuations cause the induced H mass to stop oscillating, so that H production
becomes blocked until late times, when the σ fluctuations become redshifted. As a consequence



of this, the relative amount of energy stored in the fluctuations of the phase of σ (axions) ends
up being too large, and HSI scenarios are ruled out by predicting a change in the effective num-
ber of relativistic neutrinos ∆Neff ∼ 1, incompatible with the Planck result Neff = 3.04 ± 0.18
28. In HHSI scenarios, on the other hand, the inflaton has an H component which can produce
gauge bosons. As argued before, H fluctuations are suppressed, so that the oscillations of the
H component of the condensate are not erased. Then the gauge bosons maintain an oscillating
mass in the background, and although this mass remains above ω away from the crossings,
particle production is allowed during them. This ends up being enough to successfully reheat
the Universe. The gauge fields decay efficiently into light fermions when acquiring a mass in
between crossings, and the light particles eventually thermalize. This allows for an additional
thermal source of gauge boson production at the crossings. The new gauge bosons steal energy
from the condensate as they acquire a mass away from the crossings and decay back to the
SM plasma. This thermal feedback mechanism enhances the rate of energy loss from the scalar
condensate and allows for efficient reheating. We estimate reheating temperatures of the order
of TR ∼ 1010 GeV in HHSI.

3.3 PQ breaking, baryogenesis and neutrino masses

The high reheating temperature TR ∼ 1010 GeV in HHSI is enough to give rise to a thermal
restoration of the PQ symmetry. Since the RH neutrinos can only acquire a mass through the
VEV of σ, they remain massless in the early Universe, and can achieve thermal equilibrium

abundances. As the Universe cools down, the PQ symmetry is broken at Tc ∼ λ1/4
σ vσ, which for

the preferred values λσ ∼ 10−10, vσ ∼ 1011 GeV is of the order of Tc ∼ 108 GeV. As argued in
section 3.1, for the previous choice of parameters stability demands Mi . 107 GeV; thus, after
the PQ phase transition the temperature is still much larger than the masses of the Ni, which
can then retain an equilibrium abundance. As the temperature drops below the mass of the
Ni, the inverse decays fall out of equilibrium and the Ni can decay into H bosons and leptons.
The baryon asymmetry can be generated through leptogenesis 18: the Ni decays give rise to an
asymmetry in lepton number, which is reprocessed into a baryon asymmetry by SU(2) sphaleron
interactions (transitions between topological vacua). In SMASH, the Ni can also annihilate into
σ without contributing to an asymmetry, but the rate is very suppressed with respect to decays
and can be ignored. Scenarios with hierarchical Ni masses require the lightest mass to satisfy
M1 . 5 × 108 GeV 29,30, but the bound can be circumvented with some degree of degeneracy
between the Ni

31. For masses of the Ni near 107 GeV, as required by stability and dark
matter, one needs a degeneracy around 4%, much milder than in the usual resonant leptogenesis
scenarios. Finally, as the Universe keeps cooling down and the electroweak symmetry becomes
broken, the light neutrinos acquire small masses mν ∼ v2/vσFY

−1F>.

3.4 Dark matter and the strong CP problem

The phase of the field σ, which contains the axion field A (Arg σ = A/vσ), acquires couplings
to the SU(3) and U(1) pseudoscalar densities (due to the PQ anomalies under both gauge
groups) as well as derivative couplings to SM fermions. The large fluctuations of σ during
the preheating phase give rise to an excited axion condensate whose energy redshifts as the
Universe cools down. The reheating temperature of the plasma, TR ∼ 1010 GeV, is enough
to produce an additional thermal population of higher-energy axion excitations thanks to the
anomalous/derivative couplings with the SM fields. This relativistic population freezes at a
temperature around 109 GeV, at which the SM interactions of the axion decouple. When the
PQ symmetry becomes broken, the |σ| fluctuations localize around the corresponding VEV,
while the axion condensate retains random values in different patches of the Universe, separated
by domain walls which intersect at axion strings. At temperatures at which QCD interactions
become strong, the axion condensate develops a mass as a consequence of its anomalous QCD



coupling. Due to this, the displaced axion condensate starts oscillating around zero in the
different patches of the Universe, with random initial values. This dynamics, known as the
“misalignment mechanism”, makes the condensate behave as a non-relativistic fluid, acting as
dark matter. On the other hand, axion domain walls and strings are unstable, since the choice
of matter in SMASH, enforcing a particular form of the PQ anomaly, implies that each string
is only attached to a single domain wall. This allows strings to reconnect in loops which can
subsequently decay by emitting axion excitations and gravitational waves. The axion production
by strings is dominated by the late time contributions, when the emitted axions are also non-
relativistic and behave as dark matter. The dark matter contribution from the misalignment
mechanism can be understood precisely thanks to recent advances in lattice calculations of the
finite-temperature axion mass due to QCD effects 32; the contribution from decaying strings is
more uncertain. Within the uncertainty, the requirement of fitting the observed dark matter
relic abundance with axions imposes 3× 1010 GeV . vσ . 1.2× 1011 GeV. This in turn enforces
50µeV . mA . 200µeV, which could be probed by future experiments such as CULTASK 33,
MADMAX 34 and ORPHEUS 35. As pertains to the decoupled population of relativistic axions
originated from the hot SM plasma, it contributes to the effective number of relativistic neutrinos
by an amount fixed by the thermal equilibrium at early times; this gives ∆Neff ∼ 0.03, which
could be probed by future CMB polarization measurements 36,37. Finally, since the anomalies
enforce axions to enter the effective action in the physical combination θphys(x) ≡ θ +A(x)/vσ,
the QCD-generated axion mass implies that 〈θphys(x)〉 = 0. As θphys is the only combination
that can enter CP-violating observables such as the neutron’s dipole moment, this solves the
strong CP problem.

4 Conclusions

We have provided an overview of SMASH, an extension of the Standard Model with right-handed
neutrinos, a complex singlet scalar and a vector-like quark, which features a single new mass
scale vσ ∼ 1011 GeV and provides a falsifiable framework that addresses the following problems
in particle physics and cosmology: inflation, H stability, baryogenesis, neutrino masses, dark
matter, and the strong CP problem. The theory predicts a tensor-to-scalar-ratio r & 0.004, a
running of the spectral index α & −8×10−4, and a deviation in the effective number of relativistic
neutrino species ∆Nνeff ∼ 0.03. These values can be probed in future CMB experiments, such as
LiteBIRD and CORE. The model predicts an axion in the mass window 50µeV . mA . 200µeV,
in the reach of future axion experiments such as CULTASK, MADMAX and ORPHEUS.
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The NOvA experiment is a long-baseline accelerator-based neutrino oscillation experiment.
It uses the upgraded NuMI beam from Fermilab and measures electron-neutrino appearance
and muon-neutrino disappearance between its onsite near detector and the far detector in Ash
River, Minnesota. The beam recently reached the 700kW power design benchmark. Goals of
the experiment include measurements of θ13, mass hierarchy, θ23 octant and the CP violating
phase. This work is a proceeding to a talk which desrcibed the experiment and the status
of its measurements and which presented the lastest results on the θ23 angle, based on the
exposure equivalent to 6.05 × 1020 POT.

1 Introduction

Neutrino physics, with many interesting topics and questions reaching beyond Standard Model,
is being more and more appealing for particle physicists. Despite the huge progress made in
recent years, there are still many open questions, regarding i.e. the mass ordering, the mixing
angles and the CP violation in neutrino sector.

The NuMI Off-Axis νe Appearance experiment (NOvA) was designed to answer some of
these questions 1. Fully operating since 2015, its one of the worlds leading neutrino experiments
and the flagship of the Intensity Frontier particle physics program of Fermi National Laboratory
in Batavia, IL (USA).

NOvA is a long-baseline, two-detector neutrino oscillation experiment looking mostly for ap-
pearance of νe in well-defined NuMI beam of νµ. The beam was recently upgraded to be capable
of delivering 700 kW of beam power, with optional change between neutrino and antineutrino
mode.

From these measurements, NOvA is capable of extracting oscillation parameters: ∆m2
32,

mixing angle θ23, CP violating phase δCP and the neutrino mass hierarchy.

2 NOvA Experiment

To carry out a measurement of sufficient number of oscilated accelerator neutrinos, a so-called
2nd generation experiment has to have an intense beam of neutrinos and a massive detector
several hundreds of kilometers away. NOvA detects the NuMI beam (same as MINOS 2) with
Far Detector (FD) 810 km from the target and Near Detector (ND) 1 km from the target.



2.1 NuMI Beam

The source of neutrinos to detect in NOvA detectors is the NuMI beam Neutrinos at the
Main Injector. The neutrinos are created by extracting 120GeV protons from the Main Injector
facility at Fermilab, and colliding them with a graphite target, which results in production of
secondary mesons (π+ particles can decay into µ+ and νµ). To meet the NOvA physics goals,
the NuMI beam was upgraded from 300 kW to 700 kW of nominal beam power. This is achieved
by reducing the 10 µs-pulse cycle time of the Main Injector via slip-stacking in the recycler ring;
increasing the intensity per cycle with 12 Booster batches instead of 11 by installing new RF
stations and a new injection kicker magnet; and upgrading the target and horns to accommodate
the increased proton intensity.

As a result, we have a 10µs beam spill every 1.33 s in an intensity of 4.9 × 1013 protons
per pulse (corresponding to 6.0 × 1020 protons on target per year of running). From pion
decay kinematics, we know the neutrino energy will depend on the characteristic decay angle
between the neutrino and the parent pion in the laboratory frame. For 14 mrad off-axis, most
pion decays result in neutrinos with E = 2 GeV, some with energy smearing around that value.
Therefore, the NOvA detectors placed 14 mrad off the NuMI beam axis will measure a narrow
band beam peaked very near the νµ → νe oscillation maximum at 810 km (E ∼ 1.6 GeV). The
narrow beam energy spectrum strongly reduces the background from feed-down of higher energy
neutral-current (NC) neutrino events, the dominant background for neutrino oscillation searches
with the detectors placed on-axis.

The oscillation results presented here come from an exposure equivalent to 6.05 × 1020

protons on-target in the ”full” 14kton detector. This exposure is more than double that used in
the previous publications 3,4.

2.2 NOvA Detectors

The NOvA detectors are finely segmented, 65% active tracking calorimeters. The segmentation
and the overall mechanical structure of the detectors are provided by a lattice of extruded
PVC cells with cross sectional size 6 cm × 4 cm. Each cell extends the full width or height
of the detector (15.6 m in the FD, 4.1 m in the ND) and is filled with mineral oil mixed with
liquid scintillator (pseudocumene). Secondary particles from neutrino interactions excite the
scintillator and the light produced by the scintillator is collected and transported to the end
of the cell by a wavelength-shifting ber that terminates on a pixel of a 32-channel avalanche
photodiode (APD). The APDs are cooled to -15 ◦C and readout continuously. Each of the 928
layers of the 14kton FD has 384 cells, for ∼344 000 total channels of readout. The 300ton ND
has 206 layers, each with 96 cells plus a muon range stack at the downstream end, made by
interleaving steel plates with standard detector layers, totalling 18 000 channels.

2.3 CVN

We omit the description of a very sophisticated simulation and reconstruction chain in NOvA
software here. However, the PID of the νe appereance analysis used a very novel convolutional
neural network technique 5, and the νe - νµ joint analysis publication is the first case of a HEP
result obtained through the deep learning network, called Convolutional Visual Network (CVN).

With minimal event reconstruction, it is possible to build and train a single algorithm which
achieved excellent separation of signal and background for both appearance and disappearance
oscillation channels.

For the NOvA analysis, a new charged-current (CC) classifier was developed to select a
signal sample with improved purity and efficiency. The CVN is a convolutional neural network
and was designed using deep learning techniques from the field of computer vision. Recorded
hits in the detectors are formed into clusters by grouping hits in time and space to isolate
individual interactions. The CVN classifier takes the hits from these clusters, without any



further reconstruction, as input and applies a series of trained linear operations to extract
complex, abstract classifying features from the image. A multilayer perceptron at the end of the
network uses these features to create the classifier output. Training of the CVN was conducted
using a set of simulated FD events. Convolutional filters are used to automatically extract
features from the raw hit map in both x and y views, where the signal hits are treated as pixels
in a visual input to the network, which takes advantage of the recent development in GPU
computation. TIf the output of the CVN is used to classify the event, he statistical power of
the neural net is equivalent to 30% more exposure than previous conventional PID techniques,
LID and LEM 3,4.

The CVN algorithm is a powerful approach to the problem of event classification and rep-
resents a novel proof of concept that CNNs can work extremely well with artifficial images
like the readout of a sampling calorimeter, or, expectably, of a wide range of detector technolo-
gies and analyses. Other possible expansions for CVN in NOvA would include neutral current
events, charged current ντ interactions, dark matter searches or other exotic physics. Initial
results have already shown improvements in the efficiency and purity in particle identification
over other likelihood methods employed by NOvA and may aid in future cross-section analyses.

3 Experimental Results

For the second analysis dataset of 6.05 × 1020 POT, two papers were recently published for the
νµ disappearance analysis 6 and the joint appereance and disappereance fit 7. The νe appearance
second analysis results are expected to be published in spring/summer of 2017.

3.1 νµ Disappereance

A blind analysis, where energy, muon classifier values, and the number of FD beam events
were obscured until the analysis was finalized, was performed on the second analysis dataset
(more than double of data from previous publications). After unblinding, 78 νµ-CC candidate
events were observed in the Far Detector with an expected background of 3.4 NC, 0.23 νe-CC,
0.27 ντ -CC events, and 2.7 cosmic-ray-induced events. In the case of no oscillations, 473±30
events are predicted. At the best-fit parameters, 82.4 events are expected. Figure 1 shows the
measured energy spectrum along with the best fit prediction, with the ratio to the prediction
in the absence of oscillations shown in the lower part. The data are fit for oscillations using 19
energy bins of 0.25 GeV width between 0.25-5.0 GeV.

The best fit to the second analysis data gives ∆m2
32 = (+2.67±0.11)×10−3 eV2 and sin2θ23

at two degenerate values 0.404+0.030
−0.022 and 0.624+0.022

−0.030 both at the C.L. of 68 % in the normal
hierarchy (NH). For the inverted hierarchy, ∆m2

32 = (−2.72 ± 0.11) × 10−3 eV2 and sin2θ23
= 0.398+0.030

−0.022 or 0.618+0.022
−0.030 at 68% C.L. The best fit has a χ2/d.o.f. = 41.6/17, which arises

mainly from bins in the tail of the energy spectrum that contain little information about the
three-flavor oscillations. Restricting the fit to energies below 2.5 GeV reduces the χ2/d.o.f. to
3.2/7 and does not significantly change the fit results.

Maximal mixing, where sin2θ23 = 0.5, is disfavored by the data at 2.6σ level. Fixing sin2θ23
= 0.5 gives a best fit of ∆m2

32 = 2.48×10−3 eV2 (NH) with a prediction of 77.7 events. Figure
1 shows the difference between the energy spectra for the maximal mixing prediction, in dashed
green, and the best fit to our data, in red, for which the mixing is nonmaximal. The 1-2
GeV region is where the oscillation maximum occurs and the events in that range provide the
most information about the mixing angle. Visual scanning of the events in this region along
with studies of their geometric location and kinematic variables gave results consistent with
expectations.

Figure 2 shows 90% C.L. allowed regions of ∆m2
32 and sin2θ23 where two seperated islands

occur, one for each θ23 octant. These new results are consistent with those in our previous
publication 3. Contours from MINOS 2 and T2K 8 are also shown in Figure 2 for comparison.



Figure 1 – Top: Comparison of the reconstructed energy spectrum of the FD data (black dots) and best-fit
prediction (red). The systematic uncertainty band is shaded red. Combined beam and cosmic backgrounds are
shown by the dashed blue histogram. The prediction assuming maximal mixing is shown in dashed green. Bottom:
The ratio to no-oscillations for data and Monte Carlo after background subtraction.

Figure 2 – Best fit (black dots) and allowed 90% C.L. regions (solid black curves) of sin2θ23 and ∆m2
32 for the

Normal Hiearchy. The dashed curves show MINOS 2 and T2K 8 90% C.L. contours.

3.2 Joint Fit

The PID of the νe channel was obtained using the CVN technique described in Section 2.3. After
the event selection criteria and analysis procedures, the FD data revealed 33 νe candidates, of
which 8.2 ± 0.8 (syst.) events are predicted background. Figure 3 shows the regions of sin2θ23
and δCP space allowed at three different confidence levels. The likelihood surface is profiled
over the parameters ∆m2

32 and θ13 while the so called solar parameters ∆m2
21 and θ13 are fixed.

The significances are calculated using the unified Feldman-Cousins approach to account for



the statistical effects of low event count and physical boundaries 9. Combined with the latest
NOvA νµ disappearance data and external constraints from reactor experiments on sin2θ13, the
hypothesis of inverted mass hierarchy with θ23 in the lower octant is disfavored at greater than
93% C.L.

Figure 3 – Allowed regions of sin2θ23 vs. δCP at 1, 2, and 3σ: (left) results from νe appearance data and (right)
results from the combination of νe appearance and νµ disappearance data.

4 Summary

To conclude, from 6.05× 1020 POT, our data disfavor a value of θ23 = π/4 at 2.6σ significance.
The first combined fit of the NOvA νe appearance and νµ disappearance channels disfavours
inverted mass hierarchy with θ23 in the lower octant at C.L. greater than 93% for all values of
δCP . Current antineutrino mode datataking, where the impact of the mass hierarchy and CP
phase are reversed with respect to their effect on neutrinos, will help resolve the remaining 6
degeneracies in the oscillation parameters.
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Is electroweak baryogenesis dead?
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Electroweak baryogenesis is severely challenged in its traditional settings: the Minimal Su-
persymmetric Standard Model, and in more general two Higgs doublet models. Fine tuning
of parameters is required, or large couplings leading to a Landau pole at scales just above
the new physics introduced. The situation is somewhat better in models with a singlet scalar
coupling to the Higgs so as to give a strongly first order phase transition due to a tree-level
barrier, but even in this case no UV complete models had been demonstrated to give suc-
cessful baryogenesis. Here we point out some directions that overcome this limitation, by
introducing a new source of CP violation in the couplings of the singlet field. A model of
electroweak baryogenesis requiring no fine tuning and consistent to scales far above 1 TeV is
demonstrated, in which dark matter plays the leading role in creating a CP asymmetry that
is the source of the baryon asymmetry.

1 Introduction

Readers old enough to remember Hinchliffe’s rule 1 will guess that the answer to the question
of the title given here is “no.” But before elaborating the challenges faced by electroweak
baryogenesis, it is well to remind the reader why they should care. The preferred paradigm of
many physicists for creating the baryon asymmetry of the universe (BAU) is leptogenesis, since
it is a feasible mechanism that comes almost for free just by invoking the seesaw mechanism for
neutrino masses. However with the notable exception of resonant leptogenesis using low-scale
right-handed neutrinos 2, this appealing idea may never be experimentally verifiable, since it
relies upon new physics at the scale of the heavy neutrinos, ∼ 1010 GeV.

Electroweak baryogenesis (EWBG) is by design highly testable at colliders since it relies
upon new physics at the scale of the electroweak phase transition. In principle, we expect that
it should be verified during the LHC era. One might question whether that test has essentially
been already carried out now, with a negative conclusion, hence the title of this contribution.
Here we will present one class of examples to the contrary, but in fact there are also others that
have been discussed at this meeting 3.

For completeness we briefly recapitulate the essential ingredients of electroweak baryogen-
esis 4,5,6, summarized in fig. 1(a). If the electroweak phase transition (EWPT) is first order,
bubbles of the broken phase with nonvanishing Higgs VEV v will nucleate and grow. Standard
model fermions should interact with the bubble walls in a CP-violating manner so as to produce
a chiral asymmetry—an excess of left-handed versus right-handed fermions in front of the wall.
In this region, baryon-violating sphaleron interactions are in thermal equilibrium, and try to
erase the chiral asymmetry, converting it into a baryon asymmetry. These baryons eventually
fall inside the expanding bubble, and are safe from washout by sphalerons inside the bubble as
long as

v > 1.1T, (1)



the condition for the sphaleron interactions to go out of equilibrium 7. To achieve a first or-
der phase transition, the Higgs potential must develop a barrier between the symmetric and
symmetry-breaking minima, as illustrated in the rightmost of fig. 1(b).

<H> = v

baryon #
conserved

<H> = 0
L
R
L
R

baryon
violation
by sphalerons

〈 〉 〉〈

Higgs Field, H

V(H)

2nd Order 1st Order

H

(a) (b)

Figure 1 – (a) The essential ingredients of electroweak baryogenesis, surrounding a bubble nucleated during a first
order electroweak phase transition. (b) Evolution of the Higgs potential with temperature for a second or first
order phase transition.

There are two main difficulties for getting successful EWBG. The first is that condition (1)
is hard to achieve from a barrier generated by thermal corrections to the effective potential. The
most important such correction, in an expansion of field-dependent masses over temperature, is
the cubic term

∆V (h) 3 − T

12π

∑
i

(m2
i (h))3/2 = − T

12π

∑
i

(m2
i,0 + g2i h

2 + ciT
2)3/2 (2)

In the absence of the bare mass and thermal correction, this would have a pure cubic form,
(gih)3T/12π, leading to the desired barrier in the potential. But if m2

i,0 + ciT
2 is not small or

the coupling gi is weak, then the barrier is low and leads to a smaller VEV than required by
(1). To overcome this one typically needs to choose large couplings and tune the bare mass.

The second difficulty is in getting strong enough CP-violation in the interactions of fermions
with the bubble wall. The new CP-violating interactions are often highly constrained by exper-
imental limits on electric dipole moments of the neutron, electron, and certain atomic nuclei.

The Minimal Supersymmetric Standard Model (MSSM) was an initially promising model
for EWBG, since having a relatively light right-handed top squark with mass mt̃R

. mt was
sufficient for satisfying condition (1)8,9, and the CP-violating phase in the chargino mass matrix
could lead to a chiral chargino asymmetry, which through interactions would equilibrate into
a chiral quark asymmetry and induce the baryon asymmetry via sphalerons 10,11. But the
difficulties mentioned in section 1, in light of increasingly stringent LHC constraints on the stop
mass, as well as EDM constraints, have essentially ruled out this scenario. The light stop leads
to enhanced Higgs production via fig. 2(a), in conflict with the observed cross section. Ref. 12

showed that one could hide the increased cross section if the lightest stable particle had mass
mχ < mh/2, by introducing a large invisible branching ratio for h→ χχ of order 30−60%, which
however is now ruled out 13,14. Other finely-tuned loopholes have been pointed out in ref. 15, but
have not generated great enthusiasm in the community, perhaps because of the continuing lack
of experimental evidence for low-energy supersymmetry.

2 MSSM and two Higgs doublet models

Beyond the difficulty of getting a strong enough phase transition in the MSSM, there is contro-
versy about how to reliably compute the baryon asymmetry. Everyone agrees that fluid equa-
tions describing the diffusion of relevant particle species must be solved, to find the spatially
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Figure 2 – (a) MSSM contribution to Higgs production via gluon fusion with light t̃R in the loop. (b) Comparison
of predictions for the baryon asymmetry versus chargino mass parameters µ and m2. Left plot, using classical
chiral force formalism (WKB) 23, assumes maximal CP violating phase φ and right plot using mass insertion in
closed time path formalism, considers varying phase 24.

dependent chemical potentials of left-handed fermions with respect to the bubble wall; these
determine the rate of biased sphaleron-induced baryon violation. The controversy is about how
to compute the inhomogeneous source term S that feeds these asymmetries. It arises from the
CP-violating interactions near the bubble wall.

Two competing formalisms have emerged for computing S. The WKB method 16,17 starts
with a classical CP-violating force exerted by the wall on particles of different chirality,

F = ±(|m|2θ′)′

2E2
(3)

(see eq. (5) below for the definition of θ) and encodes the chiral charge separation created by
this force as the origin of S. The other popular method is to make an expansion in powers
of the z-dependent Higgs VEV in thermal Green’s functions, starting from the closed time
path (CTP) formulation of thermal field theory 18, in order to obtain calculable expressions.
The WKB formalism, although originally derived from classical dispersion relations, was also
shown to arise starting from CTP 19,20, and gives the leading terms in a systematic expansion
in derivatives of the background fields in the bubble wall. This approximation is controlled as
long as the average de Broglie wavelength ∼ 1/T of particles in the plasma is small compared to
the width Lw of the wall. In contrast, the expansion in powers of the VEV is not known to be
convergent (though certain subclasses of higher powers can be resummed 21,22), which may be
related to the fact that this formalism can predict sizable sources even for masses significantly
greater than T , despite the expected Boltzmann suppression.

As a result, the WKB method gives much less optimistic estimates of the baryon asymmetry
compared to the VEV expansion, as fig. 2(b) illustrates for the MSSM. In order to get the
observed BAU, ref. 23 needed to assume maximal CP violation (φ = arg[µm2] = π/2) in the
chargino mass matrix, as well as light charginos µ ∼ m2 ∼ 100 GeV, now ruled out by LHC,
whereas ref. 24 could do so with a phase of order 10−2 for light charginos, or for chargino mass
> 800 GeV if the phase was maximal.

EWBG in the next-to-minimal supersymmetric standard model (NMSSM) was shown to
have more breathing room in refs. 25,26, since the extra singlet field could help to strengthen the
phase transition as well as provide new sources of CP violation that are relatively unconstrained
by EDMs. The analysis has been updated in the context of split SUSY models where the scalar
superpartners are much heavier than the neutralinos and charginos, finding positive results 27,
in models predicting an electron EDM that should be discovered in upcoming searches. One



drawback with the NMSSM is that the extra scalar self-couplings are less protected from running
to Landau poles than those in the MSSM, which are determined by the gauge couplings.

Electroweak baryogenesis in general two Higgs doublet models (2HDMs) is also in a state of
mild controversy. Ref. 28 undertook an extensive study of the allowed parameter space, finding
only a small handful of viable examples in a Monte Carlo Markov chain (MCMC) search yielding
10,000 models. The result is shown in fig. 3. In that study, a correlation was sought between
the predicted baryon asymmetry (horizontal axis) and possible new sources of CP violation in
the b-quark Yukawa couplings (vertical axis), motivated by the D/0 like-sign dimuon asymmetry,
which has since gone away. As fig. 3 shows, no such correlation was found, but for the present
argument all that matters is that very few models exist that predict a large enough BAU. These
few are not very satisfactory, because they require such large Higgs self-couplings (to get a strong
enough phase transition) that a Landau pole is imminent, near 1 TeV. Recently ref. 29 presented
a more optimistic outlook for EWBG in 2HDMs. To understand these results in light of ref. 28,
it seems likely that the successful models presented there suffer from requiring very large scalar
self-couplings, leading to low-scale Landau poles, as well as very narrow bubble walls, Lw ∼ 1/T ,
in which the derivative expansion assumed for the classical force treatment of the source is not
under quantitative control.

Figure 3 – Distribution of two Higgs doublet models passing experimental and consistency constraints, from ref.28.
Horizontal axis is the predicted BAU in units of the observed value.

3 Adding a scalar singlet

It was realized long ago 30 that coupling the Higgs field to a scalar singlet S can provide a
strongly first order EWPT, if there is already a barrier at tree level (coming from the (λm/4)h2s2

interaction) between the false vacuum at (h, s) = (0, w) and the true one at (h, s) = (v, 0). There
is a two-step transition in the early universe in which the EWPT is preceded by that where the
fully symmetric vacuum (h, s) = (0, 0) evolves to a VEV along the s axis. The second transition,
to the h axis, breaks electroweak symmetry. The potential for the scalar fields

V = 1
4λh(h2 − v2)2 + 1

4λs(s
2 − w2)2 + 1

4λmh
2s2 (4)

is illustrated in fig. 4. (For simplicity we impose s → −s symmetry on the potential.) The
transition can easily be very strong since the barrier height is not suppressed by loops or thermal
factors. If the two minima are not too different in height, the small effects of temperature are
sufficient to interchange their relative heights to induce the phase transition.

This idea did not gain popularity immediately since at first it seemed that the cubic terms
in the finite-temperature correction would be sufficient for getting a strong enough transition.
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Figure 4 – Evolution of sample scalar potential V (h, s) with temperature, illustrating tree-level barrier.

But as the experimental limits that constrain such contributions have continued to become more
stringent, the singlet has become a favored means of boosting the transition strength, starting
with refs. 31,32.

In ref. 32, it was realized that the singlet field could also be used to provide a source for the
baryon asymmetry, by introducing a dimension-5 operator coupling s to the usual top quark
Yukawa interaction, (s/Λ)Q̄3H(η′+ iηγ5)tR. The field-dependent top quark mass then becomes

mt(h, s) =
h√
2

(
yt + (η′ + iη)

s

Λ

)
≡ |mt|eiθ (5)

where h = h(z) and s = s(z) in the bubble wall. If η is nonzero, then there is a CP-violating
phase θ(z). This is useful for baryogenesis since in the classical force formalism, the source term
in the top quark diffusion equation is proportional to (|mt|2θ′)′, where ′ denotes d/dz, and z is
distance transverse to the bubble wall.

Ref.33 showed that this also works using the analogous dimension-6 operator that is quadratic
in s/Λ, with the advantage that s → −s symmetry can be preserved, allowing s to be a dark
matter candidate. It was found to be easy to generate many models, by a random scan, giving
a large enough baryon asymmetry. To get a strong enough phase transition, fairly large values
of the Higgs-scalar cross coupling λm ∼ 0.5 are needed, which suppress the relic density of s
because of the large Higgs-mediated cross section for ss annihilation. However even though s
might only constitute ∼ 1% of the dark matter, it could still be detected in direct searches due
to the correspondingly strong Higgs-mediated cross section for scattering on nucleons.

A shortcoming of this model, however, is that the scale Λ must be rather low, . 3 TeV, to get
a large enough BAU. This leads one to question whether the new particles needed to generate
the dimension-6 operator would entail additional constraints from collider searches, and if large
couplings leading to low-scale Landau poles might appear in a complete model. One is thus
motivated to look for renormalizable models that take advantage of the singlet for enhancing
the phase transition, as well as providing the new source of CP violation needed for EWBG.

4 A more complete model

We have proposed a model that overcomes the above-mentioned concerns, by introducing a
neutral Majorana fermion χ that couples to s as 34

1
2 χ̄(mχ + [η′ + iγ5η]s)χ (6)

where mχ, η, η
′ are real-valued. This gives a complex mass for χ in the bubble wall, where the

phase θ varies with z as in eq. (5). The classical force exerted by the wall thus leads to the CP
asymmetry, in the form of a separation between the two helicity states of χ. That is not sufficient
for biasing sphalerons since χ is neutral under SU(2)L. Thus we require a further interaction
for communicating the CP asymmetry to the standard model doublets. We introduce an inert
Higgs doublet φ with the CP-portal interaction

yiχ̄φLi (7)



where Li is the left-handed doublet of the ith generation. For simplicity we assume that yτ is
the dominant coupling, η′ = 0, and we neglect possible couplings between φ and h (especially
(H†φ)2, which would induce too-large radiative neutrino masses in conjunction with (7)). Decays
and inverse decays φ ↔ χLτ cause the helicity-asymmetry in χ to be partially converted to a
chemical potential for Lτ , which then drives the baryon production via sphalerons.

A bonus in this model is that χ is a good dark matter candidate, which can get the right
thermal relic density through χχ̄ → Lτ L̄τ annihilations. (If mφ < mχ then φ would be the
dark matter, but since we assume there is no mass splitting between the neutral components of
φ, this would be ruled out by direct detection constraints on scattering of φ on nucleons by Z
exchange). The relic density is largely determined by yτ , which also has a strong impact on the
BAU, making the model more constrained. Nevertheless, we find many models with reasonable
values of the parameters (λm ∼ η ∼ 0.5, yτ ∼ 0.6, mχ ∼ 50 GeV, mφ ∼ 120 GeV, ms ∼ 110 GeV)
that are consistent with the observed BAU and dark matter density. The results of a random
scan are shown in fig. 5. In contrast to the analogous result fig. 3 for 2HDMs, where MCMC
was needed to find the few viable models, here no great effort is required to generate successful
examples.
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Figure 5 – Scatter plot of dark matter density versus baryon asymmetry for the model with dark-matter induced
electroweak baryogenesis. η is the pseudoscalar coupling of the DM to the scalar singlet, eq. (6).

This model has strong potential for discovery at LHC. The Drell-Yan production of φ±

pairs, followed by φ → τχ decays, is similar to τ̃ pair production followed by τ̃ → τχ0 in the
MSSM. Fig. 6 shows the ATLAS limit from Run 1 on the production cross section, versus the
predicted cross section, as a function of mτ̃R and neutralino mass of 60 GeV. To within factors
of 2 (since ATLAS considers combined production of τ̃R and τ̃L pairs, whereas φ has no right-
handed counterpart), these limits also apply to our model. They indicate that for mφ ∼ 120 GeV
and mχ ∼ 60 GeV (as predicted by our model), the limiting cross section is only a few times
greater than the predicted one, giving hope that detection could be possible with the Run 2
data.

There is also potential for indirect detection through the emission of gamma ray lines from
χχ̄→ γγ, from the diagram of fig. 6(b). Unlike the tree-level annihilation χχ̄→ τ τ̄ which is p-
waved suppressed, this process is s-wave, with 〈σv〉 ∼= 4× 10−30cm3/s. This is not far below the
most optimistic constraint ∼ 10−30cm3/s (depending upon assumptions about the DM density
profile in the galactic center) from Fermi/LAT 36.

For direct detection, the cross section is unobservably small unless we allow for a small VEV
〈s〉 at zero temperature. Then singlet-Higgs mixing gives rise to the diagram of fig. 6(c). Current
bounds from direct searches limit the mixing angle at the level θhs < 0.04. In fact, some small
amount of mixing is required for successful baryogenesis in this model, since if s → −s is an
exact symmetry of the scalar potential, then the early universe will be equally populated by
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Figure 6 – (a) ATLAS upper limit on τ̃ pair production cross section in the MSSM for lightest superpartner (dark
matter) mass of 60 GeV from ref. 35. Dash-dotted line is the predicted cross section. We can reinterpret τ̃ as φ
and the neutralino as χ to apply the constraints to our model. (b) Diagram for producing gamma ray lines from
dark matter annihilation. (c) Diagram generating DM scattering on nuclei, in the presence of nonvanishing 〈s〉
VEV.

domains with s > 0 and s < 0 during the EWPT, containing equal and opposite values of the
BAU that will eventually average to zero. Only very small (Planck-suppressed) mixing is needed
to avoid this problem: lifting the degeneracy between the s < 0 and s > 0 false vacua before
the EWPT will eliminate the higher energy phase as long as the domain walls separating the
two phases annihilate faster than the Hubble rate. Hence we do not expect that relaxing this
simplifying approximation will change our quantitative estimates of the BAU.

5 Outlook

The model described in section 4 is one example showing that electroweak baryogenesis, far from
being dead, can be achieved in renormalizable models that are within the reach of discovery at
LHC, without requiring fine tuning or unreasonably large dimensionless couplings. It is likely
that many such models exist, that take advantage of a scalar singlet to get a strong EWPT and
relatively unconstrained CP violation.

For example, one can easily generate eq. (5) by integrating out a heavy vectorlike isosinglet
top partner T , with interactions

η t̄RSTL +MT̄LTR + y′T̄RHtL (8)

This gives a nonstandard contribution to the top quark mass in the bubble wall, (ηy′/M) t̄RSHtL
that operates just like eq. (5) to produce a CP asymmetry, if ηy′ has a phase relative to the SM
top Yukawa coupling. The current mass limit on vector-like top partners is around 1 TeV 37,
making this an excellent candidate for testable new physics that can give the baryon asymmetry.
Work on this is in progress.

tR
tL

SH

x

T

Figure 7 – Generation of dimension-5 contribution to top quark mass, Q̄3HStR/Λ, through a heavy vectorlike
top partner.
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and Fonds de recherche du Québec—Nature et technologies. I thank Kimmo Kainulainen and
David Tucker-Smith for their collaboration on this work and for comments on this manuscript.

References

1. B. Peon, “Is Hinchliffe’s Rule True?,” Submitted to: Annals of Gnosis (1988)
2. A. Pilaftsis and T. E. J. Underwood, “Resonant leptogenesis,” Nucl. Phys. B 692, 303

(2004) doi:10.1016/j.nuclphysb.2004.05.029 [hep-ph/0309342].
3. I. Baldes, T. Konstandin and G. Servant, “Flavor Cosmology: Dynamical Yukawas in

the Froggatt-Nielsen Mechanism,” JHEP 1612, 073 (2016) doi:10.1007/JHEP12(2016)073
[arXiv:1608.03254 [hep-ph]].

4. V. A. Kuzmin, V. A. Rubakov and M. E. Shaposhnikov, “On the Anomalous Electroweak
Baryon Number Nonconservation in the Early Universe,” Phys. Lett. 155B, 36 (1985).
doi:10.1016/0370-2693(85)91028-7

5. A. G. Cohen, D. B. Kaplan and A. E. Nelson, “Baryogenesis at the weak phase transition,”
Nucl. Phys. B 349, 727 (1991). doi:10.1016/0550-3213(91)90395-E

6. N. Turok and J. Zadrozny, “Dynamical generation of baryons at the electroweak transi-
tion,” Phys. Rev. Lett. 65, 2331 (1990). doi:10.1103/PhysRevLett.65.2331

7. G. D. Moore, “Measuring the broken phase sphaleron rate nonperturbatively,” Phys. Rev.
D 59, 014503 (1999) doi:10.1103/PhysRevD.59.014503 [hep-ph/9805264].

8. M. Carena, M. Quiros and C. E. M. Wagner, “Opening the window for electroweak baryoge-
nesis,” Phys. Lett. B 380, 81 (1996) doi:10.1016/0370-2693(96)00475-3 [hep-ph/9603420].

9. J. M. Cline and G. D. Moore, “Supersymmetric electroweak phase transition:
Baryogenesis versus experimental constraints,” Phys. Rev. Lett. 81, 3315 (1998)
doi:10.1103/PhysRevLett.81.3315 [hep-ph/9806354].

10. M. Carena, M. Quiros, A. Riotto, I. Vilja and C. E. M. Wagner, “Electroweak baryoge-
nesis and low-energy supersymmetry,” Nucl. Phys. B 503, 387 (1997) doi:10.1016/S0550-
3213(97)00412-4 [hep-ph/9702409].

11. J. M. Cline, M. Joyce and K. Kainulainen, “Supersymmetric electroweak baryogene-
sis in the WKB approximation,” Phys. Lett. B 417, 79 (1998) Erratum: [Phys. Lett.
B 448, 321 (1999)] doi:10.1016/S0370-2693(99)00033-7, 10.1016/S0370-2693(97)01361-0
[hep-ph/9708393].

12. M. Carena, G. Nardini, M. Quiros and C. E. M. Wagner, “MSSM Electroweak
Baryogenesis and LHC Data,” JHEP 1302, 001 (2013) doi:10.1007/JHEP02(2013)001
[arXiv:1207.6330 [hep-ph]].

13. G. Aad et al. [ATLAS Collaboration], “Search for invisible decays of a Higgs boson using
vector-boson fusion in pp collisions at

√
s = 8 TeV with the ATLAS detector,” JHEP

1601, 172 (2016) doi:10.1007/JHEP01(2016)172 [arXiv:1508.07869 [hep-ex]].
14. V. Khachatryan et al. [CMS Collaboration], “Searches for invisible decays of the

Higgs boson in pp collisions at sqrt(s) = 7, 8, and 13 TeV,” JHEP 1702, 135 (2017)
doi:10.1007/JHEP02(2017)135 [arXiv:1610.09218 [hep-ex]].

15. S. Liebler, S. Profumo and T. Stefaniak, “Light Stop Mass Limits from Higgs Rate
Measurements in the MSSM: Is MSSM Electroweak Baryogenesis Still Alive After All?,”
JHEP 1604, 143 (2016) doi:10.1007/JHEP04(2016)143 [arXiv:1512.09172 [hep-ph]].

16. M. Joyce, T. Prokopec and N. Turok, “Electroweak baryogenesis from a classical
force,” Phys. Rev. Lett. 75, 1695 (1995) Erratum: [Phys. Rev. Lett. 75, 3375 (1995)]
doi:10.1103/PhysRevLett.75.1695 [hep-ph/9408339].

17. J. M. Cline, M. Joyce and K. Kainulainen, “Supersymmetric electroweak baryogenesis,”
JHEP 0007, 018 (2000) doi:10.1088/1126-6708/2000/07/018 [hep-ph/0006119].



18. A. Riotto, “The More relaxed supersymmetric electroweak baryogenesis,” Phys. Rev. D
58, 095009 (1998) doi:10.1103/PhysRevD.58.095009 [hep-ph/9803357].

19. K. Kainulainen, T. Prokopec, M. G. Schmidt and S. Weinstock, “First principle
derivation of semiclassical force for electroweak baryogenesis,” JHEP 0106, 031 (2001)
doi:10.1088/1126-6708/2001/06/031 [hep-ph/0105295].

20. K. Kainulainen, T. Prokopec, M. G. Schmidt and S. Weinstock, “Semiclassical force for
electroweak baryogenesis: Three-dimensional derivation,” Phys. Rev. D 66, 043502 (2002)
doi:10.1103/PhysRevD.66.043502 [hep-ph/0202177].

21. M. Carena, J. M. Moreno, M. Quiros, M. Seco and C. E. M. Wagner, “Supersymmet-
ric CP violating currents and electroweak baryogenesis,” Nucl. Phys. B 599, 158 (2001)
doi:10.1016/S0550-3213(01)00032-3 [hep-ph/0011055].

22. M. Carena, M. Quiros, M. Seco and C. E. M. Wagner, “Improved results in super-
symmetric electroweak baryogenesis,” Nucl. Phys. B 650, 24 (2003) doi:10.1016/S0550-
3213(02)01065-9 [hep-ph/0208043].

23. J. M. Cline and K. Kainulainen, “A New source for electroweak baryogenesis in
the MSSM,” Phys. Rev. Lett. 85, 5519 (2000) doi:10.1103/PhysRevLett.85.5519 [hep-
ph/0002272].

24. V. Cirigliano, S. Profumo and M. J. Ramsey-Musolf, “Baryogenesis, Electric Dipole
Moments and Dark Matter in the MSSM,” JHEP 0607, 002 (2006) doi:10.1088/1126-
6708/2006/07/002 [hep-ph/0603246].

25. A. Menon, D. E. Morrissey and C. E. M. Wagner, “Electroweak baryogenesis and dark
matter in the nMSSM,” Phys. Rev. D 70, 035005 (2004) doi:10.1103/PhysRevD.70.035005
[hep-ph/0404184].

26. S. J. Huber, T. Konstandin, T. Prokopec and M. G. Schmidt, “Electroweak
Phase Transition and Baryogenesis in the nMSSM,” Nucl. Phys. B 757, 172 (2006)
doi:10.1016/j.nuclphysb.2006.09.003 [hep-ph/0606298].

27. S. V. Demidov, D. S. Gorbunov and D. V. Kirpichnikov, “Split NMSSM with electroweak
baryogenesis,” JHEP 1611, 148 (2016) doi:10.1007/JHEP11(2016)148 [arXiv:1608.01985
[hep-ph]].

28. J. M. Cline, K. Kainulainen and M. Trott, “Electroweak Baryogenesis in
Two Higgs Doublet Models and B meson anomalies,” JHEP 1111, 089 (2011)
doi:10.1007/JHEP11(2011)089 [arXiv:1107.3559 [hep-ph]].

29. G. C. Dorsch, S. J. Huber, T. Konstandin and J. M. No, “A Second Higgs Doublet in
the Early Universe: Baryogenesis and Gravitational Waves,” arXiv:1611.05874 [hep-ph].

30. J. Choi and R. R. Volkas, “Real Higgs singlet and the electroweak phase transition in
the Standard Model,” Phys. Lett. B 317, 385 (1993) doi:10.1016/0370-2693(93)91013-D
[hep-ph/9308234].

31. J. R. Espinosa, T. Konstandin and F. Riva, “Strong Electroweak Phase Transitions in the
Standard Model with a Singlet,” Nucl. Phys. B 854, 592 (2012) [arXiv:1107.5441 [hep-ph]].

32. J. R. Espinosa, B. Gripaios, T. Konstandin and F. Riva, “Electroweak Baryogenesis in
Non-minimal Composite Higgs Models,” JCAP 1201, 012 (2012) [arXiv:1110.2876 [hep-
ph]].

33. J. M. Cline and K. Kainulainen, “Electroweak baryogenesis and dark matter from a sin-
glet Higgs,” JCAP 1301, 012 (2013) doi:10.1088/1475-7516/2013/01/012 [arXiv:1210.4196
[hep-ph]].

34. J. M. Cline, K. Kainulainen and D. Tucker-Smith, “Electroweak baryogenesis from a dark
sector,” arXiv:1702.08909 [hep-ph].

35. G. Aad et al. [ATLAS Collaboration], “Search for the direct production of charginos,
neutralinos and staus in final states with at least two hadronically decaying taus and
missing transverse momentum in pp collisions at

√
s = 8 TeV with the ATLAS detector,”

JHEP 1410, 096 (2014) doi:10.1007/JHEP10(2014)096 [arXiv:1407.0350 [hep-ex]].



36. M. Ackermann et al. [Fermi-LAT Collaboration], “Updated search for spectral lines
from Galactic dark matter interactions with pass 8 data from the Fermi Large Area
Telescope,” Phys. Rev. D 91, no. 12, 122002 (2015) doi:10.1103/PhysRevD.91.122002
[arXiv:1506.00013 [astro-ph.HE]].

37. The ATLAS collaboration [ATLAS Collaboration], “Search for pair production of vector-
like top partners in events with exactly one lepton and large missing transverse momentum
in
√
s = 13 TeV pp collisions with the ATLAS detector,” ATLAS-CONF-2016-101.



NEW CONSTRAINTS ON STERILE NEUTRINOS WITH MINOS/MINOS+
AND DAYA BAY

THOMAS JOSEPH CARROLL

Department of Physics, The University of Texas at Austin, 2515 Speedway, C1600
Austin, Texas 78712-1192, USA

I describe two new searches for sterile neutrino oscillations from the MINOS and Daya Bay
experiments. MINOS looked for evidence through muon neutrino disappearance with data
collected from the NuMI neutrino beam. Daya Bay searched for evidence through electron
antineutrino disappearance using data collected from nuclear reactors. I explain how the
MINOS and Daya Bay searches were combined to produce constraints on the same phase
space as LSND and MiniBooNE. Finally, I present the status of the sterile neutrino search
using data from MINOS+.

1 Introduction

The mixing of three neutrino states is experimentally well established.1 This mixing is described
by the 3×3 Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix2,3,4 which can be parameterized5

by three mixing angles θ12, θ23, θ13, and a CP violating phase δ. The oscillation probabilities
can be expressed such that they additionally depend on two mass-squared differences ∆m2

21 and
∆m2

32 where ∆m2
ij = m2

i −m2
j . However, there are several anomalies6,7,8,9,10 that suggest a mass-

splitting inconsistent with those measured assuming the three-flavor paradigm. In particular,
the Liquid Scintillator Neutrino Detector (LSND)9 and MiniBooNE10 short-baseline neutrino
oscillation experiments observed an excess of νe events from a νµ beam. Furthermore, results
from LEP are consistent with only three light active neutrinos coupled to the Z0 boson based
on its invisible decay width.11 Thus, one way to address these anomalies is to use a model with
three active neutrinos plus one sterile neutrino that does not interact via the weak force. This
“3 + 1” model extends the PMNS matrix by adding one new flavor eigenstate and one new
mass eigenstate. The mixing terms can then be parameterized5 such that, in addition to the
original three-flavor parameters, there are three new mixing angles θ14, θ24, θ34 and two new
CP violating phases δ14 and δ24 with δ ≡ δ13. The oscillation probabilities then require one new
mass-squared difference, commonly ∆m2

41.



2 The MINOS Experiment

MINOS was an on-axis long-baseline neutrino oscillation experiment that was exposed to the the
NuMI neutrino beam from Fermilab. It used a near detector (ND) with a mass of 0.98 kt located
1.04 km from the NuMI target and a far detector (FD) with a mass of 5.4 kt located 735 km from
the target. These detectors were functionally equivalent magnetized steel-scintillator, tracking-
sampling calorimeters. The detectors consisted of alternating planes of 2.54 cm thick steel plates
and 1 cm thick polystyrene-based scintillator strips. Each detector was magnetized by a coil
that ran parallel to the length of the detector. The magnetic field allowed the MINOS detectors
to distinguish between νµ and νµ charged-current (CC) interactions based on the curvature of
the resulting muon.12

The NuMI beam is produced by colliding 120 GeV protons into a graphite target. The
resulting pions and kaons are then focused by two magnetic horns into a decay pipe. The
magnetic horns allow the beam to be operated in either a νµ or νµ mode. MINOS and MINOS+
collected 11 years of beam data from 2005 to 2016 using the MINOS detectors. The neutrino
flux peaked at 3 GeV for MINOS and 7 GeV for MINOS+. In June 2016 the NuMI beam
achieved a beam power of 700 kW making it the most powerful neutrino beamline.13

3 The MINOS 3+1 Sterile Neutrino Analysis

MINOS has made precision measurements of the three-flavor atmospheric oscillation parameters
∆m2

32 and θ23.
14 For the 3 + 1 model, MINOS is sensitive to ∆m2

41, θ24, and θ34 through muon
neutrino disappearance. This analysis studied muon neutrino disappearance using CC and
neutral-current (NC) interactions. The sensitivity of MINOS can be illustrated by considering
the leading order approximations for the probabilities associated with the analysis channels in
this model. The νµ survival probability is measured with CC interactions and can be written:

P (νµ → νµ) ≈ 1− sin2 2θ23 cos2 θ24 sin2 ∆31 − sin2 2θ24 sin2 ∆41, (1)

where ∆ij = (∆m2
ijL/4E), L is the distance traveled by the neutrino, and E is the neutrino

energy. Equation 1 shows that the CC channel is sensitive to θ24. The addition of a sterile
neutrino allows there to be disappearance of NC events expressed as:

1− P (νµ → νs) ≈ 1− c414c234 sin2 2θ24 sin2 ∆41 −A sin2 ∆31 +B sin 2∆31, (2)

where cij = cos θij and sij = sin θij . The terms A and B are functions of the mixing angles and
phases. To first order, A = s234 sin2 2θ23 and B = 1

2 sin δ24s24 sin 2θ34 sin 2θ23. From Eq. 2, the
NC channel is dependent on the parameters θ24, θ34, and δ24. However, the sensitivity is limited
by poor neutrino-energy resolution due to the undetected outgoing neutrino, a lower event rate
due to cross sections, and νµ and νe CC backgrounds. Although θ14 appears in Eq. 2, an analysis
of solar and reactor neutrino data yields the constraint sin2 θ14 < 0.041 at 90% C.L.15 which is
small enough to set θ14 = 0 in this analysis.

3.1 Event Selection

The MINOS sterile analysis required the selection of samples of NC and CC νµ events. This
analysis selected events from a beam exposure of 10.56× 1020 protons on target (POT).

NC events have no flavor information and are characterized by a hadronic shower in the
detector. These events were selected based on event topology by searching for interactions that
induced activity spread over less than 47 steel-scintillator planes. If events had a reconstructed
track, then the track was required to penetrate no more than five detector planes beyond the
end of the hadronic shower. The NC selection had an efficiency of 79.9% for the ND and resulted
in a sample with a purity of 58.9%, both estimated from Monte Carlo (MC) simulation. For the



FD, assuming standard three-flavor oscillations, the efficiency of the selection was 87.6% and
the sample purity was 61.3%.

CC νµ events are characterized by a long muon track that is bending in the magnetic field of
the detector and a hadronic shower near the interaction point. A k-nearest neighbor algorithm
was developed to select these events based on muon track features resulting in a high purity
sample.16 The algorithm used four variables: the number of detector planes hit by the muon
track, the average energy deposited per scintillator plane by the track, the track’s transverse
energy deposition profile, and the variation of the energy deposited along the muon track. Events
were required to have failed the NC selection procedure to be included in the CC sample. The
CC selection had an efficiency of 53.9% for the ND and produced a sample with a purity of
98.7%, both estimated from MC simulation. For the FD, assuming three-flavor oscillations, the
corresponding efficiency was 84.6% and the purity was 99.1%.

3.2 Analysis Technique for the 3+ 1 Sterile Neutrino Model

The MINOS analysis used CC νµ and NC events to look for perturbations on three-flavor
oscillations. Figure 1 shows examples for different values of ∆m2

41 and how they alter the
oscillation probabilities in both channels at the MINOS detectors. For 10−3 . ∆m2

41 . 0.1 eV2

an energy-dependent depletion of νµ events would be observed only at the FD. For 0.1 . ∆m2
41 .

1 eV2 fast oscillations occur at the FD that are averaged out due to the energy resolution of the
detector leading to a constant deficit of events. For 1 . ∆m2

41 . 100 eV2 an energy-dependent
depletion of νµ events would be seen at the ND with fast oscillations being averaged out at the
FD. Then for ∆m2

41 & 100 eV2 oscillations occur upstream of the ND leading to event deficits in
both detectors. The possibility for oscillations at the ND17 means that the ND spectrum cannot
be used to predict the FD spectrum as was traditionally done in MINOS oscillation analyses18.
In order to be sensitive to oscillations at the ND, MINOS analyzed the ratio of the FD energy

Pðνμ → νμÞ ¼ 1 − 4
X4

i¼1

X4

j>i

jUμij2jUμjj2sin2Δji: ð3Þ

In the analysis presented in this Letter, we use the exact
oscillation probability to extract limits on the parameters. In
the following discussion of the phenomenology, for sim-
plicity we only show leading terms.
Terms in Δ21 are negligible, and we can approximate

Δm2
32 ≈ Δm2

31. In the limit Δm2
41 ≫ Δm2

31 we can also
approximate Δm2

43 ≈ Δm2
42 ≈ Δm2

41 and expand the oscil-
lation probability to second order in the small terms s13,
s14, s24 and cos 2θ23, yielding

Pðνμ → νμÞ ≈ 1 − sin22θ23 cos 2θ24sin2Δ31

− sin22θ24sin2Δ41: ð4Þ

Thus, mixing with sterile neutrinos in the MINOS CC νμ
sample is controlled by θ24 and would be seen as a
depletion of events for Δ41 ≳ π=2, as shown in the top
panel of Fig. 1.

For 10−3 ≲ Δm2
41 ≲ 0.1 eV2 an energy-dependent

depletion would be observed at the FD with no effect at
the ND. The Δm2

41 ¼ 0.05 eV2 curve in the top panel of
Fig. 1 shows an example of this behavior. As Δm2

41

increases toward 1 eV2 we have Δ41 ≫ π=2 at the FD.
In this case—the fast-oscillation regime—an energy-inde-
pendent reduction in the event rate would be observed,
since sin2Δ41 → ½ when the finite energy resolution of the
detectors is considered. The Δm2

41 ¼ 0.50 eV2 curve in the
top panel of Fig. 1 shows an example of fast oscillations.
For Δm2

41 ≳ 1 eV2 an additional energy-dependent
depletion of νμ would be seen at the ND, with the energy
of maximum oscillation increasing with Δm2

41. An example
of these ND oscillations is shown by the Δm2

41 ¼ 5.00 eV2

curve in the top panel of Fig. 1. For Δm2
41 ≳ 100 eV2 fast

oscillations occur at both detectors.
MINOS is also sensitive to sterile neutrinos via the

disappearance of NC events [21–23], as shown in the
bottom panel of Fig. 1, which would occur with a
probability

1 − Pðνμ → νsÞ ≈ 1 − c414c
2
34sin

22θ24sin2Δ41

− Asin2Δ31 þ B sin 2Δ31: ð5Þ

The terms A and B are functions of the mixing angles
and phases. To first order, A ¼ s234sin

22θ23 and B ¼
1
2 sin δ24s24 sin 2θ34 sin 2θ23. The NC sample is therefore
sensitive to θ34 and δ24 in addition to θ24, although that
sensitivity is limited by poor neutrino-energy resolution
(due to the undetected outgoing neutrino), a lower event
rate due to cross sections, and νμ and νe CC backgrounds.
The MINOS apparatus and NuMI beam have been

described in detail elsewhere [20,24]. We analyze an
exposure of 10.56 × 1020 protons on target (POT) used
to produce a νμ-dominated beam with a peak energy of
3 GeV. The detectors are magnetized steel-scintillator,
tracking-sampling calorimeters that utilize an average field
of 1.3 T to measure the charge and momentum of muons.
The energy of hadronic showers is measured using calo-
rimetry. In the case of CC νμ interactions, this is combined
with topological information through a k-nearest-neighbor
algorithm [25].
A sample of NC-enhanced events is isolated by search-

ing for interactions that induce activity spread over fewer
than 47 steel-scintillator planes. Events with a recon-
structed track are required to penetrate no more than five
detector planes beyond the end of the hadronic shower.
Additional selection requirements are imposed in the ND to
remove cases in which the reconstruction program was
confused by multiple coincident events. The selected NC
sample in the ND has an efficiency of 79.9% and a purity of
58.9%, both estimated from Monte Carlo (MC) simulation.
The background is composed of 86.9% CC νμ interactions
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FIG. 1. Muon neutrino oscillation probabilities as a function of
L=E, where L is the distance traveled by the neutrinos, and E is
the reconstructed neutrino energy (top horizontal axis of each
panel), for three different values of Δm2

41, with θ14 ¼ 0.15,
θ24 ¼ 0.2, θ34 ¼ 0.5, and values of Δm2

31, Δm2
21, θ12, θ23, and θ13

from Ref. [1]. The dip in Pðνμ → νμÞ at 500 km=GeV is due to
oscillations driven by Δm2

31. As L=E increases, the various
oscillation probabilities become similar and the lines overlap.
The gray bands indicate the regions of reconstructed energy
where CC νμ interactions (top panel) and NC interactions (bottom
panel) are observed in the two detectors.
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Figure 1 – Muon neutrino oscillation probabilities as a a function of L/E, where L is the distance traveled by
the neutrinos, and E is the reconstructed neutrino energy, for three different values of ∆m2

41, with θ14 = 0.15,
θ24 = 0.2, θ34 = 0.5, and the values of ∆m2

31, ∆m2
21, θ12, θ23, and θ13 from the Particle Data Group1. The dip

in P (νµ → νµ) at 500 km/GeV is due to oscillations driven by ∆m2
31. As L/E increases, the various oscillation

probabilities become similar and the lines overlap. The gray bands indicate the regions of reconstructed energy
where CC νµ interactions (top panel) and NC interactions (bottom panel) are observed in the two MINOS
detectors.



spectrum to the ND energy spectrum. The oscillated Far-over-Near MC energy spectrum ratio
is then fit to the Far-over-Near data energy spectrum ratio.

3.3 Fitting Procedure

The CC and NC spectra ratios were fit simultaneously using the exact oscillation probabilities
to determine θ23, θ24, θ34, ∆m2

32, and ∆m2
41. MINOS is not sensitive to δ13, δ14, δ24, and θ14.

Therefore, all were set to zero. The values sin2 θ12 = 0.307 and ∆m2
21 = 7.54 × 10−5 eV2 were

set based on a global fit to neutrino data19, and sin2 θ13 = 0.022 based on a weighted average
of recent results from reactor experiments20,21,22. Figure 2 shows good agreement between the
Far-over-Near ratios measured and predicted using a three-flavor hypothesis.

Figure 2 – The ratios of the energy spectra in the MINOS FD to those in the ND, shown for the CC νµ (top)
and NC (bottom) samples. The solid lines represent the predicted ratios from fits to the standard three-flavor
oscillation model (red) and to the 3 + 1 sterile neutrino model (blue).

The fit minimized the χ2 function in Eq. 3 where xm is the observed ratio in bin m, µm is the
predicted ratio, and V is an N ×N covariance matrix expressing the statistical and systematic
uncertainties of the predicted ratio. The second term in Eq. 3 is a flux penalty term where X and
M are the observed and predicted total number of events in the ND, and σM is conservatively
set to 50% of M based on measurements of the NuMI beam muon flux.

χ2
CC,NC =

N∑
m=1

N∑
n=1

(xm − µm)(V −1)mn(xn − µn) +
(X −M)2

σ2M
(3)

3.4 Systematic Uncertainties

The covariance matrix in Eq. 3 can be broken down into its component uncertainties as:

V = Vstat + Vnorm + Vacc + VNC + Vother. (4)

Figure 3 shows the effect of incrementally adding the systematic uncertainties to the sensitivity.
Vstat contains the statistical uncertainty. Vnorm contains the uncertainty in the relative normal-
ization of the CC and NC samples between the ND and FD which accounts for uncertainties



in reconstruction efficiencies. Vacc accounts for uncertainties on the acceptance and selection
efficiency of the ND. This systematic uncertainty has the largest effect on the sensitivity as
seen in Fig. 3 due to the fact that it is only for the ND and thus cannot be canceled out by
the FD. These uncertainties were evaluated by varying event selection requirements in the data
and MC simulation to probe known weaknesses in the simulation. As these requirements were
varied, the total variations in the ND data to MC ratios were taken as systematic uncertainties
on the Far-over-Near ratios. VNC accounts for the uncertainty on the procedure used to remove
poorly reconstructed events from the NC sample. Vother includes terms to account for all sources
of uncertainty in neutrino interaction cross sections and the flux of neutrinos produced in the
NuMI beam.23

Figure 3 – The effects of systematic uncertainties on the MINOS 90% C.L. sensitivity in the (sin2 θ24,∆m
2
41)

plane, shown by successive inclusion of the listed uncertainties.

3.5 MINOS 3+1 Model Limit

Since the MINOS best fit was consistent with three-flavor oscillations, the data can be used to
set a muon neutrino disappearance limit. The limit was set by dividing the (sin2 θ24,∆m

2
41)

plane into fine bins and minimizing Eq. 3 at each bin allowing ∆m2
32, θ23, and θ34 to vary. The

significance of the ∆χ2 with respect to the global minimum was calculated using the Feldman-
Cousins method24. The resulting MINOS 90% C.L.23 is shown in Fig. 4. It excludes a sterile
neutrino over six orders of magnitude in ∆m2

41 and two orders of magnitude in sin2 θ24. The
MINOS limit is the best constraint below 0.1 eV2 in this phase space. Below ∆m2

41 = 10−2 eV2

there is an internal allowed region and a feature near ∆m2
41 = 2 × 10−3 eV2 which are due to

expected degenerate predictions with the three-flavor case.

4 MINOS, Daya Bay Combination

MINOS measured muon neutrino disappearance and thus can measure the matrix element |Uµ4|2.
However, the LSND and MiniBooNE experiments measured muon neutrino to electron neutrino
appearance and constrainted allowed values of sin2 2θµe which is defined by the matrix elements
|Ue4|2 and |Uµ4|2. Assuming CPT conservation, a muon neutrino disappearance measurement
must be combined with an electron neutrino disappearance measurement, which can measure
the matrix element |Ue4|2, in order to look at the same mixing angle as LSND and MiniBooNE.
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to sin2 θ24 by assuming θ14 = 0.15, the best fit value a global fit to appearance data30.

4.1 Daya Bay

To constrain the same phase space as LSND and MiniBooNE, the MINOS measurement was
combined with the Daya Bay reactor neutrino experiment32. Daya Bay uses eight identical
detectors to measure intense sources of neutrinos from six reactor cores with a total power of
17.4 GWth. The detectors are arranged with two at both near experimental halls and four at
the far experimental hall. Daya Bay detects electron antineutrinos via inverse beta decay (IBD).
The main volume of the Daya Bay detectors is linear alkylbenzene-based liquid scintillator doped
with gadolinium which increases neutron capture. Daya Bay was designed to measure θ13 and is
responsible for the most precise measurement of electron antineutrino disappearance to date33.

4.2 Daya Bay Sterile Neutrino Fit and Limit

For this sterile neutrino search, Daya Bay analyzed IBD data from 217 days in a partial configu-
ration using six detectors plus 404 days in the full configuration. This analysis used two different
methods, referred to as method A and B, to fit the data. Method A used the energy spectra
measured at the near halls to predict the far hall energy spectrum. The fit then minimized a χ2

function. Method B simultaneously fit all of the spectra from the Daya Bay detectors using the
predicted reactor flux constrained by the Huber34 and Muller35 models. For this method, the
systematic uncertainty on the flux was increased from 2% to 5% to cover observed discrepancies
with the predicted reactor neutrino spectrum.a Method B maximized a log-likelihood function
complete with nuisance parameters for systematic uncertainties. Both methods used the exact
oscillation probabilities to determine θ13, θ14, and ∆m2

41. For method A, the Feldman-Cousins
procedure24 was used to set limits while method B set limits using the CLs technique37,38,39.
Daya Bay sets the most stringent limits for ∆m2

41 . 0.2 eV2 in sin2 2θ14. Figure 5 shows the
95% C.L. from the Feldman-Cousins method24 and the 95% CLs exclusion contour37.40 Methods
A and B provide consistent results as seen in Fig. 5. The slight difference seen between the two
limits for ∆m2

41 . 2× 10−3 eV2 is due to limited statistics relevant for this region which effect
the techniques differently.

aDaya Bay recently performed a detailed study of their reactor antineutrino flux and spectrum.36



predicted reactor antineutrino flux, while method B has a
slightly higher reach in sensitivity for jΔm2

41j ≳ 0.3 eV2 as
a result of its incorporation of absolute reactor antineutrino
flux constraints. The different treatments of systematic
uncertainties provide a thorough cross-check of the results.
For method A, the minimum χ2 value obtained with a free-
floating Δm2

41, sin2 2θ14, and sin2 2θ13 is χ24ν=NDF ¼
129.1=145, where NDF stands for the number of degrees
of freedom. The corresponding value in the three-neutrino
scenario, in which sin2 2θ13 is the only free parameter, is
χ23ν=NDF ¼ 134.7=147. The p-value of observing Δχ2 ¼
χ23ν − χ24ν ¼ 5.6 without sterile neutrino mixing is deter-
mined to be 0.41 using a large sample of Monte Carlo
pseudo-experiments. Similarly, the minimum χ2 values for
method B are χ24ν=NDF ¼ 179.74=205 and χ23ν=NDF ¼
183.87=207, with a corresponding p-value of 0.42. As
indicated by these p-values, no apparent signature for
sterile neutrino mixing is observed.
The limits in the ðjΔm2

41j; sin2 2θ14Þ plane are also set by
two independent approaches, the first of which follows
the Feldman-Cousins method [40]. For each point
η≡ ðjΔm2

41j; sin2 2θ14Þ, the value of Δχ2ðηÞ ¼ χ2ðηÞ−
χ2ðηbestÞ is evaluated, where χ2ðηÞ is the smallest χ2 value
with a free-floating sin2 2θ13. This Δχ2ðηÞ is then com-
pared with the critical value Δχ2cðηÞ encompassing a
fraction α of the events, estimated by fitting a large number
of pseudo-experiments that include statistical and system-
atic fluctuations. The point η is then declared to be inside
the α confidence level (CL) acceptance region
if Δχ2dataðηÞ < Δχ2cðηÞ.
The second approach to set the limits is the CLs

statistical method [41,42]. For each point in the
(sin2 2θ14, jΔm2

41j) parameter space, a two-hypothesis test
is performed in which the null hypothesis H0 is the three-
neutrino model and the alternative hypothesis H1 is the
four-neutrino model with fixed sin2 2θ14 and jΔm2

41j. The
CLs value is defined as

CLs ¼
1 − p1

1 − p0

; ð5Þ

where p0 and p1 are the p-values for the three-neutrino and
four-neutrino hypotheses, respectively. These p-values are
calculated from the χ2 difference of those two hypotheses.
The value of sin2 2θ13 is independently set for each
hypothesis based on a fit to the data. The condition of
CLs ≤ 1 − α is required to set the CLs exclusion region at
[α] confidence level.
When used with the same analysis method (method A or

method B), the difference in sensitivity between the
Feldman-Cousins and CLs approaches is found to be
smaller than 10%. The Feldman-Cousins approach pro-
vides a unified method to define confidence intervals, but
has the drawback that it involves fitting a large amount of

simulated data sets. Hence, it is used only for method A,
which eliminates all of the nuisance parameters by utilizing
a covariance matrix. In contrast, the CLs implementation is
significantly less computationally intensive, and also pro-
vides an alternative for combining the results between
multiple experiments [41,42]. Accordingly, both the
Feldman-Cousins limit from method A and the CLs limit
from method B are presented in this work.
Figure 3 shows the 95% confidence level contour from

the Feldman-Cousins approach and the 95% CLs exclusion
contour. Both contours are centered around the 95% CL
expectation and are mostly contained within the $1σ band
constructed from simulated data sets with statistical and
systematic fluctuations. The high-precision data at multiple
baselines allow exclusion of a large section of (sin2 2θ14,
jΔm2

41j) parameter space. The sensitivity in the 0.01≲
jΔm2

41j≲ 0.3 eV2 region originates predominantly from
the relative spectral comparison between the two near halls,
and in the jΔm2

41j≲ 0.01 eV2 region from the comparison
between the near and far halls. The dip structure at
jΔm2

41j ≈ jΔm2
32j ≈ 2.4 × 10−3 eV2 is due to the degen-

eracy between sin2 2θ14 and sin2 2θ13. The fine structure of
the data contours compared to the expectation originates
from statistical fluctuations in the data.
In Fig. 3, there is a slight difference between the CL

contour from method A and the CLs contour from method
B for jΔm2

41j≲ 2 × 10−3 eV2. In this region, most of the
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FIG. 3. Exclusion contours in the (sin2 2θ14, jΔm2
41j) plane,

under the assumption of Δm2
32 > 0 and Δm2

41 > 0. The red long-
dashed curve represents the 95% CL exclusion contour with the
Feldman-Cousins method [40] from method A. The black solid
curve represents the 95% CLs exclusion contour [41] from
method B. The expected 95% CL 1σ band in yellow is centered
around the sensitivity curve, shown as a thin blue line. The region
of parameter space to the right side of the contours is excluded.
For comparison, Bugey’s [43] 90% CL limit on ν̄e disappearance
is also shown as the green dashed curve.
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Figure 5 – The Daya Bay limits in the (sin2 θ14, |∆m2
41|) plane under the assumption of ∆m2

32 > 0 and ∆m2
41 > 0.

The red long-dashed curve is the 95% C.L. exclusion contour with the Feldman-Cousins method24 from method
A. The black solid curve is the 95% CLs exclusion contour37 from method B. The expected 95% C.L. 1σ band
in yellow is centered around the sensitivity curve, shown as a thin blue line. The Daya Bay limit is compared to
Bugey’s41 90% C.L. limit shown as the green dashed curve.

4.3 Combined Limit

MINOS and Daya Bay did a combined analysis using a common CLs method37,38. Before
combining with MINOS, the Daya Bay and Bugey-341 electron antineutrino disappearance mea-
surements were combined taking into account correlated systematic uncertainties. Bugey-3
made measurements at shorter baselines than Daya Bay which provides increased sensitivity
for ∆m2

41 & 0.2 eV2. For the combination of MINOS and Daya Baya + Bugey-3, systematic
uncertainties are taken to be uncorrelated. Figure 6 shows the combined 90% CLs exclusion
contour42. The limit constrains sin2 2θµe over six orders of magnitude in ∆m2

41. This limit is
the strongest constraint to date and excludes the sterile neutrino mixing phase space allowed by
the LSND and MiniBooNE experiments for ∆m2

41 < 0.8 eV2 at a 95% CLs.

5 MINOS+

The increased intensity and beam energy of MINOS+ make it well-suited for sterile neutrino
searches. MINOS+ is improving on MINOS with more data and an improved fit technique.

5.1 First Half of MINOS+ Data

The first two years of MINOS+ data represent a beam exposure of 5.80×1020 POT. When these
data are added to the MINOS dataset using the analysis described above there is a significant
increase in the exclusion of sin2 θ24 for 10−2 . ∆m2

41 . 2 eV2. This improvement is largely due
to the increased beam energy of MINOS+ which provided more statistics at higher neutrino
energies compared to MINOS. In Fig. 7, the exclusion limit using MINOS and MINOS+ data
is compared to the most recent MINOS limit23.

5.2 Two-Detector Fit Technique

The MINOS+ analysis is also being improved by fitting the spectra in both detectors simulta-
neously rather than fitting the ratios. In addition to being being less sensitive to oscillations
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upstream of the ND, the ratio technique had reduced sensitivity to oscillations at the ND as
well as to deficits between the detectors due to the fact that the statistical uncertainty was
dominated by the FD. The two-detector fit technique allows the analysis to take full advantage
of the large statistics available at the ND and the shape information provided by the spectra
from both detectors. For ∆m2

41 & 5 eV2 the sensitivity is improved by the ND statistics and
the ability to compare the ND and FD spectra. These advantages significantly increase the
sensitivity of MINOS+ to exclude regions of sin2 θ24 for ∆m2

41 > 100 eV2 as seen in Fig. 8. For



10−2 . ∆m2
41 . 5 eV2 the sensitivity is improved by the cancellation of uncertainties between

the ND and FD.

Figure 20: The sensitivity to sterile neutrino parameters with 10.56 ⇥ 1020 POT MINOS era
simulation alone and in combination with 5.80 ⇥ 1020 POT MINOS+ era simulation. The
displayed contours show the di↵erence in sensitivity at 90% C.L. between the dual-detector
method discussed in this talk (black, violet) and the Far/Near ratio method used in the
previous analysis (orange, green).

particular mixing angle values. The NC event contribution is also increased in the high mass
squared splitting region where the expectation of an overall deficit o↵set in both samples
serves as a mutual cross-check.

7.3 Search Improvement on Far/Near Ratio Method

Previous use of the Far/Near ratio method in MINOS and MINOS+ analyses su↵ered
from known weakness in dealing with ND oscillations due to weak constraints placed on the
overall behavior of the ND. The dual-detector fit method has been designed to maximally
exploit the strengths of both detectors in order to have the greatest possible sensitvity to
sterile neutrinos. Sensitivity contours plotted in Fig. 20 show the dramatic improvement that
has been achieved in covering the region of high mass squared splitting by careful fitting of
both ND and FD spectra simultaneously. The dual-detector method also provides a noticeable
improvement on the Far/Near method where oscillations occur in the FD. This is due to

21

Figure 8 – The sensitivity at 90% C.L. for MINOS (10.56 × 1020 POT) alone and combined with MINOS+
(5.80× 1020 POT) compared for the two-detector fit method (violet, black) and the Far-over-Near ratio method
(green, gold).

6 Conclusion

MINOS extended their 90% C.L. exclusion limit over six orders of magnitude in ∆m2
41. Through

close collaboration, Daya Bay and MINOS were able to use the CLs technique37,38 to combine
their disappearance limits to extract equivalent appearance limits, assuming the 3 + 1 model.
This result increases the tension between appearance and disappearance sterile neutrino searches
for ∆m2

41 < 1 eV2. These searches will be updated in the future. Daya Bay and MINOS have
an agreement for a future combination, and MINOS+ has 50% more data to analyze.
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Multi detector results from the Double Chooz experiment

A.Meregaglia on behalf of the Double Chooz Collaboration

IPHC, Université de Strasbourg, CNRS/IN2P3, 67037 Strasbourg, France

The Double Chooz experiment (DC) is a reactor neutrino oscillation experiment running at
Chooz nuclear power plant (2 reactors) in France. In 2011, DC first reported indication of
non-zero θ13 mixing angle with the far detector (FD) located at the maximum of oscillation
effects (i.e. disappearance), thus challenging the CHOOZ non-observation limit. A robust
observation of θ13 followed in 2012 by the Daya Bay experiments with multiple detector
configurations. Since 2015 DC runs in a multi-detector configuration strongly reducing the
impact of several otherwise dominating systematics. DCs unique almost “iso-flux” site, allows
the near detector (ND) to become a direct accurate non-oscillation reference to the FD. Our
first multi-detector results, presented at MORIOND-2016 based on the neutron capture on
Gadolinium, were dominated by the statistical error. The combined observation of neutron
capture on Gadolinium and Hydrogen allowed us to overcome this issue and reduce the sta-
tistical error by about 40%. In this talk the new results will be presented, showing that we
are today dominated by the detection systematic and that a final sensitivity on sin2(2θ13) of
better than 0.01 is within reach.

1 Introduction

Reactor antineutrino oscillation experiments aim at the measurement of θ13 mixing angle through
the observation of ν̄e → ν̄e transition. The discovery of a non-zero value of the θ13 mixing angle
is an important breakthrough in neutrino oscillation physics, which opened the way for the CP
violation search in the leptonic sector. The measurement performed by reactor experiments such
as Double Chooz 1, DayaBay 2 and RENO 3 is independent on the CP phase since it is based
on disappearance observation. In addition, given the short baseline of about 1 km, it is not
sensitive to matter effects. Such a measurement is complementary to the one coming from long
baseline oscillation experiments such as T2K 4 which depends on the value of the CP violating
phase relying on the observation of νe appearance in a νµ beam. The combination of the two
permits to restrain the allowed parameter space for CP-θ13 and suggest a maximal CP violation
as presented recently at the Neutrino2016 meeting 6.

The Double Chooz experiment, which started data taking in 2011 with the far detector
(FD) only, had a major role in the θ13 search giving for the first time indication of a non zero
value of the θ13 mixing angle 5, using for the first time the neutron capture on Hydrogen for
an independent measurement 7, performing a reactor rate modulation analysis 8 which allows
to cross check our knowledge on the background, and observing for the first time the so called
“5 MeV excess” 9. Since 2014 the near detector (ND) is also operational allowing to cancel out
the largest systematic error due to the neutrino flux uncertainty. Recent results obtained with
multi detector analysis will be presented in this paper.



2 Neutrino detection and detector design

The probability of the ν̄e → ν̄e oscillation can be calculated using the approximated formula
given in equation 1 where L is the baseline, E the neutrino energy, θ13 the mixing angle that
we want to measure, and ∆m2

atm the atmospheric mass splitting (∆m2
23 ≈ ∆m2

13).

P (ν̄e → ν̄e) ∼= 1− sin2(2θ13) sin2
(

∆m2
atmL

4E

)
(1)

The idea of the experiment is to measure the large flux of neutrinos coming from the two
reactor cores (the isotropic generation amounts to about 1021νe per second) with two identical
detectors. The first detector is located at about 400 m from the reactor cores (where the
oscillation probability is very small) whereas the second one is hosted in the former CHOOZ
experiment laboratory at about 1 km from the reactors, at about the first maximum of oscillation
as it can be seen in figure 1.

Figure 1 – Oscillation probability P (ν̄e → ν̄e) as a function of L for a neutrino energy of 3 MeV. The position of
the near and the far detectors are shown.

The ratio of the spectra measured at the far and near site gives a direct measurement of the
mixing angle θ13. This evaluation using two identical detectors allows for a cancellation of many
systematic errors related mostly to the flux normalization and detector efficiency evaluation.

Neutrinos are detected via the Inverse Beta Decay (IBD) process (i.e. ν̄e + p → e+ + n)
which has an energy threshold of 1.8 MeV. The neutrino energy spectrum is a convolution of the
reactor flux and the IBD cross section, resulting in a mean energy of about 4 MeV in a range of
2 to 8 MeV. The neutrino energy (Eν) and the visible energy released by the positron (Ep) in
the detector are related according to eq. 2, whereas Tn is the kinetically energy of the emitted
neutron.

Ep = Eν − Tn − 0.8MeV (2)

Since the survival probability depends on the neutrino energy, the measurement of θ13 uses total
rate information and spectral deformation.
The signal signature is given by a two-fold coincidence (space and time correlation) between the



prompt signal given by the positron ionization and annihilation, and the delayed signal given
by the γ’s emitted in the neutron capture on Gd (∼ 8 MeV with a mean delayed ∆t of ∼ 30 µs
with respect to the prompt signal) or H (2.2 MeV with a mean delayed ∆t of ∼ 200 µs with
respect to the prompt signal).

The detectors are made up of several sub-detector layers, each one with a specific task, as
it can be seen in figure 2 and detailed descriptions of all the components can be found in ref. 1.

Figure 2 – Double Chooz detector design.

3 Background

The background can be divided into two categories: accidental and correlated.
In the accidental background, the prompt signal is typically radioactivity from the materials,
in particular from PMTs, or from the surrounding rock. The delayed signal is given by a fast
neutron, produced by cosmic muons spallation in the rock surrounding, which enters the detec-
tor, and gets thermalized and absorbed on Gd (or H) within the allowed time window from the
prompt signal.
Correlated background can be given by three different processes: fast neutrons, stopping muons
or cosmogenic nuclei.
Fast neutrons from cosmic muons could undergo nuclear interactions in the detector and produce
recoil protons (i.e. the prompt signal) before being thermalized and captured.
Stopping muons could enter the detector from the chimney and stop there, making the Inner
Veto useless and giving a small signal which could fake a prompt positron one. The Michel elec-
tron coming from the muon decays has a large energy spectrum which include also the energy
window selected for the neutron capture and can therefore fake a delayed signal.
Finally correlated background is due to long–lived β − n isotopes such as 9Li or 8He. They are
cosmogenic isotopes produced by muons in the detector for which a veto is not possible given
the long lifetime of the order of hundreds of milliseconds.



A summary of the different background with a cartoon showing the different prompt and
delayed signals can be seen in figure 3.

Figure 3 – Cartoon showing the different prompt and delayed signals for accidental and correlated backgrounds.

The different backgrounds are rejected using hardware vetoes (such as the outer veto and
the inner veto tagging external incoming muons, neutrons or gammas) or specific analysis. A
summary of the different approaches used to reject the backgrounds can be seen in figure 4.

Figure 4 – Cartoon showing the different approaches used to reduce the background.



4 New analysis strategy

The preliminary multi detector results presented at Moriond2016 10 were largely dominated by
the statistical uncertainty. According to the error projection on θ13 as a function of time, the
precision would be indeed limited by the statistical error for about 10 years.
A solution envisaged by the Double Chooz collaboration is to use the Gamma Catcher to detect
neutrino as well combining IBD where the neutron is captured on Gadolinium (i.e. target only)
to the ones where the neutrons is captured on Hydrogen (target and Gamma Catcher). The
fiducial mass is therefore increased from 8 tons to about 30 tons. After the signal selection cuts,
the statistics is increased for the far detector from ∼ 50 events per day to ∼ 140 events per day
reducing the statistical error from 0.56% to 0.35%.

The near detector response fulfilled the expectations: a calibration campaign with the same
Californium source for the two detectors yielded a relative response linearity better than 0.3%
within 1–10 MeV energy range. However a small leak was observed resulting into some Gd in
the Gamma Catcher and some scintillator in the Buffer. The newly proposed analysis strategy
(Gd+H analysis) is self compensating making the Gd in the GC not an issue. The presence of
scintillator in the Buffer could represent an issue in terms of stopping muons background, which
is already a factor of 100 higher with respect to the FD given the shallower overburden. Indeed
looking at the vertical (Z) profile of the reconstructed vertex for the IBD candidates, shown
in figure 5, we can observe a large peak at the top of the detector given indeed by stopping
muons. However, thanks to the dedicated analysis to reject those events, the Z profile of ND
and FD after selection cuts are in very good agreement showing that all the stopping muons
were removed (see figure 5).

Figure 5 – Vertical profile of the reconstructed vertex. On the left the distribution for ND is shown before (black)
and after (blue) the selection cuts whereas the red curve represents the events rejected. On the right a comparison
between the distribution for ND (blue) and FD (grey) is shown after the application of the signal selections cuts.

5 Results

The data collected with the FD is divided into the so called FD-I and FD-II which represent
the period before and after the starting of the data taking with ND respectively. The fit to
extract θ13 is performed simultaneously comparing FD-I, FD-II and ND data to the Monte Carlo
(prediction + BG). Correlation of systematics errors are included in the fit as well as energy
non linearities, and background rates and shapes are estimated by data (Li background rate is
not constrained in the fit and only shape information is used). The best fit value corresponds
to sin2(2θ13) = 0.199± 0.016 (stat.+syst.) with a χ2/d.o.f. of 236.2/114.



Figure 6 – Fit on data/MC expectation (in case of no oscillation) for ND, FD-I and FD-II.

The large value of the χ2 can be understood looking at the fit in figure 6 where a sort of
excess with respect to the MC expectation is observed at around 5 MeV. Such an excess, under
investigation was seen by other reactor experiments and it is strongly correlated to the reactor
power which indicates a flux contribution from the reactor now well accounted in the model
used in the MC. To make sure that such a distortion has no impact on the estimated value of
θ13 we looked at a data/data analysis comparing FD-II with ND data directly where the flux
gets cancelled out and no hypothesis on its shape is made. The fit showed in figure 7 yielded a
value of sin2(2θ13) = 0.123± 0.023 (stat.+syst.) with a χ2/d.o.f. of 10.6/38 in good agreement
with the previously reported result. Of course the use of data/data analysis results into a larger
error driven by statistical error since FD-I data (about half of the FD statistics) is not used.

Figure 7 – Fit on data/data (FD-II/ND).



6 Sensitivity extrapolation

As discussed before, with the new multi detector Gd+H analysis, statistics is no more a limiting
factor in the experimental sensitivity on sin2(2θ13). The systematics related to the uncertainty
on the neutrino flux is strongly suppressed thanks to the almost iso-flux geometry at a level
smaller than 0.1%. The dominant contribution to the systematics comes from the proton number
uncertainty. The experiment was designed to have a high precision measurement of the proton
number in the neutrino target, however the precision in the Gamma Catcher was not considered
a critical issue. This is no longer true in the Gd+H analysis where interactions in the Gamma
Catcher are also used. When the neutrino target only is considered, the contribution to the
systematics due to the proton number uncertainty amounts to about 0.3%. Such a contribution
increases to 0.76% when the Gamma Catcher is considered.
As shown in figure 8 (red line), with the current error budget, after the foreseen 3 years of data
taking with two detectors, the error on sin2(2θ13) would be ∼ 0.015. When a reduction on the
proton number uncertainty is considered, a sensitivity better than 0.01 could be achieved (see
blue line of figure 8). A reduction of the proton number uncertainty can be obtained with a new
measurement campaign of the liquid mass during the detector decommissioning phase.

Figure 8 – Expected 1 σ sensitivity on sin2(2θ13) versus time for the present multi detector error budget (red line)
and for the error budget which includes a reduction on the proton number error (blue line).

7 Conclusions

In this paper the Double Chooz experiment was presented, as well as the most recent results
obtained with a multi detector analysis based on the neutron capture on Gd and H together.
The obtained best fit value for sin2(2θ13) is 0.199 ± 0.016 (stat.+syst.). The error budget is
mostly dominated by the systematics and in particular on the proton number uncertainty. With
the foreseen measurement campaign of the liquid mass during the detector disassembly, such a
contribution can be reduced and a final sensitivity at the level of 0.01 on sin2(2θ13) could be
achieved.
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Neutrino Fits
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In the first part of the talk I present the results of a global fit to neutrino oscillation data fo-
cusing on the standard three-flavour scenario. The determination of all oscillation parameters
is presented and I comment on the status of the CP phase, for which current data indicates
a preference of the range π . δCP . 2π over 0 . δCP . π. Furthermore I discuss the issue
of normal versus inverted mass ordering which are degenerate at the 1σ level in our global
fit. I comment also on the possibility to use cosmological data to disfavour the inverted mass
ordering, arguing that using current data this is not significant. In the last part I discuss the
possible presence of non-standard neutrino interactions. If new interaction of similar size as
weak interactions are allowed, the so-called LMA-dark solution appears. It corresponds to an
exact degeneracy in the neutrino evolution, which leads to a generalized mass ordering degen-
eracy and makes the determination of the neutrino mass ordering with oscillation experiments
impossible. The only way to break this degeneracy is by using non-oscillation observables, for
instance neutrino scattering data at low energy.

1 Three-flavour oscillations

Thanks to remarkable results of many neutrino oscillation experiments we have now a rather
clear picture of the three-flavour leptonic mixing matrix and the ordering of the neutrino mass
states has been narrowed down to two possibilities, called normal and inverted orderings. The
present status of the standard 3-flavour oscillation scenario is summarized in Fig. 1, where we
show the results of a global fit in terms of the two mass squared-differences, the three mixing
angles, and the complex phase relevant for neutrino oscillations. Those results correspond to
NuFit-3.0 1, where a precise definition of the parameters as well as a description of the used
data can be found. Tables with χ2 data are available at the NuFit website 2, where also future
updates will be published.

Defining the 3σ relative precision of a parameter by 2(xup − xlow)/(xup + xlow), where xup

(xlow) is the upper (lower) bound on a parameter x at the 3σ level, we read 3σ relative precision
of 14% (θ12), 32% (θ23), 11% (θ13), 14% (∆m2

21) and 9% (|∆m2
3`|) for the various oscillation



parameters. We observe that for θ23 the uncertainty is still relatively large and there is the
ambiguity of first octant/maximal mixing/second octant.
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Figure 1 – Global fit results from NuFit-3.0 1,2. We show the 1-dimensional ∆χ2 projections for the various
parameters on the horizontal axes. Red (blue) curves are for the normal (inverted) mass ordering.

1.1 Leptonic CP violation

A nontrivial value of the complex phase in the lepton mixing matrix leads to differences of the
vacuum transition probabilities for neutrinos and antineutrinos. The effect is proportional to
the Jarlskog invariant which gives a convention-independent measure of CP violation 3:

=
[
UαiU

∗
αjU

∗
βiUβj

]
≡ Jmax

CP sin δ = cos θ12 sin θ12 cos θ23 sin θ23 cos2 θ13 sin θ13 sin δ (1)

where we have used the standard parametrization of the mixing matrix in terms of angles and
the Dirac complex phase. Thus the determination of the mixing angles yields at present a
maximum allowed CP violation of

Jmax
CP = 0.0329± 0.0007 (+0.0021

−0.0024) (2)

at 1σ (3σ) for both orderings. Comparing this result with the size of the Jarlskog invariant in

the quark sector 4, Jquarks
CP = (3.04+0.21

−0.20) × 10−5, we observe that leptonic CP violation can be
potentially 3 orders of magnitude larger than for quarks.

As visible in the lower right panel of Fig. 1, current data favours values of π . δCP . 2π
compared to the range 0 . δCP . π. The best fit value is at δCP ≈ 3π/2, CP conservation (i.e.,
δCP = 0 or π) is allowed at 70% CL for normal ordering and 97% CL for inverted ordering,
and δCP ≈ π/2 is disfavoured with ∆χ2 ≈ 6 (14) for normal (inverted) ordering. The preference
for non-zero δCP implies a best fit value Jbest

CP = −0.033. Fig. 2 shows that there is significant
correlation between δCP and the mixing angle θ23.
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Figure 10. Allowed regions from the global data at 1�, 90%, 2�, 99% and 3� CL (2 dof). We

show projections onto di↵erent planes with �CP on the vertical axis after minimizing with respect

to all undisplayed parameters. The lower (upper) panels correspond to IO (NO). Contour regions

are derived with respect to the global minimum which occurs for NO and is indicated by a star.

The local minimum for IO is shown by a black dot.

• Regarding ✓23, its precision is dominated by ⌫µ disappearance experiments. Since

the relevant survival probability depends dominantly on sin2 2✓23, there is both a

physical boundary of their parameter space at ✓23 = 45� (because sin 2✓23 < 1), as

well as a degeneracy related to the octant.

• The mass ordering is a discrete parameter.

• The dependence of the theoretical predictions on �CP is significantly non-linear, even

more considering the periodic nature of this parameter. Furthermore, there are com-

plicated correlations and degeneracies between �CP, ✓23, and the mass ordering (see

Fig. 10 for illustration).

Therefore, one may expect deviations from the Gaussian limit of the ��2 distributions,

and confidence levels for these parameters should be cross checked through a Monte Carlo

simulation of the relevant experiments. We consider in the following the combination of
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Fig. 10 for illustration).

Therefore, one may expect deviations from the Gaussian limit of the ��2 distributions,

and confidence levels for these parameters should be cross checked through a Monte Carlo

simulation of the relevant experiments. We consider in the following the combination of
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physical boundary of their parameter space at ✓23 = 45� (because sin 2✓23 < 1), as

well as a degeneracy related to the octant.

• The mass ordering is a discrete parameter.

• The dependence of the theoretical predictions on �CP is significantly non-linear, even

more considering the periodic nature of this parameter. Furthermore, there are com-

plicated correlations and degeneracies between �CP, ✓23, and the mass ordering (see

Fig. 11 for illustration).

Therefore, one may expect deviations from the Gaussian limit of the ��2 distributions,

and confidence levels for these parameters should be cross checked through a Monte Carlo

simulation of the relevant experiments. We consider in the following the combination of

the T2K, NO⌫A, MINOS and Daya-Bay experiments, which are most relevant for the

parameters we are interested in this section. For a given point of assumed true values for
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Figure 2 – Global fit results from NuFit-3.0 1,2 projected onto the plane of δCP and sin2 θ23 for normal (left) and
inverted (right) mass ordering. The different contours correspond to 1σ, 90%, 2σ, 99%, 3σ CL (2 dof). Regions
for IO are shown with respect to the global best fit point, which happens for NO and is indicated by the star.

The current indication for δCP ≈ 3π/2 is driven mostly by T2K data 5. It happens that
both neutrino and antineutrino event numbers feature a statistical fluctuation in the “right”
direction. While fully consistent within statistical uncertainties, it may happen, however, that
the significance for δCP will grow slower than the square-root of the exposure.

1.2 Neutrino mass ordering

The discrimination of normal ordering (NO) versus inverted ordering (IO) is one of the major
open tasks for neutrino oscillation experiments. We observe from Fig. 1 that the fits of the two
orderings are essentially degenerate for present data, with ∆χ2 ≈ 1. As visible in the lower left
panel, the sensitivity to the mass ordering is entangled with the octant of θ23. In Tab. 1 we
show the CL at which a certain combination of mass ordering and θ23 octant can be excluded
with respect to the global minimum, which occurs for NO and the 1st θ23 octant. The CL has
been determined by performing a Monte Carlo simulation to obtain the distribution of the ∆χ2

statistic numerically 1, see also 6. We observe that the CL of the second octant for NO shows
relatively large deviations from Gaussianity and dependence on the true value of δCP. In any
case, the sensitivity is very low and the 2nd octant can be reject at most at 70% CL (1σ) for all
values of δCP. The first octant for IO can be excluded at between 83% and 91% CL, depending
on δCP. The exclusion of the IO/2nd octant case corresponds also to the exclusion of the IO,
since at that point the confidence interval in IO would vanish. Also in this case we observe
deviations from the Gaussian approximation and the CL of at best 32% is clearly less than 1σ,
showing that the considered data set has essentially no sensitivity to the mass ordering.

We note that the SuperKamiokande collaboration reports 7 a preliminary hint from atmo-
spheric neutrino data in favour of the NO with ∆χ2 ≈ 4.3. Unfortunately with the public
available information it is not possible to reproduce this result outside the collaboration and
therefore these data cannot be included in the global fit.

Some information on the mass ordering can be obtained also from observables sensitive to
the absolute neutrino mass. Here we briefly mention the information coming from cosmology,
which is sensitive to the sum of the neutrino masses, Σ. For a vanishing lightest neutrino mass



Table 1: CL for the rejection of various combinations of mass ordering and θ23 octant with respect to the global
best fit (which happens for NO and 1st octant). We quote the CL of the local minima for each ordering/octant
combination, assuming three example values for the true value of δCP as well as for the Gaussian approximation
(last row). Resuts taken from 1.

δCP,true NO/2nd Oct. IO/1st Oct. IO/2nd Oct.

0◦ 62% 91% 28%
180◦ 56% 89% 32%
270◦ 70% 83% 27%

Gaussian 72% 94% 46%

(m0 = 0), the predictions for the sum are (1σ uncertainties)

Σ =

{
58.5± 0.48 meV (NO)
98.6± 0.85 meV (IO)

(m0 = 0) . (3)

Hence, if cosmological observations provide a determination of Σ significantly below 0.098 eV,
the inverted mass ordering would be disfavoured.a Recent data from Planck CMB observations
combined with baryonic acoustic oscillations (BAO) and other observations lead to the bound
Σ < 0.23 eV at 95% CL (PlanckTT + lowP + lensing + BAO + JLA + H0), see 8 for details.
Depending on the used data and variations in the analysis, different authors obtain upper bounds
from current data approaching the “critical” value of 0.1 eV. In Ref. 9 we have adopted a
particular combination of data which leads to an upper bound of 0.14 eV at 95% CL.
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Figure 3 – Posterior likelihood function from current data (Planck+BAO+H0). The left panel shows the posterior
likelihood function for Σ, where we indicate the predicted values for NO and IO in the case of m0 = 0; the width
of the lines corresponds to ±2σ uncertainty due to current oscillation data. The gray shaded region indicates the
one-sided upper bound on Σ at 95% CL (flat prior in Σ). The right panel shows the posterior likelihood as a
function of the lightest neutrino mass, m0, for NO and IO with appropriate relative normalization. Results from
Ref. 9.

As illustrated in the left panel of Fig. 3, we see that both orderings are well compatible with
such a bound. In Ref. 9 we propose a statistical method to quantify this statement, based on
Bayesian model selection. In this framework, the posterior odds of NO versus IO are obtained
as the ratio of the area under the likelihood curves shown in the right panel of Fig. 3, assuming
a flat prior on the lightest neutrino mass. We find that present data leads to posterior odds of
about 3:2 in favour of NO. In order to obtain a significant rejection of IO from cosmology, a

aNote that cosmology can only exclude IO but cannot favour IO over NO.



sensitivity to Σ better than 0.02 eV (1σ) is needed. Such a sensitivity could be achieved by 2
years of data from the EUCLID project, see Ref. 9 for a simulation. Comparing this sensitivity
with the values given in Eq. (3), we see that with such a sensitivity a 3σ evidence for a non-zero
Σ will be obtained even for NO with vanishing lightest neutrino mass.

2 Beyond three-flavour: non-standard neutrino interactions

The three-flavour neutrino paradigm is well established and most new-physics scenarios lead
to small perturbation of the standard picture. One example for this statement are light sterile
neutrinos10. Here we comment on an exception to the above statement, a particular new-physics
scenario where actually order-one modifications of standard physics are still allowed by data,
namely so-called non-standard neutrino interactions (NSI).

We consider the presence of neutral-current (NC) NSI in the form of dimension-6 four-fermion
operators, for recent reviews see e.g. 11. NSI are described by the Lagrangian

LNSI = −2
√

2GF ε
f
αβ(ναLγ

µνβL)(fγµf) , (4)

where, α, β = e, µ, τ , and f denotes a fermion present in the background medium. The parameter
εfαβ parametrizes the strength of the new interaction with respect to the Fermi constant GF .

Hermiticity requires that εfαβ = (εfβα)∗. Note that we restrict to vector interactions, since we are

interested in the contribution of NSI to the effective matter potential 12.

A comprehensive study of the allowed values for NSI has been preformed in Ref.13. Typically
the values of εfαβ have to be less than few percent, with two exceptions: (i) for εfeτ the limits are
around 0.14 (90% CL), and (ii) for the combination εuee − εuµµ there are actually two degenerate
solutions. The best fit solution corresponds approximately to εuee − εuµµ ≈ 0.3 (see Fig. 4, left,
blue curves). This relatively large value is driven by a 2σ tension in the solar neutrino spectrum
measured at SuperKamiokande and SNO. In the presence of NSI of this size, the low-energy part
of the spectrum can be better fitted to the data, which currently do not yet follow the predicted
up-turn of the standard MSW solution.

However, in addition, there is a second quasi-degenerate solution (Fig. 4, left, red curves)
with εuee − εuµµ ≈ −1 and the solar mixing angle in the second octant, θ12 > 45◦, the so-called
LMA-dark solution 14. As discussed in 15 (see also 13,16) this degeneracy is a manifestation of a
general symmetry: as a consequence of the CPT symmetry, neutrino evolution is invariant if the
corresponding Hamiltonian is transformed as H → −H∗. This transformation can be realised
by changing the oscillation parameters as

∆m2
31 → −∆m2

31 + ∆m2
21 = −∆m2

32 ,
sin θ12 ↔ cos θ12 ,
δ → π − δ ,

(5)

and simultaneously transforming the NSI parameters as

(εee − εµµ)→ −(εee − εµµ)− 2 ,
(εττ − εµµ)→ −(εττ − εµµ) ,
εαβ → −ε∗αβ (α 6= β) ,

(6)

In Eq. (5), δ is the leptonic Dirac CP phase, and we are using here the parameterization con-
ventions from Ref. 15. In Eq. (6) we take into account explicitly that oscillation data are only
sensitive to differences in the diagonal elements of the Hamiltonian. Eq. (5) shows that this
degeneracy implies a change in the octant of θ12, i.e., the LMA-dark solution, as well as a
change in the neutrino mass ordering, i.e., the sign of ∆m2

31. For that reason it has been called
“generalized mass ordering degeneracy” in Ref. 15.
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NSI constraints from oscillation data

• limits of few %, 

•exceptions: εeτ, εee-εμμ

90% CL 3�

Param. best-fit LMA LMA � LMA-D LMA LMA � LMA-D

"uee � "uµµ +0.298 [+0.00, +0.51] � [�1.19,�0.81] [�0.09, +0.71] � [�1.40,�0.68]

"u⌧⌧ � "uµµ +0.001 [�0.01, +0.03] [�0.03, +0.03] [�0.03, +0.20] [�0.19, +0.20]

"ueµ �0.021 [�0.09, +0.04] [�0.09, +0.10] [�0.16, +0.11] [�0.16, +0.17]

"ue⌧ +0.021 [�0.14, +0.14] [�0.15, +0.14] [�0.40, +0.30] [�0.40, +0.40]

"uµ⌧ �0.001 [�0.01, +0.01] [�0.01, +0.01] [�0.03, +0.03] [�0.03, +0.03]

"uD �0.140 [�0.24,�0.01] � [+0.40, +0.58] [�0.34, +0.04] � [+0.34, +0.67]

"uN �0.030 [�0.14, +0.13] [�0.15, +0.13] [�0.29, +0.21] [�0.29, +0.21]

"dee � "dµµ +0.310 [+0.02, +0.51] � [�1.17,�1.03] [�0.10, +0.71] � [�1.44,�0.87]

"d⌧⌧ � "dµµ +0.001 [�0.01, +0.03] [�0.01, +0.03] [�0.03, +0.19] [�0.16, +0.19]

"deµ �0.023 [�0.09, +0.04] [�0.09, +0.08] [�0.16, +0.11] [�0.16, +0.17]

"de⌧ +0.023 [�0.13, +0.14] [�0.13, +0.14] [�0.38, +0.29] [�0.38, +0.35]

"dµ⌧ �0.001 [�0.01, +0.01] [�0.01, +0.01] [�0.03, +0.03] [�0.03, +0.03]

"dD �0.145 [�0.25,�0.02] � [+0.49, +0.57] [�0.34, +0.05] � [+0.42, +0.70]

"dN �0.036 [�0.14, +0.12] [�0.14, +0.12] [�0.28, +0.21] [�0.28, +0.21]

Table 1. 90% and 3� allowed ranges for the matter potential parameters "f
↵� for f = u, d as

obtained from the global analysis of oscillation data. The results are obtained after marginalizing

over oscillation and the other matter potential parameters either within the LMA only and within

either LMA or LMA-D subspaces respectively. The numbers quoted are the SNO-poly variant of

the solar analysis. See text for details.

5 Summary

In this article we have quantified our current knowledge of the size and flavor structure of the

matter background e↵ects in the evolution of solar, atmospheric, reactor and LBL neutrinos

based solely on a global analysis of oscillation data. It complements the study in Ref. [54]

where the analysis of the matter potential was perform only considering atmospheric and

LBL neutrinos.

After briefly presenting the most general parametrization of the matter potential and

its connection with non-standard neutrino interactions (NSI), we have focused on the anal-

ysis of solar and KamLAND data. We have found (see Fig. 2) that the fit always prefers

some non-standard value of the matter potential parameters, while the SM potential lies at

a ��2 ⇠ 5–8 depending on the details of the analysis. This is consequence of the fact that

none of the experiments sensitive to 8B neutrinos has provided so far evidence of the low

energy turn-up of the spectrum predicted in the standard LMA MSW solution (see Fig. 3).

We have also found in that the present analysis still allows for two disconnected regions in

the parameter space, the “standard” LMA region and the “dark side” LMA-D (see Fig. 1),

and that the statistical di↵erence between both solutions never exceeds ��2 = 1.4. Al-

though the LMA-D solution requires rather large values of the matter parameters, we have

shown (and latter quantified in Sec. 4) that it is still fully compatible with the bounds from

atmospheric and LBL oscillation data.
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Figure 6. Dependence of the ��2 function for the global analysis of solar, atmospheric, reactor

and LBL data on the NSI parameters "f
↵� for f = u (upper panels) and f = d (lower panels), for

both LMA and LMA-D regions and the two variants of the SNO analysis, as labeled in the figure.

ter potential parameters "fD and "fN relevant in the propagation of solar and KamLAND

neutrinos. In both figures we display separately the results of the marginalization in the

LMA and the LMA-D regions of the parameter space, as well as both the SNO-data and

SNO-poly variants of the solar analysis. From these figures we derive the 90% and 3�

allowed ranges for the NSI parameters implied by the global analysis, which we summarize

in Table 1. The results in this table correspond to the SNO-poly analysis and have been

obtained for real matter potential parameters. As discussed in Sec. 2, in such a case only

the relative sign of the various "f↵ 6=� and the vacuum mixing angles can be determined by

oscillations. Thus strictly speaking once the results are marginalized with respect to all

other parameters in the most general parameter space, the oscillation analysis can only

provide bounds on |"f↵ 6=� |. Still, for the sake of completeness we have decided to retain

in Table 1 the signs of the non-diagonal "f↵ 6=� , which is correct as long as such signs are

understood to be relative vacuum-matter quantities and not intrinsic NSI features.

Neutrino scattering experiments such as CHARM [94, 95], CDHSW [96] and NuTeV [97]

are sensitive to NSI with u and d, and can therefore yield information on "f↵� [98]. In

Ref. [73] it was found that the combination with CHARM scattering results [94, 95] for

f = d substantially lifts the statistical di↵erence between LMA and LMA-D. Although a

rigorous combined analysis of the oscillation results presented here with those from scatter-
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Figure 4 – On the left we show the ∆χ2 as a function of εuee− εuµµ (upper panel) and εdee− εdµµ (lower panel). The
blue curves correspond to θ12 < 45◦ and the red curves to θ12 > 45◦ (the so-called LMA-dark solution), taken
from Ref. 13. On the right we show the four possible orderings of the neutrino mass states, corresponding to the
generalized neutrino mass ordering degeneracy 15.

The corresponding mass spectra are illustrated in Fig. 4, right. The spectra based on large
NSI feature “flipped” solar mass states (corresponding to θ12 > 45◦). Since the degeneracy
is an exact symmetry of the Hamiltonian for any arbitrary matter profile, the flipped spectra
are indistinguishable from the standard ones by any combination of oscillation experiments.
Hence, if one allows for the presence of large NSI, the determination of the mass ordering
with oscillation experiments becomes impossible. The only way to resolve this degeneracy is
by using non-oscillation observables, for instance experiments measuring the neutrino–quark
neutral-current scattering cross section 15. In order to fully exclude the degenerate solution,
data on the νe as well as νµ cross section are required. A combined analysis of scattering and
oscillation data has been performed in Ref. 17.

In generic models of new physics NSI parameters are expected to be small. However, ex-
amples of viable gauge models leading to εu,dαβ ∼ O(1) can be found in 18. Typically such large
NSI can be achieved by assuming light mediator particles. This has important consequences for
scattering experiments, since if the momentum transfer in the experiment is much larger than
the mediator mass, the effect will be suppressed. Hence, the preferred configuration to constrain
NSI are low-energy scattering experiments, such as for instance coherent neutrino–nucleon scat-
tering experiments. In Ref. 17 we have shown that such an experiment performed at a stopped
pion source will either rule out the NSI-based degeneracy or discover non-zero NSI, see Fig. 5.
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3σ. The dashed lines indicate the values of NSI parameters for which COHERENT would not be able to resolve
the LMA-dark degeneracy. Plot from Ref. 17.
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SEARCHING FOR HEAVY STERILE NEUTRINOS IN KAON DECAYS

C. WEILAND

Institute for Particle Physics Phenomenology, Department of Physics,
Durham University, South Road, Durham DH1 3LE, United Kingdom

We present here a study of the impact of a heavy neutrino (or heavy neutral lepton) on
leptonic and semileptonic kaon decays. We used a simplified model consisting of 3 light
neutrinos responsible for neutrino oscillations and a heavy sterile neutrino. We found that
it can lead to large deviations from the Standard Model predictions for leptonic decays, in
conflict with experimental measurements of Ke2 and the lepton universality test RK . This
allows to derive new constraints on the leptonic mixing for heavy sterile neutrinos. No tension
was found when considering the semileptonic decays. Finally, we point out the potential of
the decay KL → νν as a clear signature of physics beyond the Standard Model.

1 Introduction

The observation of neutrino oscillations provides a clear evidence of the existence of physics
beyond the Standard Model (SM). Among the many extensions of the SM that were introduced
to explain this phenomenon and generate neutrino masses and mixing, one of the simplest is the
addition of sterile neutrinos. Being fermionic gauge singlets, they can have a Majorana mass
term whose value is not necessarily related to the typical mass scales of the SM like the QCD
scale or the electroweak scale. Depending on their mass, sterile neutrinos can have very different
yet observable effects. For example, eV-scale sterile neutrinos could solve neutrino oscillation
anomalies 1,2,3,4,5, while keV-scale sterile neutrinos can be dark matter candidates 6,7. Above
109 GeV, they could explain the observed baryonic asymmetry of the Universe through high-
scale leptogenesis 8,9. Sterile neutrinos in the range MeV–GeV have been introduced in minimal
models like the νMSM 6,10 and lead to visible effects in meson decays 11,12,13,14.

We present here results of a study 15 where we focused in particular on the impact of heavy
sterile neutrinos on rare kaon leptonic and semileptonic decays with final state neutrinos. These
charged kaon decays are searched for at NA62 16,17 while neutral kaon decays are studied by
KOTO 18 and NA64 19,20,21. Our study can be useful as well for the TREK/E36 experiment
at J-PARC, where the data analysis is currently under way 22. It will further test the lepton
universality in kaon two-body decays (K`2) and search for a heavy neutrino 23.

2 A simplified model

In order to capture the generic effects due to the presence of heavy neutrinos, we use a simplified
3+1 model with Majorana neutrinos. Three of them are light and responsible for neutrino oscil-
lations while the fourth is heavier, its mass being a free parameter in our study. An immediate



consequence is the modification of the charged and neutral currents as

LW± ⊃ −
g2√

2
W−µ

¯̀
α Uαiγ

µ PL νi , (1)

LZ ⊃ −
g2

4 cos θW
Zµ ν̄i γ

µ
[
PL (U †U)ij − PR (U †U)∗ij

]
νj ,

where g2 is the weak coupling constant, θW the weak mixing angle and U is a 3×4 mixing matrix.
Being rectangular, U is obviously non-unitary but it nonetheless verifies

∑4
i=1 |Uαi|2 = 1. It

arises from the diagonalisation of the neutrino and charged lepton mass matrices and is defined
as

Uαi =
3∑

k=1

V ∗kα Uνki , (2)

with
`′L = V `L , ν ′L = Uν νL . (3)

where `′ and ν ′ are the weak gauge eigenstates while ` and ν are the mass eigenstates, V and Uν
being unitary matrices. Thus, this modified lepton mixing matrix depends on the active-sterile
mixing angles which are free parameters of our study as well.

3 Scan of the parameter space

Our study has 8 free parameters: the mass of the lightest neutrino m1, the mass of the heavy
neutrino m4, the new active-sterile mixing angles θ14, θ24, θ34 used to build U according to Eq. 4
of our study 15 as well as the Dirac CP -violating phases δ13, δ41, δ43. We have explicitly checked
that the three Majorana phases which are present as well do not significantly affect our result,
either cancelling or giving a contribution suppressed by the light neutrino masses. The light
neutrino mass differences and mixing are chosen according to the best fit point of a recent global
fit to neutrino oscillation data 24. We performed three random scans of the parameter space,
using flat priors on the Dirac CP phases and logarithmic priors on all other scan parameters,
with the size of our samples and the ranges considered given in Table 1.

Table 1: Input parameters in our random scan. Both samples were combined for this study.

Sample 1 Sample 2

Number of points 200000 40000
m1 (eV) [10−21; 1] [10−21; 1]
m4 (GeV) [0.1; 1] [0.27; 0.35]
θ14, θ24 [10−6; 2π] [10−6; 2π]
θ34 [10−6; 2π] [0.1; 2π]
δ13, δ41, δ43 [0; 2π] [0; 2π]

Focusing on the region where the heavy neutrino mass is between 0.1 and 1 GeV, we need
to include experimental constraints on the active-sterile mixing. First, we consider the limits
coming from the direct searches25 which give the strongest constraints for most of the parameter
space. Then, we include constraints from both radiative lepton flavour violating decays and 3-
body decays, comparing our predictions based on the formulas derived by Ilakovac et al. 26

with the MEG 27, SINDRUM 28, Belle 29 and BaBar 30 results. We also compare our prediction
of W → `ν, Z → νν and τ → `νν (` = e, µ), which agree with a previous independent
calculation 14, with LHCb 31 and LEP measurements 32. We include as well lepton universality
tests in pion decays14. Finally, we check that for the model used in this study and after applying
all other constraints the Fermi constant GF is to an excellent approximation equal to Gµ, its
value extracted from muon decays. Points surviving constraints are presented in Fig. 1.



Figure 1 – Points of our random scan remaining after applying the experimental constraints. The red
points agree with all constraints while the blue ones are excluded by the leptonic τ decays.

4 Numerical results

In this work, we focused on processes for which hadronic theoretical uncertainties are under
control and which contain final state on-shell neutrinos, namely K`2, K`3, K → πνν and KL →
νν. Detailed formulas including massive neutrinos can be found in our main article 15.

4.1 Leptonic decays, K`2

To better understand the impact of a heavy neutrino on these decays, we will first present
analytical formulas for Br(K → `ν) and highlight the difference with the SM. Shrock 11,12 first
pointed out the impact of sterile neutrinos on kaon and pion decays and their use to put bounds
on neutrino masses and lepton mixing matrix elements. Since the heavy neutrino escapes the
detector unobserved, one has to sum over all kinematically accessible neutrinos, whose number
is denoted here by N, giving the expression

Br(K → `ν) =
G2
F τK

8πm3
K

|Vus|2f2K
N∑
i=1

|U`i|2λ1/2(m2
K ,m

2
` ,m

2
νi)
[
m2
K(m2

` +m2
νi)− (m2

` −m2
νi)

2
]
,

(4)

where λ is the Källén function, τK is the kaon lifetime, fK is the kaon decay constant and V is
the CKM matrix. First, the presence of a heavy neutrino modifies U such that

∑3
i=1 |U`i|2 < 1

which leads to non-unitarity effects for the light neutrino contributions, even when the heavy
neutrino is not kinematically accessible. Second, the decay K`2 is helicity suppressed and the
presence of a heavy neutrino in the final state would lift this helicity suppression, increasing the
corresponding partial width. The above formula can be extended to other leptonic decays of
pseudoscalar mesons by substituting τK , fK and Vus with the corresponding parameters.

Nowadays, lattice computations of fK , and especially of fK/fπ, have reached a sub-percent
accuracy 33, allowing to distinguish new physics effects at the percent level or smaller from the
SM prediction. Our predictions are presented in Fig. 2 for the decay K → eν, where we used
the ratio

RO =
O
OSM

, (5)

of an observable O to its SM value. We can see that a heavy neutrino with a mass between
400 MeV and mK can induce deviations at the percent-level while being agreement with all other
experimental constraints. This demonstrates the potential of Ke2 to provide additional con-
straints due to the partial lifting of the helicity suppression coming from an extra sterile neutrino.
This was confirmed by investigating the Kµ2 decay, where the helicity suppression is weaker and
the maximal deviation consequently smaller. However, the ratio ∆rK = RKe2/RKµ2 − 1 allows
to derive even stronger bounds as can be seen in Fig. 3 since it has smaller theoretical and ex-
perimental uncertainties. This will be even more relevant in the future because of the reduction
of the experimental uncertainty by a factor of ∼ 2 expected by the TREK experiment 23,22.



Figure 2 – |RKe2 − 1| as a function of the sterile neutrino mass m4 (left) and of the leptonic mixing Ue4

(right). The red points agree with all constraints while the blue ones are in conflict with Rexp
Ke2 shown by

the dashed line.

Figure 3 – ∆rK as a function of the sterile neutrino mass m4. The red points agree with all constraints
while the blue ones are in conflict with Rexp

Ke2. The dashed blue line corresponds to the maximally allowed
deviation from the experimental measurement.

4.2 Semileptonic decays, K`3

We focus here on the decays of KL which do not suffer from the uncertainties related to the
isospin corrections that are present in the decays of charged kaons. These being 3-body decays,
they are not helicity suppressed and, therefore, we do not expect a strong deviation from the
SM prediction after experimental constraints are taken into account. While the non-unitarity
effect and the modification of the phase-space due to the presence of a heavy sterile neutrino if
it is kinematically accessible are always present, the stringent limits on leptonic mixing strongly
limit the size of the allowed deviations. This is evident from Fig. 4 (left) where we present our
predictions for the decays KL → π−e+ν. We checked as well that no sizeable deviations are
present in the lepton polarization asymmetry and in the forward-backward asymmetry.

4.3 Loop-induced weak decay K → πνν

The semileptonic decays K → πνν is of particular interest since it is dominated by short-distance
contributions which arise at the one-loop level. As a consequence, this process is especially



Figure 4 – Predictions for |RKLe3 − 1| and |R(K+ → π+νν) − 1| as functions of the mass of the sterile
neutrino m4. The red points agree with all constraints while the blue ones are in conflict with Rexp

Ke2. The
dashed blue line corresponds to the maximally allowed deviation from the experimental measurement.

sensitive to the presence of new heavy particles in the loop. Thus a precise measurement of
these decays would provide new constraints or could point towards the existence of new physics.
It is worth noting that a control over the remaining long-distance hadronic contribution to the
charged mode has recently been achieved34, allowing for a reduced theoretical uncertainty. Both
neutral and charged decays are also subjects of intense experimental searches at NA62 16,17 and
KOTO18. Our predictions for the branching ratio of K+ → π+νν can be found in Fig. 4 (right).
While a heavy neutrino can induce percent-level deviations, the theoretical uncertainties on
the SM predictions are at the 10% level. We obtained similar results for KL → π0νν , which
effectively makes these decays blind to the presence of an extra sterile neutrino.

4.4 “Invisible decay” KL → νν

The last process considered in this work is the decay KL → νν. In the SM, the branching
ratio of this helicity-suppressed decay is exactly zero with massless neutrinos. When massive
neutrinos are considered, we get the following result

Br(KL → νν) =

4∑
i,j=1
i≤j

(
1− 1

2
δij

)
α2
emG

2
F τKL

8π3m3
K sin4 θW

f2Kλ
1/2(m2

K ,m
2
νi ,m

2
νj ) (6)

×

∣∣∣∣ ∑
`∈{e,µ,τ}

Re
(
λcX

`
c + λtXt

)
U∗`iU`j

∣∣∣∣2 (m2
K(m2

νi +m2
νj )− (m2

νi −m
2
νj )

2
)

+ 2
∑

`,`′∈{e,µ,τ}

Re(λcX
`
c + λtXt)Re(λcX

`′
c + λtXt)Re(U∗`iU`jU

∗
`′iU`′j) mνimνjm

2
K

 ,
where, in addition to the quantities previously defined, we have λc = V ∗csVcd, λt = V ∗tsVtd and
the quark loop functions giving Xt = 1.47(2) for the top contribution 35 and Xe

c = Xµ
c =

10.0(7) × 10−4, Xτ
c = 6.5(6) × 10−4 for the charm contributions 36. In the presence of only 3

light massive neutrinos with masses and mixing in agreement with oscillation data, we get an
extremely suppressed prediction Br(KL → νν) < 10−20. As such an observation of this decay
with a branching ratio larger by a few orders of magnitude or more would be a clear signal of new
physics. Our predictions are presented in Fig. 5 where we see that that a heavy neutrino could
increase Br(KL → νν) up to 1.2× 10−10. Unfortunately this falls short of the of NA64 expected
sensitivity to this decay 37 where this decay could be searched for by using KL produced from
a K+ beam hitting an active target. This motivates the study of other set-ups which could be



Figure 5 – Br(KL → νν) as a function of the mass of the sterile neutrino m4. The points presented pass
all the constraints considered in this study.

sensitive to this decay or similar invisible decays. In any case, an experimental bound on this
decay mode would be of great importance for studying physics beyond the SM.

5 Conclusion

In this work, we used a 3 + 1 model to describe the effects of a heavy sterile neutrino on lep-
tonic and semileptonic kaon decays, providing a simplified framework that should reproduce
the effects of a more realistic model where the SM is extended to include one or more sterile
neutrinos and reproduce the low-energy neutrino oscillation data. We have focused on a heavy
neutrino with a mass close to the kaon mass and studied in particular the effect of a kinemati-
cally accessible sterile neutrino. We found that sizeable deviations from the SM prediction and
experimental measurement are expected in Ke2 and lepton universality tests, allowing to derive
new constraints on the mass and mixing of the sterile neutrino. We also derived the expressions
for the semileptonic kaon decays Br(K → πνν) and Br(KL → νν) in the case of massive neutri-
nos and provide generic results that can be used when studying new physics scenarios in which
sterile heavy neutrinos present. Here, the deviations due to a heavy neutrino are much smaller
than the experimental or theoretical uncertainties. Finally, we considered the decay KL → νν
which would be a smoking gun of new physics if observed due to the extremely suppressed SM
prediction, smaller than 10−20. The presence of a heavy neutrino with a mass below mK could
increase Br(KL → νν) up to O(10−10), a value much above the SM prediction and just a couple
orders of magnitude below the expected sensitivity of NA64. This motivates the study of dif-
ferent experimental set-ups that could make use of the large number of kaons produced in fixed
target experiments or in low-energy colliders like DAFNE.
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RECENT RESULTS FROM ICECUBE ON NEUTRINO OSCILLATIONS
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The IceCube Neutrino Observatory, located at the South Pole, is the world’s largest neutrino
detector. IceCube is well placed to probe the existence of sterile neutrinos with ∆m2

41 ≈ 1 eV2,
which is a region of particular interest for the various anomalies motivating the existence of
sterile neutrinos, by looking for muon neutrino disappearance around 1 TeV. In addition to
that, using data from a more densely instrumented region of the detector, DeepCore, IceCube
can be used to precisely measure regular neutrino oscillations and, by looking at distortions
on those oscillations, further probe the existence of sterile neutrinos. We will discuss recent
results from IceCube on neutrino oscillations, both related to searches for sterile neutrino and
to precision measurement of the atmospheric mixing angles.

1 Introduction

Neutrino oscillations were discovered by Super-Kamiokande in 1998 1 through the measurement
of atmospheric neutrinos, and SNO in 2002 2 through the measurement of solar neutrinos. The
parameters describing the standard three flavor neutrino oscillation have been measured with
varying precision by many different experiments (see Ref. 3 and references therein) with the
exception of the CP-violating phase (δCP ) and the mass ordering (the sign of ∆m2

32). The am-
plitude of the neutrino oscillation is determined by the elements of the mixing matrix, described
by the mixing angles (θ12, θ13, and θ23) and δCP , while its oscillation period in vacuum depends
on |∆m2

32|L/E and |∆m2
21|L/E, where E is the neutrino energy, L is the distance between its

production and interaction points, and ∆m2
ji is the difference between the square of the masses

of νj and νi.

At about the same time as neutrino oscillations were discovered, evidence for neutrino oscil-
lations was also obtained by LSND 4 corresponding to a different oscillation period than those
mentioned above. In order to introduce an additional oscillation period a fourth family of neu-
trino is needed, however it was experimentally determined that only three light neutrinos couple
to the Z0 boson 5, and therefore additional neutrino families would have to be “sterile”, that is
not interacting through the Standard Model. The evidence for neutrino oscillations by LSND
was however not supported by KARMEN 6, which is very similar to LSND, even if for some re-

asee http://icecube.wisc.edu/collaboration/authors/current for full author list

http://icecube.wisc.edu/collaboration/authors/current


gions of the parameter space the LSND oscillation would not have been observed by KARMEN.
The case for the existence of sterile neutrinos is further complicated by numerous experimental
results favoring and disfavoring their existence (see Ref. 7 and references therein).

We will discuss in this proceeding recent results from IceCube on standard neutrino oscilla-
tions and on searches for sterile neutrinos.

2 The IceCube detector

The IceCube Neutrino Observatory 8 is the world’s largest neutrino detector, instrumenting
about 1 Gton of ice in the deep glacier near the South Pole Station, Antarctica. A total of 5160
digital optical modules (DOMs) are used to instrument the full volume, as shown in Fig. 1. The
observatory was originally designed to detect TeV – PeV neutrinos. An astrophysical component
was discovered in this energy range in 2014 9. In 2008 the original design was augmented by
creating a region, called DeepCore 10, in the deepest, clearest ice and centered in the detector
with a higher density of DOMs. This increased density of optical modules over 10 Mton of ice
reduces the energy threshold of IceCube from hundreds to a few GeV in this region and makes
it possible to perform competitive neutrino oscillation measurements and dark matter searches.

50 m

1450 m

2450 m 

2820 m

IceCube Array
 86 strings including

5160 optical sensors

DeepCore 
8 strings-spacing optimized

480 optical sensors

Eiffel Tower
324 m 

IceCube Lab
IceTop
81 Stations
324 optical sensors

Bedrock

for lower energies

8 DeepCore strings 

Figure 1 – Diagram of the IceCube Neutrino Observatory at its completion, December 2010, with the denser
DeepCore array indicated.

IceCube detects neutrinos by measuring the Cherenkov light produced from charged particles
created via the neutrinos interacting in the ice or bedrock. Hadronic or electromagnetic showers
produced in the neutrino interaction will emit most of the light close to the vertex, and the
observed event is more spherical, as shown in the left panel of Fig. 2. When a muon is produced
in the neutrino interaction it propagates through the ice emitting Cherenkov light over a long
distance, and the observed event is more elongated, as shown in the right panel of Fig. 2. These
two topologies are identified as “cascade-like” and “track-like”, respectively.

2.1 Signatures for neutrino oscillations in IceCube

Atmospheric neutrinos are particularly interesting for studying neutrino oscillations because
they are produced with energies spanning many orders of magnitude and are available at varying
values of L (from about 20 km to about 12700 km). The energy E is reconstructed based on



Figure 2 – Example of “cascade-like” (left) and “track-like” (right) events from data 9. Each sphere corresponds
to a DOM having observed some charge, with the size of the sphere depending on the hit charge and the color
depending on the hit time.

the light observed in the detector, and neutrino propagation distance L is obtained via the
reconstructed neutrino direction.

In the framework of Standard Neutrino Oscillations, the first νµ disappearance maximum
probability happens around 25 GeV for neutrinos directly up-going, with additional maxima and
minima at lower energies. This first disappearance maximum can be observed in the DeepCore
array with good precision. In this case the νµ oscillate to ντ , which will rarely interact in the
detector due to the significantly smaller ντ cross-section, and because of that we expect the
effect of the νµ disappearance will show up as a reduction of the neutrino rate in a region of the
parameter space corresponding to L/E ∼ 500 km/GeV.

In addition to that, IceCube can also search for sterile neutrinos by looking for νµ disappear-
ance at higher energies, before the regular νµ oscillations would take place. Given the favored
∆m2

41 ∼ 1 eV2 region for sterile neutrinos7, we would expect νµ → νs to happen at a few TeV for
up-going νµ. The expected νµ → νs oscillation is in fact intensified due to matter effects11,12,13,14

governed by the Earth’s dimensions and matter density profile 15, so that even for small values
of the θ24 mixing parameter the visible oscillations become enhanced, causing almost complete
νµ disappearance. In IceCube we can directly look for the νµ → νs signature around 1 TeV
(high energy signature) in order to observe this resonant-like transition, or we can use DeepCore
to evaluate the effect it would have in the standard νµ disappearance maximum (low energy
signature).

These two approaches for searching sterile neutrinos are very complementary given that the
effects that can be studied with each approach are not the same. By looking directly for the
high energy signature for sterile neutrinos we can precisely measure the θ24 mixing angle and
∆m2

41. On the other hand, by looking for the low energy signature for sterile neutrinos we can
probe not only the θ24 mixing angle but also the θ34 mixing angle, however in that case there is
only weak dependence on ∆m2

41.

3 Search for sterile neutrinos at high energy

The results in this section are published in Ref. 16.

In order to search for sterile neutrino oscillations around 1 TeV, we start from a one year
sample of up-going track-like events, composed almost exclusively by νµ CC events, that had
been used in previous analysis 17. In this sample the peak of the energy distribution of events is
around 1 TeV, which is optimal for a ∆m2

41 ≈ 1 eV2 search.

The search for sterile neutrinos is performed by fitting possible sterile neutrino signatures to
the observed E × cos θz distribution, accounting for possible systematic errors coming from the
uncertainties on the neutrino flux and detector. No significant deviation from the null hypothesis
was observed, and therefore we can constrain the θ24 ×∆m2

41 phase space as shown in Fig. 3.

Our result is currently the most sensitive exclusion limit on θ24 for ∆m2
41 between about

0.1 eV2 and 1 eV2. It is worth mentioning that the region shown where sterile neutrinos are



Figure 3 – Results from the IceCube high energy sterile search 16 for 90% CL (red line). For comparison the
90% CL expected sensitivity for our result is also shown for 68% (green) and 90% (yellow) of trials. In addition
to that 90% CL exclusion limits from previous experiments 18,19,20 and the 99% CL allowed region from global
fits to appearance data 21,22 with |Ue4|2 = 0.023 or |Ue4|2 = 0.027 are shown for comparison.

expected to be found is obtained by global fits 21,22 and depends on the assumed value of |Ue4|2
which we cannot measure with this analysis. Even after the inclusion of our results to the global
fits there are still regions where sterile neutrinos are not excluded and could explain the known
anomalies 23,24.

4 Search for sterile neutrinos at low energy

The results in this section are published in Ref. 25.

As a starting point for any neutrino oscillation analysis in DeepCore it is essential to apply
efficient rejection algorithms to reject atmospheric muon events reaching DeepCore. Most of
this rejection is done using the remaining part of the IceCube detector as an active veto. This
analysis uses the sample of neutrinos from our last published νµ disappearance result 26 using
3 years of data. This sample focus on “golden” νµ CC events, that is, events where a clear µ
track is observed with many photons arriving with the Cherenkov light front (direct light), to
ensure good reconstruction quality.

This search is also performed by fitting possible sterile neutrino signatures to the observed
E × cos θz distribution, accounting for possible systematic errors coming from the uncertainties
on the neutrino flux, neutrino cross section, standard neutrino oscillation parameter uncertain-
ties, detector and fitting also for the remaining atmospheric muon background that might have
remained in the sample after all cuts. We use data driven estimates for the remaining muon
background shape as simulating enough atmospheric muons is very challenging.

No significant deviation from the null hypothesis was observed, and therefore we put the
constraint on |Uµ4|2×|Uτ4|2 shown in Fig. 4. Our results provide the best constraints on |Uτ4|2.

5 Precision measurement of atmospheric neutrino oscillations

The results in this section have not yet been published, however an article about these results
is being prepared currently.

Since our previous published result 26, we have developed a new and improved event recon-
struction that is able to reconstruct all events, instead of just those with a large amount of



Figure 4 – Results from the IceCube low energy sterile search 25 assuming normal (solid lines) and inverted (dash-
dotted lines) ordering. For comparison the results obtained by Super-Kamiokande18 (dotted lines) are also shown.
The outer plots show the result of 1-D projections after profiling over the other variables.

direct light. This was achieved by performing a likelihood-based reconstruction of all events
taking into account the scattered light in the natural medium. We have also improved the event
selection to allow us to perform a full-sky analysis, rather than looking exclusively for up-going
neutrinos, which is beneficial as the down-going sample helps constrain systematic effects. With
these changes the resulting 3 year sample has an order of magnitude more events.

Given all types of events can be reconstructed with this new reconstruction tool, it was
essential to split the sample in two parts depending on which of the event topologies described
in Sec. 2 we associate the event. The “track-like” sample is defined to contain mostly νµ CC
events, while the “cascade-like” sample will contain the remaining events and is roughly equally
divided between νµ CC events (that have a muon which is not observed) and events without a
muon in the final state (typically νe CC and ν NC events).

To measure the atmospheric mixing parameters, we fit jointly the E× cos θz distribution for
both the track-like and cascade-like samples, accounting for a similar set of systematics used in
Sec. 4. As for that analysis we use a data-driven background estimation. In this fitting we also
include additional terms to the fitter to account for the statistical uncertainty in the prediction
and a shape uncertainty from the data-driven background estimation.

The result obtained, using the approach of Feldman and Cousins27 to ensure proper coverage,
is shown in Fig. 5. Our results are consistent with those obtained by other experiments28,29,30,31,
even though we observed neutrino oscillations at a significantly higher energy and are thus
subject to a very different set of systematic uncertainties.

6 Conclusions

Since being used for the discovery of neutrino oscillations, atmospheric neutrinos are still a
valuable tool to study this phenomenon. Using atmospheric neutrinos, IceCube has produced
world leading searches for sterile neutrinos 16,25 placing constraints in their phase space. We
have also continued using atmospheric neutrinos to improve the precision of our muon neutrino
disappearance result producing very competitive results to those from leading experiments, and
performing such measurement at a very different energy region, which permits additional testing
of the neutrino oscillation framework. All studies presented here are still statistically limited,
and refinements to these analyses are being prepared.
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Oscillations Beyond Three-Neutrino Mixing

Carlo Giunti

INFN, Sezione di Torino, Via P. Giuria 1, I–10125 Torino, Italy

The LSND, Gallium and reactor neutrino anomalies can be explained by short-baseline neu-
trino oscillations due to the mixing of the active neutrinos with sterile neutrinos at the eV
scale. I review the results of a 3+1 global fit of short-baseline neutrino oscillation data which
includes the recent measurements of the MINOS, IceCube, and NEOS experiments.

The LSND,1,2 Gallium3–7 and reactor8–10 anomalies are intriguing indications in favor of
short-baseline neutrino oscillations due to sterile neutrinos at the eV scale. Here, I consider 3+1
active-sterile neutrino mixing (see Ref. [11]), in which there are three sub-eV massive neutrinos
ν1, ν2, and ν3 which are the main constituents of the three standard active neutrinos νe, νµ, ντ
and there is a fourth massive neutrino ν4 at the eV scale which is mainly sterile (ν4 ' νs).

In the framework of 3+1 active-sterile mixing, short-baseline (SBL) experiments are sen-
sitive only to the oscillations generated by the squared-mass difference ∆m2

41 ' ∆m2
42 '

∆m2
43 & 1 eV2, with ∆m2

jk ≡ m2
j − m2

k, that is much larger than the the solar squared-

mass difference ∆m2
SOL = ∆m2

21 ≈ 7.4× 10−5 eV2 and the atmospheric squared-mass difference
∆m2

ATM = |∆m2
31| ' |∆m2

32| ≈ 2.5× 10−3 eV2, which generate the observed solar, atmospheric
and long-baseline neutrino oscillations explained by the standard three-neutrino mixing.12 The
3+1 active-sterile mixing scheme is a perturbation of the standard three-neutrino mixing in
which the 3 × 3 unitary mixing matrix U is extended to a 4 × 4 unitary mixing matrix with
|Ue4|2, |Uµ4|2, |Uτ4|2 � 1. The effective oscillation probabilities of the flavor neutrinos in short-
baseline experiments are given by13

P
(SBL)
αβ '

∣∣∣∣δαβ − sin2 2ϑαβ sin2

(
∆m2

41L

4E

)∣∣∣∣ , (1)

where α, β = e, µ, τ, s, L is the source-detector distance and E is the neutrino energy. The
short-baseline oscillation amplitudes depend only on the absolute values of the elements in the
fourth column of the mixing matrix:

sin2 2ϑαβ = 4|Uα4|2
∣∣δαβ − |Uβ4|2∣∣ . (2)

Hence, the transition probabilities of neutrinos and antineutrinos are equal and it is not possible
to measure in short-baseline experiments any CP-violating effect generated by the complex
phases in the mixing matrix. CP violating effects due to active-sterile neutrino mixing can,
however, be observed in long-baseline14–23 and solar24 neutrino experiments.

Here I review the results of the 3+1 global fit of short-baseline neutrino oscillation data
presented in Ref. [25], which includes the recent measurements of the MINOS,26 IceCube,27 and
NEOS28 experiments.



It is well known11,13,29–38 that the global fits of short-baseline data are affected by the so-
called “appearance-disappearance” tension, that is present39 for any number Ns of sterile neu-
trinos in 3+Ns mixing schemes which are perturbations of the standard three-neutrino mixing
required for the explanation of the observation of solar, atmospheric and long-baseline neu-
trino oscillations. In Ref. [38], we proposed a “pragmatic approach” in which the appearance-
disappearance tension is alleviated by excluding from the global fit the low-energy bins of the

MiniBooNE experiment,40,41 which have an anomalous excess of
(−)
νe-like events that is widely

considered to be suspicious because of the large background. Part of the MiniBooNE low-energy
anomaly may be explained by taking into account nuclear effects in the energy reconstruc-

tion,42,43 but this effect is not sufficient to solve the problem.44 Some of the low-energy
(−)
νe-like

events can be due to photon events which are indistinguishable from
(−)
νe events in the MiniBooNE

liquid scintillator detector. These photons can be generated by the decays of π0’s produced by

the neutral-current interactions of the
(−)
νµ beam. When only one of the two photons emitted in

the π0 decay is visible, its signal cannot be distinguished from a
(−)
νe event in a liquid-scintillator

detector. The suspicion that this photon background may be responsible for the MiniBooNE
low-energy excess motivated the realization of the MicroBooNE experiment at Fermilab,45 which

is able to distinguish between photon and
(−)
νe events by using a Liquid Argon Time Projection

Chamber (LArTPC). Waiting for the results of this experiment, it is reasonable to adopt the
pragmatic approach of omitting from the global fit the MiniBooNE low-energy data. In this
paper I assume the pragmatic approach from the beginning.

The pragmatic global fit of short-baseline neutrino oscillation data25 considers the following
three groups of experiments:

(A) The
(−)
νµ →

(−)
νe appearance data of the LSND,2 MiniBooNE40,41 (without the anomalous

low-energy bins), BNL-E776,47 KARMEN,48 NOMAD,49 ICARUS50 and OPERA51 ex-
periments.

(B) The following
(−)
νe disappearance data: 1) The ratios of measured and predicted8–10 ν̄e rates

of the Bugey-4,52 Rovno91,53 Bugey-3,54 Gosgen,55 ILL,56,57 Krasnoyarsk87,58 Krasno-
yarsk94,59,60 Krasnoyarsk99,61 Rovno88,62 SRP,63 Chooz,64 Palo Verde,65 Nucifer,66 Daya
Bay,67 RENO,68 and Double Chooz69 short-baseline reactor experiments (see Table 1 of
Ref. [25]); 2) The ν̄e spectra measured in the Bugey-354 and NEOS28 short-baseline re-
actor experiments; 3) the data of the GALLEX70–72 and SAGE3,73–75 Gallium radioac-
tive source experiments with the statistical method discussed in Ref. [6], considering the
71Ga(3He, 3H)71Ge cross section measurement in Ref. [76]; 4) the solar neutrino constraint
on sin2 2ϑee;

7,25,77–80 5) the KARMEN81,82 and LSND83 νe+12C→ 12Ng.s.+e
− scattering

data,84 with the method discussed in Ref. [33].

(C) The constraints on
(−)
νµ disappearance obtained from the data of the CDHSW experiment,85

from the analysis86 of the data of atmospheric neutrino oscillation experiments, from the
analysis of the SciBooNE-MiniBooNE neutrino87 and antineutrino88 data, and the recent
constraints of the MINOS26 and IceCube27 experiments.

Table 1 and Figure 1 summarize the results of the following three global fits:

PrGlo16A. In this analysis we considered all the appearance and disappearance SBL data
available in 2016, except MINOS26 and IceCube.27 The PrGlo16A fit is an update of the
PrGLO fit presented in Ref. [11], with a similar set of data.

PrGlo16B. In this analysis we added the MINOS26 and IceCube27 data to the data considered
in the PrGlo16A fit, in order to clarify their effects on the results of the analysis.

PrGlo17. In this analysis we added the NEOS28 data, which have been available to us in the
beginning of 2017.



Table 1: Results of the pragmatic 3+1 global PrGlo16A, PrGlo16B, and PrGlo17 fits of SBL data. The first
group of rows gives: the minimum χ2 (χ2

min), the number of degrees of freedom (NDF), the goodness of fit (GoF),
the best fit values of the mixing parameters ∆m2

41, |Ue4|2, |Uµ4|2, and of the oscillation amplitudes sin2 2ϑeµ,
sin2 2ϑee, sin2 2ϑµµ. The second group of rows gives the χ2 difference ∆χ2

NO between the χ2 of no oscillations and
χ2
min and the resulting number of σ’s (nσNO) for NDFNO degrees of freedom corresponding to the number of fitted

parameters. The third group of rows gives the results for the appearance-disappearance parameter goodness of
fit:46 the χ2 difference ∆χ2

PG and the resulting goodness of fit GoFPG for NDFPG degrees of freedom.

χ2
min

NDF
GoF

∆m2
41

|Ue4|2
|Uµ4|2

sin2 2ϑeµ
sin2 2ϑee
sin2 2ϑµµ

∆χ2
NO

NDFNO

nσNO

∆χ2
PG

NDFPG

GoFPG

PrGlo16A

262.0
244
20%
1.6

0.026
0.013
0.0014
0.10
0.053

48.3
3

6.4

3.8
2

15%

PrGlo16B

530.3
519
36%
1.6

0.030
0.011
0.0013
0.12
0.042

47.3
4

6.1

4.7
2

9.7%

PrGlo17

595.1
579
31%
1.7

0.020
0.015
0.0012
0.079
0.058

47.4
4

6.1

7.2
2

2.7%
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Figure 1 – Allowed regions in the sin2 2ϑµµ–∆m2
41 (a), sin2 2ϑee–∆m2

41 (b), and sin2 2ϑeµ–∆m2
41 (c), planes

obtained in the pragmatic 3+1 global PrGlo16A, PrGlo16B, and PrGlo17 fits of SBL data.

From Table 1 one can see that all the three fits have an acceptable goodness of fit and the
case of no oscillations is disfavored at the level of about 6σ. On the other hand, the parameter
goodness of fit, decreases from 15% in the PrGlo16A fit to 9.7% in the PrGlo16B fit to 2.7%
in the PrGlo17 fit. This is a symptom of the increase of the appearance-disappearance tension
caused by the addition of the MINOS and IceCube data in the PrGlo16B fit and the addition
of NEOS data in the PrGlo17 fit.

Figure 1(a) shows the allowed regions in the sin2 2ϑµµ–∆m2
41 plane, which is relevant for

(−)
νµ



disappearance. One can see that the constraints on
(−)
νµ disappearance given by the MINOS and

IceCube data disfavor the low-∆m2
41–high-sin2 2ϑµµ part of the region allowed by the PrGlo16A

fit. This effect was expected89 and is consistent with the results of the 3+1 global fit presented
in Ref. [90], which updated Ref. [91] with the addition of the IceCube data. The decrease of
the parameter goodness of fit from 15% in the PrGlo16A fit to 9.7% in the PrGlo16B fit is due
to the increase of the appearance-disappearance tension caused by the shrinking if the allowed
range of |Uµ4|2 from 0.0050− 0.033 at 3σ in the PrGlo16A fit to 0.0048− 0.023 in the PrGlo16B
fit.

Figure 1(b) shows the allowed regions in the sin2 2ϑee–∆m2
41 plane, which is relevant for

(−)
νe

disappearance. One can see that the inclusion of the NEOS constraints has the dramatic effect
of fragmenting the allowed region in three islands with narrow ∆m2

41 widths. The best-fit island
is at ∆m2

41 ≈ 1.7 eV2. There is an island allowed at 2σ at ∆m2
41 ≈ 1.3 eV2, and an island allowed

at 3σ at ∆m2
41 ≈ 2.4 eV2. Moreover, the NEOS constraints shifts the allowed range of |Ue4|2

from 0.013 − 0.050 at 3σ in the PrGlo16B fit to 0.0098 − 0.031 in the PrGlo17 fit. Therefore,
the appearance-disappearance tension is increased, as shown by the decrease of the parameter
goodness of fit from 9.7% in the PrGlo16B fit to 2.7% in the PrGlo17 fit.

Figure 2 shows a comparison of the sensitivities of future experiments with the PrGlo17

allowed regions for: (a)
(−)
νµ →

(−)
νe transitions (SBN,92 nuPRISM,93 JSNS294); (b)

(−)
νµ disappearance

(SBN,92 KPipe95); (c),(d)
(−)
νe disappearance (DANSS,96 Neutrino-4,97 PROSPECT,98 SoLid,99

STEREO,100 CeSOX,101 BEST102 IsoDAR@KamLAND,103 C-ADS,104 KATRIN105). It is clear
that these experiments will give definitive information on the existence of active-sterile short-
baseline oscillations connected with the LSND, Gallium and reactor anomalies.

Table 2 gives the marginal allowed intervals of the mixing parameters |Ue4|2, |Uµ4|2, and
|Uτ4|2. The MINOS and IceCube data give information not only on the 3+1 mixing parameters
∆m2

41, |Ue4|2, and |Uµ4|2, but also on |Uτ4|2. The sensitivity to |Uτ4|2 is due in MINOS to the
neutral-current event sample26 and in IceCube to the matter effects for high-energy neutrinos
propagating in the Earth, which depend on all the elements of the mixing matrix.106–113 In the
PrGlo17 fit we obtained the stringent upper bound

|Uτ4|2 . 0.018 (0.039) at 2σ (3σ). (3)

At 90% CL we have |Uτ4|2 . 0.011 and ϑ34 . 6◦ in the common parameterization of the 4 × 4
unitary mixing matrix used in Ref. [90]. This bound on ϑ34 is about the same as that reported
in Ref. [90] for ∆m2

41 ≈ 6 eV2. However, we did not find a 90% CL allowed region of the mixing
parameters at ∆m2

41 ≈ 6 eV2 and our bound on ϑ34 applies for any value of ∆m2
41.

Table 2: Marginal allowed intervals of |Ue4|2, |Uµ4|2, and |Uτ4|2 obtained in the PrGlo17 fit.

CL |Ue4|2 |Uµ4|2 |Uτ4|2

68.27% (1σ) 0.016− 0.024 0.011− 0.018 . 0.0032
95.45% (2σ) 0.013− 0.028 0.0083− 0.022 . 0.018
99.73% (3σ) 0.0098− 0.031 0.0060− 0.026 . 0.039

In conclusion, the comparison of the PrGlo16A and PrGlo16B fits shows that, as ex-

pected,89,90 the MINOS and IceCube constraints on
(−)
νµ disappearance disfavor the low-∆m2

41–
high-sin2 2ϑµµ and the low-∆m2

41–high-sin2 2ϑeµ parts of the allowed region. The addition of
the NEOS data in the PrGlo17 fit has the more dramatic effect of reducing the allowed region
to three islands with narrow ∆m2

41 widths and 0.00048 . sin2 2ϑeµ . 0.0020 at 3σ. The best-fit
island is at ∆m2

41 ≈ 1.7 eV2. There is an island allowed at 2σ at ∆m2
41 ≈ 1.3 eV2, and an island

allowed at 3σ at ∆m2
41 ≈ 2.4 eV2. However, as illustrated in Fig. 2, the ongoing and planned

experiments have the possibility to cover all the allowed regions of the mixing parameters and
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Figure 2 – Sensitivities of future experiments compared with the PrGlo17 allowed regions in Fig. 1.

we expect that they will reach in a few years a definitive conclusion on the existence of the light
sterile neutrinos that generate the short-baseline oscillations indicated by the LSND experiment
and by the Gallium and reactor neutrino anomalies.

The determination of active-sterile neutrino mixing is of interest also for the phenomenology
of long-baseline experiments,14–23 and neutrinoless double-β decay experiments.7,114–122 The
cosmological bounds on active-sterile neutrino mixing123 can be avoided with a non-standard
effect as a large lepton asymmetry124–127 or secret interactions of the sterile neutrino mediated
by a massive vector or pseudoscalar boson,128–134 which suppress the thermalization of the sterile
neutrino in the early Universe.

Let me finally emphasize that the discovery of the existence of sterile neutrinos would be a
major discovery which would have a profound impact not only on neutrino physics, but on our
whole view of fundamental physics, because sterile neutrinos are elementary particles beyond the
Standard Model. The existence of light sterile neutrinos would prove that there is new physics
beyond the Standard Model at low-energies and their properties can give important information



on this new physics (see Refs. [135,136]).
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LATEST RESULTS FROM THE PIERRE AUGER OBSERVATORY

R. COLALILLO for the Pierre Auger Collaboration a

Università Federico II di Napoli and INFN, Sezione di Napoli, Italy

The Pierre Auger Observatory, located near Malargue, Argentina, is the largest ultrahigh-
energy cosmic ray observatory in the world. It has been operating since 2004 and its exposure
reached almost 60 000 km2 sr yr, providing an unprecedentedly large and high quality data
set that has dramatically advanced our understanding of ultrahigh-energy cosmic rays. The
suppression of the flux around 5×1019 eV is now confirmed without any doubt. Constraints on
models of the origin and propagation of cosmic rays have been placed from a combined fit of
both flux and composition. Moreover, “top-down” source processes are disfavoured by strong
limits placed on photon and neutrino fluxes. From studies of the depth of shower maximum, a
gradual shift to a heavier composition from 3×1018 eV is observed. More information on the
composition, on the fraction of primary protons, and on hadronic interactions at the highest
energies would be crucial to discriminate among the model classes of origin and propagation of
cosmic rays and to understand the cause of the observed flux suppression. The Observatory is
starting a major upgrade, named AugerPrime, to address these goals: the upgrade is presented
and the expected performance is discussed.

1 Introduction

The Pierre Auger Observatory 1 was a vision of Jim Cronin’s and Alan Watson’s to build an ex-
periment with sufficient size and precision to answer the main questions about ultrahigh-energy
cosmic rays (UHECRs). Among the major breakthroughs reached by the Auger Collaboration,
there is the observation of the suppression in the cosmic-ray flux at the highest energies. Its
origin has not been explained yet: it could be related to the GZK effect or to the maximum
energy reached by the accelerating sources. A strong constraint comes from photon and neu-
trino limits, where “top-down” source processes such as the decay of super-heavy particles are
disfavoured since they cannot account for a significant part of the observed particle flux. At
the energies where the transition from galactic to extragalactic cosmic rays is expected, large-
scale anisotropy studies have highlighted a quite small dipolar anisotropy of the particle arrival
directions, and instead at energies above 8×108 eV, a ∼7% dipole anisotropy has been found.
Another important and surprising discovery is the evolution of the cosmic-ray mass composition
in the energy range from 1018 to 1019.5 eV. Comparing Auger data with simulation results using
the current hadronic interaction models, a gradual shift to a heavier composition is observed
with a dominance of elements of the CNO group, at 1019.5 eV. These results have been obtained
by studying different characteristics of the distribution of the slanted atmospheric depth where
the number of secondary particles of a shower reaches its maximum (Xmax). In each analysis,
the biggest problem is the low statistics at the highest energies and the necessary use of hadronic
interaction models, which are a source of big uncertainties since hadronic cross sections can only
be extrapolated from accelerator measurements up to the Auger energies. Current hadronic
models cannot account for the number of muons estimated from the Auger data, that show an

aFull author list: http://www.auger.org/archive/authors 2017 03.html



Figure 1 – Layout of the Pierre Auger Observatory (left). Each dot represents one SD station, the coloured lines
(blue for the standard FD and orange for HEAT) show the FOV of the telescopes. The denser SD-750 array and
AERA are visible near the Coihueco site. The Los Leones FD building is shown on the right (top) together with
a water-Cherenkov station (bottom).

excess with respect to the simulations. An upgrade of the surface detector of the Observatory
is starting with the main goal to measure the muonic component of UHECR showers. A deeper
knowledge of the cosmic-ray mass composition is fundamental to understand better the origin of
the suppression in the cosmic-ray flux, to estimate the proton contribution in this energy range,
and finally distinguish among different models of origin and propagation of cosmic rays.

2 The Pierre Auger Observatory

The Pierre Auger Observatory is located in the Argentinian Pampa at about 1400 m a.s.l.,
corresponding to an atmospheric overburden of ∼875 gcm−2. It is a hybrid detector composed
of a fluorescence detector (FD), which studies the longitudinal profile of the showers produced by
the interaction of primary cosmic rays with the atmosphere, and by a surface detector array (SD)
which maps the distribution of shower particles at the ground. The Observatory has been taking
data since 2004 and was officially completed in 2008. The SD is made up of 1660 water-Cherenkov
detectors (WCDs) placed on a triangular grid of 1500 m spacing (standard array) which covers
an area of 3000 km2. It is fully efficient above 3 EeV. The FD consists of 24 telescopes, six at
each of four sites, arranged to overlook the area covered by the SD. Each telescope, optimized
to collect showers with E > 1018 eV, covers a field of view of 30◦×30◦ in azimuth and elevation
with a minimum elevation of 1.5◦ above the horizon. At the Coihueco site, three high elevation
telescopes (HEAT) were added. They have a field of view from 30◦ to 58◦ in elevation and
overlook a surface of 23.5 km2 where 61 additional WCDs (infilled array) were installed with
750 m spacing. This enhancement allows us to extend the sensitivity of the Observatory down
to 1017 eV including the second knee in the Auger energy range. The fluorescence light detected
by the FD is proportional to the energy deposited by shower particles in the atmosphere, hence
the FD performs a calorimetric measurement of the cosmic-ray energy. Unfortunately, the FD
observation period is limited to dark nights of good weather corresponding to a 15% duty cycle.
The SD, instead, has a 100% duty cycle, but its energy estimation is strongly dependent on
the hadronic models. Using the hybrid events, i.e. showers collected simultaneously by at least
one telescope and one WCD, we can calibrate the SD energy with the calorimetric FD energy,
and work with a big amount of showers detected by the SD and reconstructed with an energy
resolution of about 15%.
The Observatory is complemented by an atmospheric monitoring system and by an engineering
radio array (AERA) 2. The layout of the Observatory is shown in figure 1, where we can also
see a picture of the Los Leones FD building and of a surface detector station.



3 Energy Spectrum and Composition

The Pierre Auger Observatory has measured with unprecedented precision the flux of UHECRs
above 3×1017 eV using four independent data sets 3. In Auger, cosmic-ray showers with zenith
angle θ < 60◦ are defined as vertical events, while showers with 60◦ < θ < 80◦ are called
inclined events. The four data samples are composed of vertical showers (SD-1500 vertical)
and inclined showers (SD-1500 inclined) detected by the standard array, of vertical showers
collected by the infilled array (SD-750 vertical), and of hybrid showers. The four spectra, that
are compatible within uncertainties, and the fractional differences between these spectra and a
reference spectrum with an index of 3.26 are shown in figure 2. The hardening in the spectrum

Figure 2 – Energy spectra derived from SD and hybrid data recorded at the Pierre Auger Observatory (left);
fractional difference between the Auger spectra and a reference spectrum with an index of 3.26 (center); combined
energy spectrum of cosmic rays as measured by the Auger Observatory (right).

at about 5×1018 eV, the ankle, and a strong suppression of the flux at the highest energies are
observed without any doubt. To identify these features, the spectrum obtained by combining
the four independent spectra (figure 2 - right) is fitted with two different power-law functions
below and above the ankle, respectively. The suppression is established with a significance of
more than 20 σ.

TheXmax, measured by the FD, is one of the most robust observables for studying cosmic-ray
mass composition: showers initiated by light primaries reach the maximum of their longitudinal
development deeper in the atmosphere than showers initiated by heavy primaries. Moreover,
the uncertainty on Xmax of the latter showers is smaller than that for showers induced by
light nuclei. The first two moments of the Xmax distributions of hybrid events, 〈Xmax〉 and
σ(Xmax), are shown as a function of energy in figure 3 and are compared to predictions for
proton- and iron-induced showers simulated using three different hadronic interaction models:
EPOS-LHC, QGSJET-II.04, and Sibyll-2.1. This analysis has been recently extended to lower
energies exploiting data obtained with HEAT in coincidence with the Coihueco telescopes 4.
Between 1017.0 and 1018.3 eV 〈Xmax〉 increases by around 85 gcm−2 per decade of energy, a
value larger than the one expected for a constant mass composition (∼60 gcm−2), up to a
region where the measurements suggest a dominance of proton primaries. Above 1018.3, 〈Xmax〉
becomes significantly smaller, ∼26 gcm−2/decade, indicating that the composition is shifting
towards heavier nuclei. The fluctuations of Xmax start to decrease at around the same energy,
∼1018.3 eV, leading to the same conclusions.

The shape of the Xmax distributions can also be exploited to infer UHECR composition.
Data distributions have been compared with simulated Xmax distributions from showers pro-
duced with several hadronic models and varying the composition of the primary cosmic rays.
Hybrid data in the range E = 1017.8 − 1020 eV have been used for this analysis 5. Our data are
not well described by a mix of only protons and iron nuclei, and instead intermediate masses,
helium and nitrogen nuclei, are all necessary to reproduce the data distributions. The proton
fraction changes a lot across the entire energy range, reaching 60% around the ankle region, and
dropping to near zero just above 1019 eV with a possible resurgence at higher energies as we



Figure 3 – The mean (left) and the standard deviation (right) of the measured Xmax distributions as a function
of energy compared to air-shower simulations for proton and iron primaries.

can see in figure 4, where the other primary fractions obtained from the likelihood fit of Xmax

distributions are also shown. It is very important to understand if the increase of the proton
fraction is due to statistical fluctuations or if it is real, in which case particle astronomy can be
feasible. The number of muons in a shower, a variable very sensitive to the mass composition,
will be measured with large statistics at the highest energies by the upgraded SD detector. This
will offer a good means of answering this question.

Figure 4 – Fitted fraction and quality as a function of energy for a mixture of protons, helium nuclei, nitrogen
nuclei, and iron nuclei.

With the aim of investigating the physical properties of UHECR sources and propagation,
a combined fit of both flux and composition has been performed 6. The data sample of this
analysis includes showers with energies above 5 · 1018 eV, and the observables used are the
energy spectrum measured by the SD and the Xmax distributions provided by the FD. The
astrophysical model adopted assumes the sources are of extragalactic origin, and inject nuclei
with a rigidity (R=E/Z) dependent cutoff during acceleration in electromagnetic processes. The
fit function has seven free parameters: the injection spectral index, the cutoff rigidity, the
spectrum normalization and four mass fractions fA, the fifth being fixed by

∑
A fA = 1. The fit

results suggest sources characterized by relatively low maximum injection energies, hard spectra
and heavy chemical composition (He/N/Si). These results are very sensitive to experimental
systematics, in particular to that on Xmax. Uncertainties on the mass fractions are very large:
different combinations of simulated elemental spectra can give rise to similar observed spectra.



Also in this case, improvements are expected from AugerPrime through the new composition-
sensitive observables in an extended energy range and the increase of the statistics of Xmax

measurements at the highest energies due to the extended FD operation.

4 UHE Photon and Neutrino Limits

The origin of the flux suppression observed at the highest energies can be related to the GZK
effect or to the limitation in the maximum acceleration energy of cosmic rays at the source. The
knowledge of the UHE photon and neutrino fluxes can provide hints to distinguish between these
two scenarios. UHE photons come from the decay of π0 particles produced by the interaction
of primary protons with the cosmic microwave background in the so-called GZK effect, whose
energy threshold is about 1019.5 eV corresponding to the energy where the suppression is in
fact observed. The energy loss for the GZK protons implies that only sources within a hundred
Mpc contribute to the observed cosmic-ray flux above the GZK energy threshold, producing
a cut-off. Analyses performed on data samples coming from the SD 7 and the FD 8 separately
disfavour “top-down” source processes. The last analysis published, that joins variables sensitive
to the different development and particle content of electromagnetic and hadronic air showers
(photon-induced showers develop deeper in the atmosphere than hadronic showers and have a
smaller muonic component) measured by the FD and the SD, respectively, allows us to achieve
for the first time the sensitivity required to explore photon fractions in the all-particle flux down
to 0.1% and to extend the search for photons to 1 EeV 9. Only three photon candidates at
energies 1-2 EeV are found, but this number is compatible with the expected hadron-induced
background. The photon limits placed by this analysis are shown in figure 5 - left together with
old Auger limits and predictions for the GZK photon flux and for “top-down” models. The

Figure 5 – Left: Upper limits on the integral photon flux derived from 9 years of hybrid data (blue arrows) for a
photon flux E−2 and no background subtraction compared with previous Auger limits (Hybrid 2011, red arrows,
and SD, black arrows), and limits from other experiments. Also the predictions for the GZK photon flux and
for “top-down” models are shown. Right: Upper limit to the normalization of the diffuse flux of UHE neutrinos
from the Pierre Auger Observatory. Corresponding limits from ANITAII and IceCube experiment, and expected
fluxes for several cosmogenic neutrino models are shown.

suppression predicted by the GZK effect has been observed, but GZK photons have not been
detected. The hypothesis that the suppression is due to the maximum energy reached by the
accelerating sources cannot be rejected. This scenario predicts increasing fractions of primaries
heavier than protons as energy increases. Protons typically produce more neutrinos than heavier
primaries do, so the measurement of the neutrino flux gives information on the nature of the
primaries, and, indirectly, on the origin of the suppression. Neutrinos can initiate showers deeper
in the atmosphere than the other primaries. Inclined showers initiated by hadronic primaries
are dominated by the muonic component, and instead inclined neutrino showers are dominated
by the electromagnetic component. No neutrino events have been observed. The Auger limit
10, shown in figure 5 - right, constrains models that assume a pure primary proton composition
injected at the sources and strong evolution of the sources.



5 Anisotropies

The measurements of the UHECR arrival directions are complementary to the measurements
of the energy spectrum and mass composition. They can provide information about sources,
which, according to the GZK effect, should be at distances less than ∼ 200 Mpc for protons
or Fe nuclei with energies above 60 EeV, and even smaller for intermediate mass nuclei. The
data set used for small scale anisotropy studies 11 consists of UHECRs with energies above 40
EeV recorded in 10 years of operation, and it is three times larger than the one used in previous
studies. We tested again the correlation with the active galactic nuclei (AGNs) in the Véron-
Cetty and Véron catalog, but we also searched for localized excess fluxes and for self-clustering
of event directions at angular scales up to 30◦ and for different threshold energies between 40
EeV and 80 EeV. We looked for correlations of cosmic rays with celestial structures both in the
Galaxy (the Galactic Center and Galactic Plane) and in the local Universe (the Super-Galactic
Plane). We examined UHECR correlation with different populations of nearby extragalactic
objects such as galaxies in the 2MRS catalog, AGNs detected by Swift-BAT, radio galaxies with
jets and the Centaurus A galaxy. None of the tests shows a statistically significant evidence of
anisotropy. The strongest departures from isotropy are obtained for cosmic rays with E > 58
EeV in rather large windows around Swift AGNs closer than 130 Mpc and brighter than 1044

erg/s (18◦ radius) and around the direction of Centaurus A (15◦ radius) - see figure 6 - left.

Figure 6 – Left: Map in Galactic coordinates of the Li-Ma significances (4.3σ) of overdensities in 12◦ - radius
windows (circle) for the events with E±54 EeV. Also indicated are the Super-Galactic Plane (dashed line) and
Centaurus A (white star). Right: Sky map in equatorial coordinates of flux, in km−2 yr−1 sr−1 units, smoothed
in angular windows of 45◦ radius, for observed events with energies E>8 EeV.

Also the large-scale distribution of arrival directions of UHECRs provides hints to understand
their origin 12. The Pierre Auger Collaboration has implemented different analyses to search
for dipolar and quadrupolar anisotropies in different energy ranges spanning four orders of
magnitude. A search for a dipole anisotropy for cosmic rays with energies above 4 EeV using
events with zenith angles between 60◦ and 80◦ has evidenced a largest departure from isotropy
in the energy range above 8 EeV, with an amplitude for the first harmonic in right ascension
r1 = (4.4 ± 1.0) × 10−2, that has a chance probability P (≥ r1) = 6.4 × 10−5. Observation of
dipolar amplitudes in arrival directions of UHECRs is consistent with expectations for heavier
nuclei as suggested by the Xmax distributions.

6 Proton-Air Cross Section and Muon Excess

The Pierre Auger Observatory can also study fundamental particle physics at energies beyond the
reach of man-made accelerators. The tail of the deepest shower Xmax distribution, for example,
is related to the first interaction points, and consequently to the proton-air cross section. Using
hybrid showers with 1017.8 < E < 1018 eV and 1018 < E < 1018.5 eV, energy intervals where
we observed a dominance of proton showers with a helium contamination less than 25%, we
can measure the proton-air cross section for particle production at a center-of-mass energy per



nucleon of 38.7 TeV and 55.5 TeV, respectively 14. In figure 7 - left, the σp−air measurement is
shown and is compared to previous results and hadronic model predictions.

Figure 7 – Left: The σp−air measurement compared with previous results and hadronic model predictions. Right:
Muon content estimated from the Auger data with different analyses as a function of energy compared with muon
content from simulations for iron primaries performed with QGSJETII.

Another analysis performed on a sample of 411 hybrid events in the energy range 1018.8 −
1019.2 eV allows us to estimate the muon excess in data with respect to the simulations 15. For
each event, a Monte Carlo shower was generated to match the energy and the longitudinal profile
of the real event. The predicted lateral distribution of the signal was then compared to the real
SD measurement. The simulated signal was found to be systematically underestimated for all
hadronic interaction models used and the discrepancy is even growing with larger zenith angles
as also other analyses developed in the Collaboration have evidenced (figure 7 - right).

7 The Auger Upgrade: AugerPrime

In the previous sections, we observed that there are a lot of open questions about UHECRs
which could be answered by extending the composition sensitivity of the Auger Observatory
into the flux suppression region. For this reason, a major upgrade of the surface detector, called
AugerPrime, has begun 13. It will include new ∼4 m2 plastic scintillator detectors on top of all
the 1660 water-Cherenkov detectors (figure 8), a faster and more powerful electronics, a large
array of buried muon detectors, and an extended dynamic range.

Figure 8 – Left: Upgraded SD station: a plastic scintillator detector (SSD) installed on top of a Water-Cherenkov
station. Right: Scheme of the SSD detector: two scintillator sub-modules, each composed of extruded polystyrene
scintillator bars of about 1.6 m length, 5 cm width and 1 cm thickness. The scintillator light will be read out
with wavelength-shifting fibres inserted into straight extruded holes in the scintillator planes, which are bundled
and attached to a single photomultiplier tube.

The upgraded station was designed with the idea to discriminate between the electromagnetic



and muonic components of a shower. The scintillator is mounted above the standard stations,
and it is triggered by the larger WCD. With two detectors which respond in a different way
to the electromagnetic and muonic components, the scintillator signal being dominated by the
electromagnetic component while the WCD signal is dominated by the muonic component, we
can derive the muonic signal on a single station basis. This measurement can be verified and
calibrated by exploiting the direct measurement of the muonic component performed with the
array of buried muon detectors.

The present Auger electronics is based on a 15-year old design. The electronics upgrade
prefigures an increase of the data quality thanks to a better timing accuracy, the SSD and WCD
signals will be sampled at a rate of 120 MHz instead of 40 MHz, and the dynamic range will be
increased thanks to an additional small 1” PMT inserted in the WCD.

The FD provides fundamental measurements: a model-independent energy reconstruction
and a direct measurement of the longitudinal development profiles, which are among the strongest
variables for primary-mass discrimination. Its limits is the low duty cycle, currently at the level
of 15%. FD operation will be extended to times during which a large fraction of the moon in
the sky is illuminated reducing the PMT gain.

The first upgraded stations are taking data. With these first measurements, the idea behind
AugerPrime will be further validated and the latest design details will be defined.

8 Conclusions

In more than ten years of data taking, the Pierre Auger Observatory has provided a clear ob-
servation of the spectral features, has placed strong limits on the photon and neutrino fluxes,
has investigated the distributions of UHECRs on small and large scale, but is not yet able to
answer unambiguously the origin of the suppression observed in the all-particle spectrum. A
better knowledge of the primary mass composition at the highest energies can help to discrim-
inate between different models of origin and propagation of cosmic rays that try to describe
the observations. AugerPrime (2018 - 2025) will double the event statistics compared with the
existing Auger data set and will provide mass information above 5 × 1019 eV by measuring
the muonic component of the showers, a variable very sensitive to primary mass together with
Xmax. The upgrade will improve photon and neutrino searches, analyses whose present results
are strongly influenced by mass composition uncertainty, and will constrain hadronic interaction
models which cannot presently describe the number of muons. Moreover, the potential discovery
that the proton fraction is more than 10% above 5 × 1019 eV could open the way to particle
astronomy.
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We analyze the current laboratory constraints on transition neutrino magnetic moments, illus-
trating the complementary of different experiments. In particular, we highlight the relevance
of the CP phase in the case of reactor and accelerator data. The robustness of solar neutrino
data in constraining the transition magnetic moments is also emphasized.

1 Introduction

Since the proposal of the neutrino by Pauli, the neutrino magnetic moment has been an in-
teresting possibility to explore, both from theoretical 1 as well as astrophysical 2,3,4 viewpoints.
Within the simplest massive Dirac neutrino scheme, its value is predicted to be rather small 5,6,

µν = 3.2× 10−19
(
mν

1eV

)
µB. (1)

However, different models beyond the Standard Model could induce higher values. On the other
hand, a detection of such electromagnetic interaction would give a signal for new physics.

For the simplest seesaw-type scheme within the standard gauge group, one has 7

µij =
3eGF

16π2
√

2
(mνi +mνj)

τ∑
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i Im
[
U∗αiUαj
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mlα
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)2
]
, (2)

giving rise to non-zero transition magnetic moments. More elaborated models are possible as,
for instance, having an additional charged scalar singlet, η+, as discussed in Ref. 8. Due to the
contribution from the charged Higgs boson, the transition magnetic moment would be given by

µij = e
∑
k

fkig
†
kj + gikf

†
kj

32π2
mlk

m2
η

(
ln
m2
η

ml
2
k

− 1

)
. (3)

Notice that in this model one could have new CP phases, additional to the ones from the lepton
mixing matrix.

A non-zero neutrino magnetic moment would also induce several processes relevant in as-
trophysical, such as in supernovae 9,10 or gamma ray bursts 11. Conversely, there are strong
astrophysical constraints on the value of the neutrino magnetic moments 2,3,4, although they
may be considered as dependent on the corresponding astrophysical models. Therefore, a de-
tailed study of the laboratory bounds is in order, as sketched in the following sections.



2 The formalism for neutrino magnetic moments

For the analysis of neutrino data, it will be convenient to use a phenomenological approach,
where the magnetic moment matrix will have complex entries λαβ = µ+ id in the flavor basis,
while we will use λ̃ij for the mass basis. For the general Majorana case these take the form

λ =

 0 Λτ −Λµ
−Λτ 0 Λe
Λµ −Λe 0

 , λ̃ =

 0 Λ3 −Λ2

−Λ3 0 Λ1

Λ2 −Λ1 0

 , (4)

with λαβ = εαβγΛγ . Notice that the transition magnetic moments Λα and Λi are complex
parameters: Λα = |Λα|eiζα , Λi = |Λi|eiζi . With this parametrization, we can translate the usual
effective differential cross sections for the magnetic moment contributions into a formulation
that will incorporate the dependence on the different parameters from Eq. (4).

For the case of the electron antineutrino scattering off electrons, the usual differential cross
sections for a non-zero magnetic moment will be(

dσ

dT

)
em

=
πα2

m2
eµ

2
B

(
1

T
− 1

Eν

)
µMR

2
. (5)

Here, µMR
2

stands for the effective magnetic moment.
Translated into the more general case of the complete λ matrix, in the mass basis, the

effective magnetic moment will take the form

(µMR )2 = |Λ|2 − s212c213|Λ2|2 − c212c213|Λ1|2 − s213|Λ3|2 (6)

− 2s12c12c
2
13|Λ1||Λ2| cos δ12 − 2c12c13s13|Λ1||Λ3| cos δ13

− 2s12c13s13|Λ2||Λ3| cos δ23

where sij = sin θij , cij = cos θij . Defining δ as the Dirac phase of the leptonic mixing matrix we
have δ12 = ξ3, δ23 = ξ2− δ, and δ13 = δ12− δ23. Here, ξ3 = ζ2− ζ1, ξ2 = ζ3− ζ1, are the relative
phases introduced by the presence of the magnetic moment. Notice that the Eq. (6) is valid for
θ13 different from zero, updating previous results given in 12.

It is also worth noticing that this expression has a complex dependence on the CP phases.
As an interesting example, we can quote 13 the particular case where all phases are set to zero,
implying that the effective neutrino magnetic moment will be

(µMR )2 = |Λ|2 − (c12c13|Λ1|+ s12c12c13|Λ2|+ s13|Λ3|)2. (7)

Note also that if we set

|Λ1| = c12c13|Λ|, |Λ2| = s12c13|Λ|, |Λ3| = s13|Λ|, (8)

we will find that (µMR )2 cancels exactly. In this extreme limit reactor experiments will be
insensitive to the neutrino magnetic moments. On the other hand, a future positive signal from
reactor experiments might give a hint on the phase dependence for this observable.

For the case of muon neutrino scattering off electrons 14,15, we will have a similar situa-
tion, although the explicit formula for the effective neutrino magnetic moment will be more
complicated 16.

We now turn to the effective magnetic moment constraint obtained from solar neutrinos.
For these experiments, it is very important to notice that the electron neutrino flux produced
in the solar interior will arrive to the Earth as an incoherent sum of mass eigenstates. As a
consequence, the effective magnetic moment will be independent of any phase 12 and will be
given by 16

(µMsol)
2 = |Λ|2 − c213|Λ2|2 + (c213 − 1)|Λ3|2 + c213P

2ν
e1 (|Λ2|2 − |Λ1|2), (9)

where P 2ν
ej (j = 1, 2) are the effective two-neutrino oscillation probabilities.



3 Experimental data and constraints

After obtaining the relevant effective expressions for the neutrino magnetic moment, one can
confront these results with the experimental data in order to obtain limits on either the effective
magnetic moment or the mass basis transition magnetic moments.

We begin by considering reactor antineutrino data. Several experiments have measured the
antineutrino electron scattering and set bounds to the effective value, µMR

2
shown in Eq. (6).

We have reevaluated these constraints 16 using the recent estimates of the reactor antineutrino
fluxes 17 for the case of the TEXONO experiment 18, the MUNU experiment 19, as well as for the
experiments in the Rovno 20 and Krasnoyarsk 21 nuclear power plants. We have also expressed
the constraints in terms of the magnetic moment matrix λ̃, in the mass basis. In Table 1 we give
the limits on the magnitudes of the transition neutrino magnetic moments considered one at a
time. In the same Table, the constraint coming from the GEMMA collaboration is quoted 22.
In this last case, since the result is coming from a particular statistical analysis that leads to
non-gaussian errors, we do not combine it with the other constraints reported here.

We have also computed similar constraints from accelerator experiments 14,15 and for the
Borexino case 23. These results are also shown in Table 1.

Table 1: 90% C.L. limits on the NMM components in the mass basis, Λi, from the reactor, accelerator, and solar
data from Borexino. In this particular analysis we constrain one parameter at a time, setting all other magnetic
moment parameters and phases to zero.

Experiment |Λ1| |Λ2| |Λ3|
KRASNOYARSK 4.7× 10−10µB 3.3× 10−10µB 2.8× 10−10µB
ROVNO 3.0× 10−10µB 2.1× 10−10µB 1.8× 10−10µB
MUNU 2.1× 10−10µB 1.5× 10−10µB 1.3× 10−10µB
TEXONO 3.4× 10−10µB 2.4× 10−10µB 2.0× 10−10µB
GEMMA 5.0× 10−11µB 3.5× 10−11µB 2.9× 10−11µB
LSND 6.0× 10−10µB 8.1× 10−10µB 7.0× 10−10µB
LAMPF 4.5× 10−10µB 6.2× 10−10µB 5.3× 10−10µB
Borexino 8.7× 10−11µB 6.8× 10−11µB 5.4× 10−11µB

Since there are several observables from different neutrino experiments, we can go one step
further and consider cases where more than one transition magnetic moment at a time. This
type of analysis will be particularly useful to illustrate the role of the phases. For this reason,
we show in Figure 1 the restrictions from reactor and accelerator data for the particular case of
a phase δ = 3π/2, while the other two phases were set to zero. The analysis was performed by
allowing two nonzero TNMM, while the third one was marginalized over. One can see that for
this particular value of the phases, one finds that for a particular correlation between Λ1 and
Λ2 one gets weaker limits for the TNMM, see eq. (8). In the same figure, we also show a similar
analysis obtained from the Borexino data. Since in this case there is no phase dependence, there
are no correlations, and therefore the limits are more restrictive.

As we have mentioned, the GEMMA data can not be combined statistically with other
reactor data, because the errors are non-Gaussian. However, if one takes them at face value,
then we can translate the reported bound into a constraint. One finds that the result indicated
by the black dashed line shown in Figure 1. One sees that their limits on individual TNMMs
are stronger than those of Borexino, except for the correlation region mentioned above.
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Figure 1 – allowed regions for the transition neutrino magnetic moments, at 90% C.L. The shaded regions show
the allowed regions for |Λi| vs |Λj | when the third component is marginalized over. The magenta region shows
the case of a combined analysis of reactor and accelerator neutrino data. The cyan region shows the case of the
Borexino data analysis only. Finally, the dashed line stands for the case of the GEMMA result for |Λi| vs |Λj |
when the third component is set to zero. In all these cases the phases have been set to zero, except for the phase
δ that was chosen to be 3π/2.

4 Conclusions and perspectives

The constraints on transition magnetic moments coming from laboratory neutrino data have
been discussed. We have also emphasised the complementarity of different data samples and the
importance of the CP phases for the analysis of the reactor and accelerator data. In particular,
the Borexino solar experiment gives a robust constraint, in the sense that it is independent of
the phases. On the other hand, reactor and accelerator experiments offer the only way to probe
the CP phases.

Future proposals to improve the constraints on neutrino magnetic moments are under study.
Besides the neutrino scattering off electrons, coherent neutrino nucleus scattering could also
contribute to the sensitivity by using muon 24 as well as electron neutrinos 25.
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y Cajal contract of the Spanish MINECO. The work of A.Parada was partially supported by
Universidad Santiago de Cali under grant 935-621114-031.

References

1. J. Schechter and J. W. F. Valle, Phys. Rev. D 24 (1981) 1883 Erratum: [Phys. Rev. D 25
(1982) 283]. doi:10.1103/PhysRevD.25.283, 10.1103/PhysRevD.24.1883

2. G. G. Raffelt, Phys. Rev. Lett. 64, 2856 (1990). doi:10.1103/PhysRevLett.64.2856
3. O. G. Miranda, T. I. Rashba, A. I. Rez and J. W. F. Valle, Phys. Rev. Lett. 93, 051304

(2004) doi:10.1103/PhysRevLett.93.051304 [hep-ph/0311014].
4. O. G. Miranda, T. I. Rashba, A. I. Rez and J. W. F. Valle, Phys. Rev. D 70, 113002

(2004) doi:10.1103/PhysRevD.70.113002 [hep-ph/0406066].
5. B. W. Lee and R. E. Shrock, Phys. Rev. D 16, 1444 (1977). doi:10.1103/PhysRevD.16.1444



6. W. J. Marciano and A. I. Sanda, Phys. Lett. 67B, 303 (1977). doi:10.1016/0370-
2693(77)90377-X

7. P. B. Pal and L. Wolfenstein, Phys. Rev. D 25, 766 (1982). doi:10.1103/PhysRevD.25.766
8. M. Fukugita and T. Yanagida, Phys. Rev. Lett. 58, 1807 (1987).

doi:10.1103/PhysRevLett.58.1807
9. S. Ando and K. Sato, Phys. Rev. D 67, 023004 (2003) doi:10.1103/PhysRevD.67.023004

[hep-ph/0211053].
10. H. Nunokawa, R. Tomas and J. W. F. Valle, Astropart. Phys. 11, 317 (1999)

doi:10.1016/S0927-6505(98)00072-3 [astro-ph/9811181].
11. J. Barranco, O. G. Miranda, C. A. Moura and A. Parada, Phys. Lett. B 718, 26 (2012)

doi:10.1016/j.physletb.2012.10.024 [arXiv:1205.4285 [astro-ph.HE]].
12. W. Grimus, M. Maltoni, T. Schwetz, M. A. Tortola and J. W. F. Valle, Nucl. Phys. B

648, 376 (2003) doi:10.1016/S0550-3213(02)00973-2 [hep-ph/0208132].
13. B. C. Canas, O. G. Miranda, A. Parada, M. Tortola and J. W. F. Valle, J. Phys. Conf.

Ser. 761, no. 1, 012043 (2016) doi:10.1088/1742-6596/761/1/012043 [arXiv:1609.08563].
14. R. C. Allen et al., Phys. Rev. D 47, 11 (1993). doi:10.1103/PhysRevD.47.11
15. L. B. Auerbach et al. [LSND Collaboration], Phys. Rev. D 63, 112001 (2001)

doi:10.1103/PhysRevD.63.112001 [hep-ex/0101039].
16. B. C. Canas, O. G. Miranda, A. Parada, M. Tortola and J. W. F. Valle, Phys. Lett. B 753,

191 (2016) Addendum: [Phys. Lett. B 757, 568 (2016)] doi:10.1016/j.physletb.2016.03.078,
10.1016/j.physletb.2015.12.011 [arXiv:1510.01684 [hep-ph]].

17. T. A. Mueller et al., Phys. Rev. C 83, 054615 (2011) doi:10.1103/PhysRevC.83.054615
[arXiv:1101.2663 [hep-ex]].

18. Deniz M et al. [TEXONO Collaboration] 2010 Phys. Rev. D 81 072001
19. Daraktchieva Z et al. [MUNU Collaboration] 2005 Phys. Lett. B 615 153
20. Derbin A I et al. 1993 JETP Lett. 57 768
21. Vidyakin G S et al. 1992 JETP Lett. 55 206
22. A. G. Beda, V. B. Brudanin, V. G. Egorov, D. V. Medvedev, V. S. Pogosov,

M. V. Shirchenko and A. S. Starostin, Adv. High Energy Phys. 2012, 350150 (2012).
doi:10.1155/2012/350150

23. C. Arpesella et al. [Borexino Collaboration], Phys. Rev. Lett. 101, 091302 (2008)
doi:10.1103/PhysRevLett.101.091302 [arXiv:0805.3843 [astro-ph]].

24. T. S. Kosmas, O. G. Miranda, D. K. Papoulias, M. Tortola and J. W. F. Valle, Phys. Rev.
D 92, no. 1, 013011 (2015) doi:10.1103/PhysRevD.92.013011 [arXiv:1505.03202 [hep-ph]].

25. T. S. Kosmas, O. G. Miranda, D. K. Papoulias, M. Tortola and J. W. F. Valle, Phys. Lett.
B 750, 459 (2015) doi:10.1016/j.physletb.2015.09.054 [arXiv:1506.08377 [hep-ph]].





7.
Young Scientists Forum





Precision Higgs boson mass measurement using H→ ZZ∗ → 4l decay mode
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A measurement of the Higgs boson mass using H → ZZ∗ → 4l decay channel has been per-
formed by the CMS collaboration at the LHC experiment using pp collisions at a center-of-
mass energy of 13 TeV with an integrated luminosity of 35.9 fb−1. This channel gives rise to
a narrow four-lepton mass peak and provide means for precision Higgs boson mass measure-
ments. The accuracy of the measurement is enhanced by using per-event four-lepton mass
uncertainties, the line shape of the Z-boson closest to being on-mass-shell, and matrix element
based kinematic discriminant used to separate signal and background.

1 Introduction

The H→ ZZ∗ → 4l decay channel (l = e, µ) has a large signal-to-background ratio and precise
reconstruction of the decay products, which makes it an important channel for precise deter-
mination of Higgs boson mass. The main irreducible background for this channel comes from
production of ZZ via qq annihilation or gluon fusion, is estimated from simulation. In addition,
there are also reducible backgrouds (denoted as “Z+X”) which are estimated using data-driven
methods in dedicated control region. The reconstructed four-lepton invariant mass distribution
is shown in Fig. 1 (left) for the sum of the 4e, 4µ and 2e2µ subchannels, and compared with the
expectations from signal and background processes.
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Figure 1 – Left: Distribution of the four-lepton reconstructed invariant mass m4l. Points with error bars represent
the data and stacked histograms represent expected distributions. The SM Higgs boson signal with mH = 125
GeV, denoted as H(125), and the ZZ backgrounds are normalized to the SM expectation, the Z+X background to
the estimation from data. Right: Distribution of Dkin

bkg versus m4l in the mass region 100 < m4l < 170 GeV. The
gray scale represents the expected total number of ZZ background and SM Higgs boson signal events for mH=
125 GeV. The points show the data and the horizontal bars represent Dmass. Different marker colors and styles
are used to denote final state and the categorization of the events, respectively. 2



2 Observables

To measure mass of the Higss boson, a three-dimensional likelihood (L(m4l,Dmass,D
kin
bkg)) fit is

performed. Fig. 1 (right) shows the three observables used in likelihood. m4l is four-lepton
invariant mass. Dmass = σm4l/m4l is per-event mass uncertainty, which is propagated from per-
lepton pT resolution. Z→ ll events in simulation and data are used to calibrate per-lepton pT

resolution in different kinematic regions. Fig. 2 (left) shows comparision of meausred relative
uncertainties for Z→ e+e− and Z→ µ+µ− events in data after calibration. Measured uncertain-
ties match with prediction very well within 20% systematic uncertainty assgined to resolution.
Dkin

bkg represents matrix element base kinematic discriminant, it uses kinematics information of
Higgs decay product, and is sensitive to separate signal-like events from background-like events.
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Figure 2 – Left: Measured versus predicted relative mass uncertainties for Z → e+e− and Z → µ+µ− events in
data. The dashed lines represent the 20% envelope, used as systematic uncertainty in the resolution. Right:
Distribution of the Z1 reconstructed invariant masses in the mass region 118 < m4l < 130 GeV. 2

To improve the four lepton invariant mass resolution, a kinematic fit is performed using a
mass constraint on one of the intermediate Z resonance Z1, it is defined as l+l− pair with mass
closer to PDG Z mass, it has a significant on-shell part, which can be seen from Fig. 2 (right).
Invariant mass distribution of the other intermediate Z boson (Z2) is much wider than detector
resolution, therefore Z2 is not used as a constraint. From Fig. 3, four lepton invariant mass
resolution is improved, the improvements are 7%, 13% and 15% for 4µ, 4e and 2e2µ final states
respectively. From left and middle plot of Fig. 3, this technique is more effective for events with
Z1 → e+e−.
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Figure 3 – The H → ZZ∗ → 4l invariant mass distribution for simulated mH=125 GeV events in the (left) 4e,
(center) 2e2µ, and (right) 4µ final states. The distributions are fitted with double-sided crystal ball functions
and fitted values of CB width σdCB are extracted before (black curve) and after (blue curve) applying Z1 mass
constraint. 2

We define the following likelihood to be maximized:

L(p̂1T , p̂
2
T |p1T , σp1T , p

2
T , σp2T

) = Gauss(p1T |p̂1T , σp1T )·Gauss(p2T |p̂2T , σp2T )·L(m12|mZ ,mH) (1)



where p1T and p2T are the reconstructed transverse momentum of the two leptons forming
the Z1, σp1T

and σp2T
are the per lepton resolutions, these are the inputs. The outputs are p̂1T

and p̂2T , they are refitted transverse momentum. And m12 is the invariant mass calculated from
the refitted four momenta. The term L(m12|mZ ,mH) is the mass constraint. For a 125 GeV
Higgs boson mass, the selected Z1 is not always on-shell, so a Breit Wigner shape does not
perfectly describe the Z1 lineshape at generator level. We therefore choose L(m12|mZ ,mH) to
be the m(Z1) lineshape at generator level from the SM Higgs boson sample with mH = 125 GeV.
For each event,the likelihood is maximized and the refitted transverse momentum are used to
recalculate the four-lepton mass and mass uncertainty, which are denoted as m′4l and D′mass.
These distributions are then used to build the likelihood used to extract the Higgs boson mass.

3 Result

The nominal result for the mass measurement comes from the 3D fit with m(Z1) constraint, for
which the fitted value of mH is 125.26± 0.20(stat.)± 0.08(sys.) GeV. The observed uncertainty
is smaller than the expected uncertainty by approximately 49 MeV. Fig. 4 shows 1D likelihood
scan vs. mH for 1D L(m′4l), 2D L(m′4l,D

′
mass) and 3D L(m′4l,D

′
mass,D

kin
bkg) fits including m(Z1)

constraint. Signal strength and all other nuisance parameters are profiled. When estimating the
systematic uncertainty, the signal strength is profiled in the likelihood scan with the systematic
uncertainties removed so that its uncertainty is included in the statistical uncertainty. The
systematic uncertainty is dominated by lepton momentum scale uncertainty.

Including per-event mass uncertainty in likelihood improves precision of Higgs mass measure-
ment by 9.8%, with respect to using mH alone in the likelihood. Matrix element based kinematic
discriminat improves precision by additional 3.1%. Finally, by using m(Z1) constraint improves
precision by 8.1%, comparing to CMS Run 1 style measurement, which is 3D fit without m(Z1)
constraint.
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Figure 4 – 1D likelihood scan as a function of mass for the 1D, 2D, and 3D measurement. The likelihood scans are
shown for the mass measurement using the refitted mass distribution with m(Z1) constraint. Solid lines represents
the scan with all uncertainties included, dashed lines statistical uncertainty only. 2
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The flavour lepton symmetry is gauged for both the Standard Model flavor group and its
extension with three degenerate right-handed neutrinos. As a consequence of anomaly can-
cellation, exotic leptons are introduced which induce a see-saw mechanism that generates the
masses of the SM leptons. The model is compared with Minimal Flavour Violation, the differ-
ence between the low-energy effective operators resulting is identified, as well as the distinctive
experimental signals, particularly promising in the µ− τ sector.

1 Motivation

The origin of the flavour structure of the elementary particles composing the visible universe
remains as one of the most fundamental questions in Particle Physics. Flavour is also central
constraining beyond the Standard Model theories (BSM) attempting to solve the electroweak
hierarchy problem since they typically imply unacceptable consequences in the flavour sector:
this is known as the flavour problem. In order to solve this problem, it is suggesting to consider
theories that explain the flavour puzzle in terms of a symmetry principle.

Inspired by this idea, the promotion of the lepton flavour symmetry to a gauge symmetry
is considered for the SM flavour group, SU(3)` × SU(3)E , and its extension with 3 degenerate
right-handed neutrinos 1, SU(3)` × SU(3)E × SO(3)N , extending previous work on the quark
sector 2.

2 Gauged Lepton Flavour Standard Model: SU(3)` × SU(3)E

The leptonic global flavour symmetry to be gauged is that exhibited by the SM in the absence
of Yukawa couplings 3: SU(3)` × SU(3)E . Anomaly cancellation of this non-abelian symmetry
is accomplished by the addition to the Lagrangian of three extra fermion species, denoted by
ER, EL, and NR whose quantum numbers are shown in Table 1. In addition, two scalar flavon
fields, YE and YN , are introduced to assure flavour invariance of the Yukawa couplings. As we
will see their vevs will be related with the inverse of the mass matrices of the leptons.

The most general renormalizable lagrangian with those fields and symmetries for the Yukawa
and mass terms reads:

LY =λE `LH ER + µE EL eR + λE EL YE ER + h.c.

+ λν `L H̃ NR +
λN
2
NRc YN NR + h.c. ,

(1)

When the flavon fields YE and YN develop a vacuum expectation value (vev), the flavour
symmetry breaking is trigered and fermion masses are generated. The dynamics of flavour



Table 1: Transformation properties of SM fields, of mirror fields and of flavons under the SM and SU(3)`×SU(3)E.

SU(2)L U(1)Y SU(3)` SU(3)E

`L ≡ (νL , eL) 2 −1/2 3 1
eR 1 −1 1 3

ER 1 −1 3 1
EL 1 −1 1 3
NR 1 0 3 1

YE 1 0 3̄ 3
YN 1 0 6̄ 1

breaking is encoded in the scalar potential, whose minima will determine the vevs of the flavons
that have been studied in Refs. 6,7,8. Although a dynamical justification for all fermion masses
and mixings is still lacking it has been shown that the potential minima lead to no mixing in
the quark sector and large mixings and majorana phases in the lepton sector if the degenerate
right-handed neutrinos are introduced (see Section 3).

The mass matrices generated by the Lagrangian in Eq. 1 suggest a Seesaw-like pattern for
both charged and neutral leptons. In the limit were YE � µE , v, the masses of the exotic
fermions ME , MN and SM leptons m`, mν read:

ME = λEYE , MN = λNYN , (2)

m` =
v√
2

λE µE
λEYE

, mν =
v2

2

λ2ν
λNYN

(3)

Due to the seesaw-like mechanism that arises for all leptons, the SM fermion masses are inversely
proportional to the masses of the exotic fermions. From the phenomenological perspective this
inverse proportionality is really interesting since the deviations from the SM predictions are
more important for τ - related observables, which are less constrained.

In general, the expected phenomenological signals of this model are flavour-conserving, and
include charged-lepton universality violation and non-unitarity of the PMNS matrix. Further-
more, the first particles awaiting discovery would be a tau mirror lepton and SU(3)E gauge
bosons which mediate µR − τR transitions.

3 Gauged Lepton Flavour Seesaw Model: SU(3)` × SU(3)E × SO(3)N

Secondly we have considered the gauging of the flavour symmetry of the type I Seesaw theory
with three degenerate right-handed neutrinos NR. In this context, the maximal non-abelian
flavour symmetry group of the Lagrangian in the limit of vanishing masses is SU(3)`×SU(3)E×
SO(3)N . The fermionic field content that needs to be added in order to cancel gauge anomalies
is identical to that in the previous model a while both scalar flavon fields transform in the
bifundamental of the flavour group b (see Table 2).

Table 2: Transformation properties of the fields that differ from the first model under the full gauge group.

SU(2)L U(1)Y SU(3)` SU(3)E SO(3)N

NR 1 0 1 1 3
YN 1 0 3̄ 1 3

atriangle diagrams cancel for SO(3)N and the NR fermions are singlets under the SM gauge symmetry.
bunlike the previous case where YN transforms in the conjugate symmetric representation of SU(3)`



The Yukawa interactions and Majorana mass terms of this model read:

LY =λE `LH ER + µE EL eR + λE EL YE ER
+ λν `L H̃ NR + λN N c

R YN NR +
µLN

2
NR

c
NR + h.c.,

(4)

The particle spectrum and phenomenology of the charged lepton sector matches the descrip-
tion given in the previous section, while for the SU(3)` and SO(3)N sectors the spectrum and
phenomenology will now depend on three fundamental scales: the vevs of YE and YN and the
lepton number parameter µLN . From now on we will focus on the limit YN � µLN since in the
opposite YN � µLN we recover the phenomenology of the previous section.

In particular, the neutral fermion mass matrix is the typical of inverse Seesaw scenarios:

1

2

 0 λνv/
√

2 0

λνv/
√

2 0 λNYTN
0 λNYN µLN

 + h.c., (5)

The masses of the exotic neutral leptons MN and neutrinos mν read:

MN ' λNYN , mν '
v2

2

λν
2

λ2N

1

YN
µLN

1

YTN
. (6)

The main phenomenological difference of this model with respect to the previous one is that
now we can expect not only LUV signals but also Lepton Flavour Violation (LFV), precisely
because the LN parameter µLN and lepton flavour violation scale‖YN‖ are independent and the
latter is not strongly constrained by the tiny value of light neutrino masses.

4 Comparison with Minimal Lepton Flavour Violation

In this work we have gauged the flavour symmetry of the SM and of the type I Seesaw Lagrangian
inspired by the idea of solving the flavour problem through a symmetry principle, therefore it
is interesting to study whether the resulting low-energy phenomenology is compatible with that
expected by other attempts like Minimal Lepton Flavour Violation (MLFV) 9.

Minimal flavour violation (MFV) is an effective aproach that describes the low energy effects
of a class models that are not afflicted by the flavour problem by imposing to the BSM to respect
the flavour symmetry, plus the simple assumption that at low-energies Yukawa couplings are the
only source of flavour.

Figure 1 - Comparison between the gauged-flavour type-I Seesaw scenario for YN � YE and MLFV in a CP-even

case: branching ratios for the different lepton rare decays over that for µ→ eee, for neutrino normal ordering.



The low-energy effective Lagrangian of our gauged-flavour models is, by construction, for-
mally invariant under the spurion analysis of MLFV; however the analytic dependence on the
scalar fields does not always match that in the original formulation of MLFV and subsequent
works10,11,12,13. In particular we found that, while the effective operators that arise due to exotic
fermion exchange resemble those of MLFV, the operators resulting from the flavour gauge boson
exchange have a more complex structure and do not correspond to any operator in the classical
formulation of MLFV, therefore leading to distinctive phenomenological signals.

As an illustration, the predicted branching ratios for various lα → lβl
+
ρ l
−
κ processes are

compared in Fig. 1. The main difference within these Lepton Flavour Violating decays is that
the gauged flavour model predicts processes that violate lepton flavour by two units at leading
order (e.g., τ → µe+e+ and τ → eµ+µ+) while they are absent in the MLFV case since they
are suppressed by higher-order spurion insertions.

5 Conclusions

We have considered the gauging of leptonic global flavour symmetries that the SM Lagrangian
or its fermionic Seesaw extension exhibit in the limit of massless SM leptons. It is remarkable
that the gauge anomaly cancellation conditions point to a universal Seesaw pattern for both
charged and neutral leptons. In the neutrino sector the gauging of the SM flavour leads to the
type I Seesaw while the gauging of the Seesaw flavour symmetry generates an inverse Seesaw
scenario.

Lepton Universality Violation signals are expected for both the gauged SM-flavour and
the gauged Seesaw flavour models and, in the second case, flavour violating transitions among
charged leptons could arise. As a consequence of the Seesaw pattern the main expected signals
tend to involve the heavier SM leptons whose interactions are less constrained by present data.

The phenomenology has been compared with that of Minimal Lepton Flavour Violation and
it was shown that flavour gauge bosons may induce distinctive charged lepton transitions with
respect to those expected in MLFV while the mirror lepton effects mimic those of MLFV.
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Jets originating from the hadronization of quarks and gluons are ubiquitous in the LHC
collisions. The novel Particle Flow (PF) event reconstruction algorithm used in the CMS
experiment allows studying jets on the particle level and we can measure how the total energy
of a jet is distributed to different particle types. We call this branch of experimental particle
physics jet particology. Energy composition of jets is measured with 20 fb−1of

√
s = 8 TeV

proton-proton collisions. We observe good agreement between measurement and simulation,
but small discrepancies suggest that modeling of some phenomena in the detector simulation
can still be improved. We also note that the possibilities opened by PF jet reconstruction are
not fully explored and deserve further attention.

1 Introduction

Jets are present in virtually every collision event in the LHC due to the confinement property
of Quantum Chromodynamics determining the behavior of quarks and gluons. Thus precision
measurements of jet energies – i.e. accurate determination of jet energy scale – is of paramount
importance for LHC experiments. A suite of methods exists for calibrating jet energies and
large efforts are put to jet corrections in CMS1, but so far jet substructure studies have been
performed mostly for determining to see if a jet contains a b-quark, if it consists of narrow
sub-jets or whether the originating parton is a quark or a gluon. We extend the field of jet
substructure studies by studying the distribution of jet energy to different particle types and
measure jet energy composition. Where conventional jet reconstruction methods using primarily
calorimeter energy do not allow the separation of particle types, the CMS Particle Flow (PF)
algorithm builds jets from individual particles in a bottom-up approach and thus enables detailed
jet substructure studies. We call the study of jet substructure and phenomenology on the particle
level jet particology.



2 The CMS Particle Flow algorithm

Figure 1 – The CMS Particle Flow algorithm combines sub-detector information and reconstructs individual
particles in collision events for converting detector signals back to physical objects. Image: Francesco Pandolfi

The CMS Particle Flow algorithm2,3 reconstructs individual particles in the collision events
by combining the information of sub-detectors in an optimized way and aims to convert the
image created by detector signals back to what actually happened in nature, as depicted in
Fig. 1.

Where conventionally jets are formed from energy deposits in calorimeters, the CMS PF
jets are clustered directly from reconstructed particles, or PF candidates, using the anti-kT
algorithm4. This bottom-up approach is what makes detailed jet substructure studies possible.
Before clustering, the events are cleaned from charged hadrons originating from pileup vertices
for minimizing the energy contribution to jets from non-leading proton-proton interactions.
The jet energies are then corrected with a sequential calibration procedure that corrects the
jet response R = pObserved

T /pTrue
T to unity as a function of jet transverse momentum pT and

direction η.1

The PF algorithm associates every particle track and calorimeter energy deposit to a passing
electron, muon, photon or charged or neutral hadron by using the information from all CMS
sub-detectors. Electrons produce a curved track followed by a deposit in the electromagnetic
calorimeter (ECAL), where muons deposit energy also to the muon system. Both charged and
neutral hadrons deposit energy to ECAL and hadronic calorimeter, HCAL, but they can be
distinguished by the curved track connected to the deposit, or lack thereof. The signature of a
photon is an energy deposit in the ECAL which is not preceded by a track.

3 Jet energy composition

In Monte Carlo simulations the jet energy composition is predicted at particle level and different
hadrons are distinguished, for example, as seen in the study made with pythia6 hadronization
model in Fig. 2 (left). In the hadronization process the most probable hadrons to be created
from the kinetic energy of the mother parton are pions as they are the lightest mesons in the
nature. The probability of producing any of the three pions, π+, π− and π0, is roughly equal as
seen in the pythia6 simulation, where on average about 20% of energy in jets is carried by each
type of pions. Thus, roughly 60% of the jet energy is from pions. While π± having cτ > 10 mm
are considered stable, the contribution of π0 appears as photons (γ) due to the short lifetime
of neutral pions that decay virtually instantly to photons. The other significant contributions
come from kaons (K+, K−, K0

S , K
0
L), light baryons (p, p̄, n, n̄), strange baryons (Σ±, Λ0)



and photons with roughly 20%, 12%, 3% and 3% energy fractions, respectively. Simulated jet
energy composition does not show sizeable energy dependence.

The detector level jet energy composition is shown in Fig. 2 (right) with measured data
shown with markers and pythia6 simulation with Geant4 detector modeling is shown with color-
filled histograms. Although a similar pattern with charged hadrons and photons dominating the
energy content is visible, a few experimental effects are observed. Firstly, the fraction of charged
pileup energy in the jets, which is present in this special study only and normally subtracted
before jet clustering, is significant at low transverse momenta, but decreases fast with increasing
jet pT. This is because the pileup energy density in the events is roughly constant and thus
the relative contribution vanishes for high-pT jets. The phenomenon is well understood and
modeled as indicated by the excellent agreement with simulation, highlighted in the bottom
panel of Fig. 2 (right) where simulation is subtracted from data.
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Figure 2 – Jet energy composition as a function of jet pT as predicted by pure pythia6 Monte Carlo (MC)
simulation (left) and as measured from collision data (right, markers) and modeled with pythia6 MC + Geant4
detector simulation (right, histogram).1

Second experimental effect is the fact that neutral hadron fraction goes down from around
15% predicted by the pure simulation in Fig. 2 (left) to less than 10% in the measured compo-
sition. While further studies are needed to fully understand the mechanism behind the drop,
we currently believe that it is partly due to the significantly lower detector response for neutral
hadrons, measurement of which has to rely only on calorimetry due to the absence of tracks.
This is compensated by the energy fractions of charged hadrons and photons both increasing
with respect to pure simulation of Fig. 2 (left). Another effect in play are particles (mainly K0

S

and Λ0) decaying in-flight inside the detector, which are considered stable in Fig. 2 (left) as they
have cτ > 10 mm, but decay realistically in the data and simulation of Fig. 2 (right). Also these
effects are well modeled in the detector simulation as shown by the sub-percent level agreement
of data and simulation up to the energy of 300 GeV, where a third phenomenon starts to kick
in.

The effect of decreasing charged hadrons and the balancing increase in neutral hadrons and
photons at pT > 300 GeV is understood to arise from overlapping tracks inside high-pT jets.



In the narrow cores of energetic jets the track density is high and linking charged tracks to
calorimeter clusters becomes harder and harder for the PF algorithm. When tracks overlap
within the detector granularity, tracking efficiency falls and the calorimeter deposits containing
more energy than measured from tracking are reconstructed as neutral hadrons and photons.
This effect is also reasonably well modeled in the simulation with the discrepancy staying within
±2%, but there is room for improvement as the difference between data and simulation increases
with jet pT.
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One of the advantages of clustering jets
from PF candidates instead of calorimeter de-
posits is shown in Fig. 3, where the sensitiv-
ity of jet response to the calorimeter energy
scale is studied for Particle Flow -based PF-
Jets and calorimeter-based CaloJets. This is
interesting as calorimeter scale is one of the
biggest sources of systematic uncertainty. At
low energies PFJets are significantly more ro-
bust than CaloJets, which directly converts
to a smaller jet energy scale uncertainty and
smaller systematic uncertainties in all the
CMS analyses that have jets in the final state,
which is the vast majority. As jet pT increases
to the TeV-scale, the behavior of PFJets ap-
proaches that of CaloJets as the high-pT jets
are measured mostly with calorimeters when
tracking performance diminishes due to too
straight and overlapping trajectories of very
energetic particles inside the jets.

4 Conclusions

The Particle Flow algorithm works extremely well and it has become the standard event and jet
reconstruction method in CMS. For jet studies PF provides access to particle level information
which allows in-depth jet studies, for example determining the jet energy composition. Jet
energy composition is a diverse tool for thorough understanding of the experimental effects
present in jet measurements, but also for comparing the measured jet structure to theoretical
predictions. The composition studies are so far used mostly as sanity checks of jet reconstruction
and for decreasing jet energy scale uncertainties, but a wide range of possibilities both for new jet
calibration techniques and detailed composition measurements restricting the jet hadronization
models are being investigated.
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SCALAR PRODUCTION IN ASSOCIATION WITH A Z BOSON AT LHC AND
ILC: THE MIXED BEH-RADION CASE OF WARPED MODELS
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Université Paris-Saclay, F-91405 Orsay Cedex, France

The radion scalar field might be the lightest new particle predicted by extra-dimensional
extensions of the Standard Model, thus possibly leading to the first signatures of new physics
at the LHC. We perform a study of its production in association with a Z boson in the
custodially protected warped model with a brane-localised Higgs boson addressing the gauge
hierarchy problem, with radion-Higgs mixing effects included. While the considered radion
production at the LHC would constrain some parts of the parameter space, it is only the ILC
program that will be able to cover a significant part of this space through the studied process.
Complementary tests of the same theoretical parameters can be realised through the high
accuracy measurements of the Higgs couplings at ILC.

1 Introduction

An elegant class of extensions of the Standard Model (SM) addressing the gauge hierarchy
problem are the so-called warped extra-dimensional or Randall-Sundrum (RS) models. 1 In such
models, the hierarchy between the Planck and electroweak scales is achieved with the help of
the curved geometry of the 5th dimension.

However, as the extra dimension is finite in length, it should be stabilized by a suitable
mechanism. One such proposal is the Goldberger-Wise mechanism,2 which predicts the existence
of a new scalar field, the radion, that can mix with the SM scalar boson. In the following, after
summarizing the main properties of the radion, we will discuss the prospects of its detection
when produced in association with a Z boson at present (LHC) and future colliders (ILC).

2 Higgs-Radion Mixing Couplings to Z Bosons

The model under consideration is the custodial RS scenario 3 with the Higgs bi-doublet localised
on the infrared (IR) brane, while the remaining fermionic and gauge fields are propagating in
the bulk. In the (+−−−−) convention that will be used throughout this work, the perturbed



RS metric reads

ds2 = e−2(k y+F )ηµνdxµdxν − (1 + 2F )2dy2 ≡ gMNdxMdxN , (1)

where F (x, y) represents the scalar perturbation of the 5D metric, which we denote as gMN .a

Upon resolution of the 5D Einstein equations and in the limit of small backreaction of the field
F on the metric curvature, the scalar perturbation F (x, y) can be parametrized as follows 7:

F (x, y) =
φ0(x)

Λ
e2k(y−L), (2)

where φ0 is the (unmixed) 4D radion field and Λ its vacuum expectation value (VEV), which is
an O (TeV) energy scale that sets the length of the extra dimension.2

In order to obtain the (unmixed) radion coupling to two Z bosons, one should linearize
the corresponding 5D Lagrangian with respect to the scalar perturbation, F . This procedure,
including the effects of Kaluza-Klein excitations of the Z boson, is performed in detail in refer-
ence 4. Here we only display the dominant contributions to the h0ZZ and φ0ZZ couplings, in
the limit of infinitely heavy KK resonances:

L4DϕZZ ' m2
Z

(
h0
v
− φ0

Λ

)
ZµZ

µ, (3)

where h0 denotes the unmixed Higgs scalar and v its VEV.
The Higgs-radion mixing arises at the renormalisable level by coupling the 4D Ricci scalar

R4 to the trace of H†H via a gauge invariant term 6 as follows:

S4D
ξ = ξ

∫
d4x

√
gindR4(g

ind
µν )

1

2
tr
(
H†H

)
, (4)

with gindµν being the perturbed metric induced on the IR brane metric. As it involves the brane-
localised Higgs field, the Higgs-radion mixing sources from the IR brane. After EW symmetry
breaking, a non-zero ξ coupling in induces a kinetic mixing between h0 and φ0. The transition
to the mass eigenstates, h and φ, is worked out in detail in reference 4. Here, we only mention
that the Higgs-radion sector is described by four parameters: the mixing parameter ξ, the radion
VEV Λ, the physical radion mass mφ, and the physical Higgs mass mh = 125 GeV.

3 Radion Detection and Higgs Precision Measurements

In this section, we will summarize the search strategies for a radion produced in association with
a Z boson at the LHC and at the ILC, and then discuss how Higgs precision measurements at
the ILC can constrain the mixed Higgs-radion parameter space. A more detailed discussion can
be found in reference 4.

3.1 Radion Production at the LHC

For the full reaction pp→ Zφ followed by the radion decay into a pair of SM states, one expects
a considerable SM background that needs to be rejected. Such a reduction of the background can
come from a cut on the transverse momentum of the reconstructed Z, pT (µµ) (see the pT (µµ)
distribution for the 13 TeV LHC in reference 8). We now summarize the main techniques to
measure Zφ production at the LHC, focusing on three ranges for the radion mass.
mφ & 20 GeV. A light radion decays almost always into jets (gg or bb pairs), which corresponds
to selecting experimentally two inclusive jets (including two gluons or two b’s). By appropriately
choosing the cuts on the pT of the reconstructed Z, 4 the obtained LHC reach at 2σ for 300 fb−1

at 13 TeV is illustrated by the red region in the left panel of Fig. 1.

aUpper case roman letters denote 5D Lorentz indices, while the Greek letters denote 4D Lorentz indices.



Figure 1 – Left panel: Iso-contours of Zφ production cross section (in fb and pb) at the LHC with√
s = 13 TeV, as a function of ξ and mφ (in GeV), for Λ = 4 TeV. The light blue regions are excluded

by theoretical constraints, while the purple, red, and blue zones approximately indicate parameter space
regions that will be probed with 300 fb−1 at the LHC via radion decays into hh, dijets (gg + bb), and
WW final states, respectively. Right panel: Summary plot for direct and indirect radion searches at the

three stages of operation of the ILC (
√
s = 250 GeV, 500 GeV, and 1 TeV), in the {ξ,mφ} plane, for

Λ = 5 TeV. The blue region covers the Higgs-radion parameter space estimated to be probed by the
ILC through direct radion searches, while the red region represents the domain potentially probed by the
precise measurement of the hZZ coupling. The theoretically excluded region is represented as the cyan
domain.

mφ > 160 GeV. In this regime, one benefits from the kinematical opening of the WW channel
(the branching ratio to ZZ is smaller). For an integrated luminosity of 300 fb−1, selecting semi-
leptonic decays for the WW system and corroborating with a radion mass selection, one obtains
the sensitivity order of magnitude indicated by the blue region on the left panel of Fig. 1.

mφ > 250 GeV. Finally, for mφ > 250 GeV, the LHC becomes sensitive to the channel pp→
Zφ, φ→ hh. The Zhh production background opens up with a cross section of 0.25 fb, 9 which
would correspond to a ∼ 1 fb cross section sensitivity limit for σtot(Zφ). The order of magnitude
of this sensitivity is indicated, in purple, on the left panel of Fig. 1 as well.

This domain and the above sensitivity regions are clearly coarse estimates and a full analysis
would be needed. Those regions however show that the Zφ search at LHC could be comple-
mentary, in testing some specific regions of the {ξ,mφ} plane, to the search for the gluon-gluon
fusion production of the radion. 5

3.2 Radion Production at the ILC

For the associated Zφ production at ILC, one can use the same missing mass technique as for
the Zh production 10 which is independent of the radion branching ratio values. This powerful
method is only feasible using the large luminosity provided by this machine (H-20 scenario 11).
We summarize below the prospects for Z + φ production at the ILC for three representative
mass ranges for the radion.

mφ < 150 GeV. Since the Zφ production cross section scales as s−1, this low mass domain
will be covered by running at

√
s = 250 GeV. The σ(Zφ) sensitivity in this mass region which

is at the 0.5 − 1 fb level, as shown by the blue region from the right panel of Fig. 1. Note the
decrease of sensitivity for mφ ∼ mZ , where a radion peak would be obscured by the Z peak.

mφ > 150 − 160 GeV. When mφ > 150 GeV, one starts crossing the kinematical limit for
the Zφ production and it becomes necessary to use data taken at a 500 GeV center-of-mass



energy. Also, the situation changes substantially since the WW , ZZ channels start opening for
the radion decay, which helps the recoil techniques. Selecting semileptonic decays of the WW
system, one reaches, at the counting level, a ∼ 1 fb sensitivity on σ(Zφ).
mφ > 250 GeV. For mφ > 250 GeV, the hh channel becomes accessible for the radion decay.
Using Higgs decays into bb̄, one could reach a sensitivity on σ(Zφ) at the ∼ 0.01 fb level.

The various estimates given so far constitute a reasonable first guess of the ILC sensitivity
for a radion search in the Zφ production channel. On the right panel of Fig. 1, we summarize
on a unique plot the covered regions (in blue) issued from the ILC runs at 250 GeV, 500 GeV
and 1 TeV, for the radion VEV having a value of Λ = 5 TeV. A dedicated analysis would be
needed to fully assess such performances but it is clear that ILC can dig into the radion scenario
with excellent sensitivity.

3.3 Higgs Precision Measurements at the ILC

It is estimated that the Higgs coupling to two Z bosons will be measured at the 0.51% (1.3%)
1σ error level at the ILC with an energy option of 1 TeV (250 GeV), 12 via the Zh production
channel. Such measurements would exclude at 2σ the red regions from the right panel of Fig. 1,
assuming a central value equal to the predicted SM hZZ coupling.

4 Conclusions

Let us finish this study on the radion production by a short conclusion, now that the possibilities
of observation have been discussed. The study of the reaction qq̄ → Zφ at the LHC could allow
to cover significant parts of the h−φ parameter space. However, it will take the ILC program at
high luminosity to cover most of the theoretically allowed parameter space, via the e+e− → Zφ
search. Moreover, the ILC benefits from the complementarity between i) direct radion searches
and ii) high accuracy measurements of the Higgs couplings in the exploration of the h − φ
parameter space (typically the {ξ,mφ} plane). We also note that, due to the better sensitivity
of the ILC with respect to the LHC for the low radion masses, a light radion is an interesting
example of new physics that could escape detection at the LHC but be discovered at the ILC.
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Search for Zγ resonances in pp collisions with the ATLAS detector
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An overview of the search for Zγ resonances using proton-proton collision data recorded by
the ATLAS detector is presented. A search for evidence of the Standard Model Higgs boson
undergoing the decay H → Zγ,Z → ``, where ` = e or µ, has been performed, and a brief
summary of the most recent public results is given. A search for exotic high mass resonances
decaying to a Zγ final state has been performed using proton-proton collision data recorded
at
√
s = 13 TeV. Leptonic decays of the Z boson (Z → ``, where ` = e or µ) have been

investigated, together with hadronic decay modes (Z → qq̄). An overview of the most recent
public results is presented.

1 Introduction

Searches for evidence of resonances decaying to a Zγ final state have been performed using
proton-proton collision data recorded by the ATLAS detector 1. The expected Standard Model
(SM) Higgs boson decay H → Zγ has not yet been observed but is of great interest because it
provides a relatively clean signal and all of the final state particles can be reconstructed. The
leading order Feynman diagrams for this process are shown in Figure 1. It is possible that the
loops may contain hitherto undiscovered particles. Measurements of the H → Zγ decay rate
could therefore provide insight into models beyond the Standard Model (BSM). Many BSM
models introduce additional massive bosons that decay to final states containing W±, Z or γ
bosons. Consequently, this analysis has also been extended to directly probe possible new high
mass particles in a search for evidence of new resonances decaying to a Zγ final state.
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Figure 1 – Summary of the dominant H → Zγ decay processes.



2 Search for Standard Model H → Zγ Decays

A search for evidence of the SM Higgs boson undergoing the decay H → Zγ,Z → `` has been
performed using 4.5 fb−1 of data recorded at a centre-of-mass energy

√
s = 7 TeV and 20.3 fb−1

of data recorded at
√
s = 8 TeV 2. Events were selected by requiring two charged leptons (e+e−

or µ+µ−) with pT > 10 GeV, and an isolated photon with ET > 15 GeV.

In order to enhance the sensitivity of the analysis, the selected events were separated into
ten categories according to the centre-of-mass collision energy, the final state (eeγ or µµγ),
the component of the pT of the reconstructed Higgs boson candidate orthogonal to the axis
defined by the difference between the Z boson and photon momenta (termed Higgs pTt), and
the difference in pseudorapidity between the Z boson and the photon (|∆ηZγ |).

The signal was modelled using an analytical function constructed from the combination
of a Crystal Ball function and a Gaussian distribution. The background was modelled using
polynomials of various order, that were fitted directly to the observed data.

No significant excess above the background was observed, and so upper limits were set on
the production cross section of a SM Higgs boson decaying to Zγ (normalised by the Standard
Model expectation), as shown in Figure 2. For a Higgs boson of mass 125 GeV, the expected
and observed limits were 9 and 11 times the Standard Model predictions, respectively.
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3 Search for High Mass Resonances with a Zγ Final State

A search for evidence of new high mass resonances decaying to a Zγ final state has been per-
formed using 13.3 fb−1 of data recorded at a centre-of-mass energy

√
s = 13 TeV 3. Events were

selected by requiring two charged leptons (e+e− or µ+µ−) with pT > 10 GeV, and an isolated
photon with ET > 15 GeV. The reconstructed Z boson was required to be within 15 GeV of the
Z mass pole, and was then combined with the highest ET photon to form the m``γ candidate.

Events were separated into two categories based on the final state of eeγ or µµγ, in order
to exploit their different invariant mass resolutions. Muons with a very high pT suffer from a
loss of resolution, as can be seen when comparing simulated signal at 300 GeV and 1.5 TeV in
Figure 3. The signal is modelled using a double-sided Crystal Ball function, which consists of a
core Gaussian distribution with asymmetric power-law tails.

The background is dominated by non-resonant Z + γ production that accounts for around
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90% of the total, while the remaining 10% comes from production of a Z boson in association with
a hadronic jet that is then misreconstructed as a photon. The background was modelled using
an analytical function that was fitted directly to the data, with the functional form determined
by assessing the level of spurious signal and by performing an F-Test. Spurious signal represents
a bias on the signal yield arising from the choice of background model - fitting a combined signal
and background model to a sample of background events will return a non-zero signal yield, and
the ratio of this fitted yield to its uncertainty is required to be less than 20%. The F-Test is a
means of identifying the simplest functional form for which introducing an additional parameter
does not significantly improve the quality of the fit. The selected background model used in
both categories has the form:

fk=0;d=1/3(x; b, d, {ak}) = (1− x1/3)bxa0 , (1)

where x =
mllγ√
s

, and b and a0 are free parameters. The results of fitting this function in each

category are shown in Figure 4.
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Figure 4 – Distribution of the reconstructed Zγ invariant mass in events in which the Z boson decays to electrons
(left) or to muons (right). The solid lines show the results of background-only fits to the data. The residuals of
the data points with respect to the fit are also shown 3.

No significant excesses were identified and so limits were placed on σ(pp→ X)×BR(X →
Zγ) at 95% CL, as shown in Figure 5. The expected limits range from 103 fb (mX = 250 GeV)
to 5 fb (mX = 2.4 TeV), while the observed limits range from 215 fb (mX = 270 GeV) to 5 fb
(mX = 2.4 TeV).

Consideration is also given to hadronic decays of the Z boson, where the resultant quarks
form the seeds of highly boosted hadronic jets 4. An analysis was performed using 3.2 fb−1

of data recorded at
√
s = 13 TeV that examined both leptonic and hadronic decays of the



Z boson. Hadronic Z boson decays suffer from poor sensitivity at low masses due to a large
associated background, but provided greater sensitivity than the leptonic decays when probing
m``γ > 1.5 TeV. The resultant limits are also shown in Figure 5.
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boson X, σ(pp → X) × BR(X → Zγ), as a function of the boson mass mX . The green and yellow solid bands
correspond to the ±1σ and ±2σ intervals for the expected upper limit, respectively. Left: results obtained
using 13.3 fb−1 of

√
s = 13 TeV data, from leptonic Z decays only. Right: results obtained using 3.2 fb−1

of
√
s = 13 TeV data, from leptonic Z decays (mX < 700 GeV), hadronic Z decays (mX > 1.5 TeV) and a

combination (700 < mX < 1500 GeV) 3,4.

4 Conclusions

A search for evidence of the Standard Model Higgs boson decaying to a Zγ final state, where
the Z boson decays leptonically, has been performed using data recorded at centre-of-mass
energies

√
s = 7 and 8 TeV. No significant excesses were observed and so limits have been set on

production cross section normalised by the Standard Model expectation. A search for evidence
of a new high-mass resonance decaying to a Zγ final state has been performed using 13.3 fb−1

of data recorded at
√
s = 13 TeV. No significant excesses have been observed, and limits have

been set on the production cross-section times the branching ratio. Both of these analyses have
since been reproduced using 36.1 fb−1 of data that had been recorded at

√
s = 13 TeV by the

end of the 2016 data-taking period. The increased integrated luminosity and the larger Higgs
boson production cross-section due to the higher centre of mass energy, 13 TeV, wereexpected
to improvethe H → Zγ decay limit by about 40%. Further improvements were also expected
through re-optimisation of the event categories. The results of these updated studies are to be
published in JHEP.
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Search for Exotic Phenomena using Events with Same Charge Dileptons + b-Jets
at 13 TeV with ATLAS

Sarah L. Jones, on behalf of the ATLAS Collaboration
Department of Physics, 1118 E 4th St, University of Arizona, Tucson, AZ 85721

A search is presented using events with b-jets, sizable missing transverse energy and total
transverse momentum from leptons and jets (HT ), and at least two leptons with the same
charge in the final state (three lepton final states are also considered). The Standard Model
(SM) processes that produce final states of this sort are relatively rare, so the SM backgrounds
for this search are low. Several signal models are explored, which could produce an enhanced
production rate for final states with same charge dileptons. The signal models explored here
are Vector-like Quarks B, T , and T5/3, and several 4-top (tttt) signatures: Standard Model
production, contact interaction, and a model with two Universal Extra Dimensions under the
real projective plane geometry (2UED/RPP).

1 Introduction

Several theoretical models predict new particles that may provide an answer to the nature of
dark matter or a mechanism for naturally stabilizing the Standard Model (SM) Higgs mass at
the observed value of 125 GeV.1,2 This search looks for evidence of different beyond the Standard
Model (BSM) signal models that produce particles that decay to two leptonsa of the same charge
plus associated missing transverse energy and b-jets. Among the models presented here are those
that include Vector-Like Quarks (VLQ) of the varieties T , B, and T5/3, and models that predict
enhanced 4-top (tttt) production from SM, contact interaction (CI), or via two universal extra
dimensions under the real projective plane geometry (2UED/RPP). Figure 1 shows leading
order Feynman diagrams for T5/3 pair production and the contact interaction model for 4-top
production.

The VLQ production modes this analysis is sensitive to are pair and single production of
T5/3 and pair production of T and B, because these have a likely chance of producing two
same charge leptons or multiple leptons. The decay modes of interest include T5/3 →Wt and
for the T and B VLQ varieties, charged current, T →Wb and B →Wt, and neutral current
T → Zt/Ht and B → (Zb/Hb). The VLQ are assumed to couple only to 3rd generation quarks
in this search.

Previous searches for VLQ and 4-top production at ATLAS and CMS with
√
s = 8 TeV data

did not reveal evidence of a significant excess of same charge dilepton production. However, the
ATLAS search3 did show a modest excess of about 2.5σ in the signal regions with the highest
transverse energy, missing transverse energy, and higher number of b-jets. This excess was
investigated with the early Run II collision data, totaling 3.2 fb−1 at

√
s = 13 TeV.4 The results

with this dataset are presented in this conference. An analysis with the full
√
s = 13 TeV dataset

is currently being done, where the signal regions are optimized to better account for the increase
in energy.

aIn this context, when referring to leptons, only muons and electrons are considered.



Figure 1 – Tree-level diagrams for two signals searched for in this analysis. On the left, the contact interaction
model for 4-top production is shown. On the right, pair production via gluon-gluon fusion is shown for T5/3

vector-like quarks. Note this mode of pair production for T5/3 is also applicable to the T and B vector-like quarks
searched for in this analysis.

2 Background Estimation

There are two major background categories in this analysis. The first encompasses all the
irreducible backgrounds from SM processes that produce real same-sign dilepton pairs plus
associated jets in the final state. Such processes are well-understood and all sources must be
taken into account. The contributions come from tt+V , where V = W , Z, and to a lesser extent
H, diboson and triboson processes, and three top quark processes. Irreducible backgrounds are
modeled with MC and normalized to the appropriate luminosity to compare with the data.

The second major category of backgrounds is referred to as the data-driven background
because modeling of the backgrounds in this category is done with data instead of MC. This
is because it is difficult to accurately simulate these backgrounds. There are two backgrounds
contributing to the data-driven background estimation in this analysis: (1) charge mis-identified
electrons and (2) fake and non-prompt leptons.

Charge mis-identified electrons are electrons that have had their charge mis-measured leading
to a mis-identified pair of same-sign dileptons, when in fact the pair is opposite-sign. This
background is negligible for muons since the ATLAS muon system has a long lever-arm, muons
are unlikely to radiate photons at the energies muons are typically produced in ATLAS, and
the charge of a muon is measured in both the inner detector as well as the Muon Spectrometer.
Calculating the rate, ε, at which the charge of an electron is mis-measured is done using Z → ee
data events in the Z-peak region (|mee −mZ | < 10 GeV). The rates are binned in electron pT
and η and extracted by maximizing the Poisson likelihood for a same-sign electron pair in each
bin. An overall weight is applied to opposite-sign events to estimate the total same-sign events
where one electron has its charge mis-measured.

The fake and non-prompt lepton background is estimated by first defining a sample consisting
of single lepton events with the isolation requirements on the lepton relaxed, creating a loose
set of leptons. A tight sample of leptons, required to be a strict subset of the loose sample,
is defined by using the same definition of leptons as is used in the main analysis, including
an isolation requirement. Then, efficiencies for a lepton to pass the tight criteria (isolation)
are measured in control regions enriched in either real leptons or fake leptons. Real and fake
efficiencies are extracted from the corresponding control region and binned in lepton pT, η,
and ∆R(`, closest jet). Event characteristics, such as the trigger used to fire the event and the
number of b-tagged jets in the event, are also accounted for in the efficiencies since different
event characteristics can influence the real and fake efficiencies in different ways.

Once the efficiencies are measured for electrons and muons, a Poisson likelihood approach
is used to estimate the overall number of fake leptons in the control and signal regions for this
analysis. The Poisson likelihood is based on the familiar Matrix Method, where the total number
of tight fake leptons depends on the real and fake efficiencies measured in control samples and the



total number of loose and tight leptons in a sample. The Poisson likelihood approach uses the
same Matrix Method but applies a bin-by-bin likelihood fit on a sample, instead of calculating an
event-by-event weight which the Matrix Method normally employs. This approach was shown
to provide more stability for the estimation of the fakes background.

The background estimation is validated in a set of control and validation regions where
the full data-driven estimation and total MC backgrounds are compared with data. Once the
backgrounds are validated, the data is unblinded in the signal regions. The analysis strategy is
a simple ‘cut-and-count’ method, where for each signal region the total predicted background
events and data yields are compared.

3 Systematic Uncertainties

Systematic uncertainties primarily come from uncertainties on the cross section and luminosity,
as well as from simulation systematics. Uncertainties from the jet energy scale and resolution,
lepton identification efficiency, and b-tagging efficiency also contribute to the overall background
uncertainty. The fake and non-prompt lepton background contributes a large portion of the
total systematic uncertainties in the signal regions, about 54%. The charge mis-id background
contributes about 25% of the total background uncertainties in the signal regions. Both data-
driven background systematics are derived from variations in the calculation of the efficiencies
or rates used to estimate the backgrounds.

4 Results

Similar signal regions are defined for the 4-top and vector-like quark signal models since they
share a similar final state topology. However, the distributions for these signals in some kine-
matic variables differs somewhat. Therefore, eight orthogonal signal regions are defined to
optimize certain regions’ signal significance providing greater sensitivity to the signal models.
The channels, e±e±, µ±µ±, e±µ±, eee, eµµ, eeµ, µµµ, are combined and further categorized by
kinematic cuts on Emiss

T , HT, the number of b-jets and other jets into the eight regions. These
cuts are summarized in Table 1 defining the signal regions.

Table 1: Signal region definitions.

Definition Region Name
Nj ≥ 2 and e±e±, µ±µ±, e±µ±, eee, eµµ, eeµ, µµµ

400 < HT < 700 GeV
Nb = 1

Emiss
T > 40 GeV

SR0
Nb = 2 SR1
Nb ≥ 3 SR2

HT ≥ 700 GeV

Nb = 1
40 < Emiss

T < 100 GeV SR3
Emiss

T ≥ 100 GeV SR4

Nb = 2
40 < Emiss

T < 100 GeV SR5
Emiss

T ≥ 100 GeV SR6
Nb ≥ 3 Emiss

T > 40 GeV SR7

The expected total backgrounds are compared with the data yields in the signal regions
as shown in Figure 2. The total statistical and systematic uncertainties are included for each
region. The CLs method5 is used to assess the consistency between the observed yields in each
region with each signal model. Since no observed excess of data events is found, upper limits
on the cross section and lower limits on the mass are set, at the 95% CL, on the various VLQ
models. Limits on the 4-top models are also set. The lower limit on the contact interaction
coupling constant and the pair production T5/3 limits are shown in Figure 3.



Figure 2 – Summary plot of total background and data in the eight signal regions defined in Table 1. Two signal
models are also overlaid to show the relative sensitivity each signal region has for the particular model.

Figure 3 – Limits at the 95% CL for the pair production of T5/3 (left) and contact interaction for the 4-top signal
model (right). The yellow and green colored bands represent the ± 1σ and ± 2σ standard deviations for the
expected limit. The solid curve shows the observed limits.
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CORRELATIONS OF ε′K/εK WITH K → πνν IN MODELS OF NEW PHYSICS
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Recent calculations have pointed to a 2.8σ tension between data on ε′K/εK and the standard-
model (SM) prediction. Several new physics (NP) models can explain this discrepancy, and
such NP models are likely to predict deviations of B(K → πνν) from the SM predictions,
which can be probed precisely in the near future by NA62 and KOTO experiments. We
present correlations between ε′K/εK and B(K → πνν) in two types of NP scenarios: a box
dominated scenario and a Z-penguin dominated one. It is shown that different correlations are
predicted and the future precision measurements of K → πνν can distinguish both scenarios.

1 Introduction

CP violating flavor-changing neutral current decays of K mesons are extremely sensitive to new
physics (NP) and can probe virtual effects of particles with masses far above the reach of the
Large Hadron Collider. Prime examples of such observables are ε′K measuring direct CP vio-
lation in K → ππ decays and B(KL → π0νν). Until recently, large theoretical uncertainties
precluded reliable predictions for ε′K . Although standard-model (SM) predictions of ε′K using
chiral perturbation theory are consistent with the experimental value, their theoretical uncer-
tainties are large. In contrast, calculation by the dual QCD approach 1 finds the SM value much
below the experimental one. A major breakthrough has been the recent lattice-QCD calculation
of the hadronic matrix elements by RBC-UKQCD collaboration 2, which gives support to the
latter result. The SM value at the next-to-leading order divided by the indirect CP violating
measure εK is 3

Re (ε′K/εK)SM = (1.06± 4.66Lattice ± 1.91NNLO ± 0.59IV ± 0.23mt)× 10−4, (1)

which is consistent with (ε′K/εK)SM = (1.9±4.5)×10−4 given by Buras et al 4.a Both results are
based on the lattice numbers, and further use CP-conserving K → ππ data to constrain some
of the hadronic matrix elements involved. Compared to the world average of the experimental
results 6,

Re (ε′K/εK)exp = (16.6± 2.3)× 10−4, (2)

the SM prediction lies below the experimental value by 2.8σ.
Several NP models including supersymmetry (SUSY) can explain this discrepancy. It is

known that such NP models are likely to predict deviations of the kaon rare decay branching
ratios from the SM predictions, especially B(K → πνν) which can be probed precisely in the
near future by NA62 and KOTO experiments. In this contribution, we present correlations
between ε′K/εK and B(K → πνν) in two types of NP scenarios: a box dominated scenario and
a Z-penguin dominated one.

aOther estimations of the SM value are listed in Kitahara et al 5.



2 Box dominated (Trojan penguin) scenario

We first focus on the box dominated scenario, where all NP contributions to |∆S| = 1 and
|∆S| = 2 processes are dominated by the four-fermion box diagrams. Such a situation is
realized in the minimal supersymmetric standard model 7. The desired effect in ε′K is generated
via gluino-squark box diagrams when the mass difference between the right-handed up and down
squarks exists. Such a contribution is called Trojan penguin because its effect is parameterized
by the electroweak penguin operator at low energy scale 8. While the sizable effects in ε′K
are obtained by the Trojan penguin, a simultaneous efficient suppression of the supersymmetric
QCD contributions to εK can be achieved. The suppression occurs because crossed and uncrossed
gluino box-diagrams cancel in |∆S| = 2 process, if the gluino mass is roughly 1.5 times the squark
masses. With appropriately large left-left squark mixing angle and a CP violating phase, one
can reconcile the measurements of εK , ∆MK and collider searches for the colored particles with
the sizable contribution to ε′K .

However, there is no such cancellation in the (dominant) chargino box contribution to KL →
π0νν and K+ → π+νν which permits potentially large effects. We investigate the correlation
between ε′K and B(K → πνν) varying the following parameters:

|∆Q,12|, θ, M3, mŪ/mD̄, (3)

with 0 < |∆Q,12| < 1 and 0 < θ < 2π. Here, defining the bilinear terms for the squarks as
M2

X,ij = m2
X(δij + ∆X,ij) for X = Q, Ū , D̄, θ ≡ arg(∆Q,12), M3 is the gluino mass. We fix the

slepton mass and the lightest squark mass close to the experimental limit (mL = 300 GeV and
mq̃1 = 1.5 TeV) and use GUT relations among all three gaugino masses.
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Figure 1 – The correlation is shown in the Trojan penguin scenario. The light (dark) blue region requires a
milder parameter tuning than 1 % (10 %) of the gluino mass and the CP violating phase in order to suppress
contributions to εK . The red contour represents the SUSY contributions to ε′K/εK , and the ε′K/εK discrepancy is
resolved at 1σ (2σ) within the dark (light) green region. The lightest squark mass is fixed to 1.5 TeV. In the left
panel, mD̄/mŪ = 1.1 (mŪ/mD̄ = 1.1) is used for 0 < θ < π (π < θ < 2π) to obtain a positive SUSY contribution
to ε′K/εK . While, mD̄/mŪ = 2 (mŪ/mD̄ = 2) is used for 0 < θ < π (π < θ < 2π) in the right panel. The region
on the right side of the blue dashed lines are allowed by the current experimental measurements.

The main result is shown in Fig. 1 in the B(KL → π0νν)–B(K+ → π+νν) plane which are
normalized by their SM predictions. We find that the necessary amount of the tuning in the
gluino mass and the CP violating phase in order to suppress contributions to εK determines
deviations of B(K → πνν) from the SM values. The current ε′K/εK discrepancy is resolved
at 1σ (2σ) within the dark (light) green region. In the left (right) panel we used mD̄/mŪ =
1.1 (2) with mŪ = mQ for 0 < θ < π, and mŪ/mD̄ = 1.1 (2) with mD̄ = mQ for π <
θ < 2π. Numerically, we observe B(KL → π0νν)/BSM(KL → π0νν) . 2 (1.2) and B(K+ →



π+νν)/BSM(K+ → π+νν) . 1.4 (1.1) in light of ε′K/εK discrepancy, if all squarks are heavier
than 1.5 TeV and if a 1 (10) % fine-tuning is permitted.

We also observe a strict correlation between B(KL → π0νν) and mŪ/mD̄: sgn (B(KL →
π0νν) − BSM(KL → π0νν)) = sgn (mŪ −mD̄). Thus, B(KL → π0νν) can indirectly determine
whether the right-handed up or down squark is the heavier one.

3 Z-penguin dominated (modified Z-coupling) scenario

Next, we focus on the Z-penguin dominated scenario. The negative dominant contribution to
ε′K/εK comes from Z-penguin diagrams in the SM. Since in the SM there is a large numerical
cancelation between QCD-penguin and the Z-penguin contributions to ε′K/εK , a modified Z
flavor-changing (s–d) interaction from NP can explain the current ε′K/εK easily 10. Then, the
decay, s → dνν, proceeding through an intermediate Z boson, is modified by NP. Therefore,
the branching ratios of K → πνν̄ are likely to deviate from the SM predictions once the ε′K/εK
discrepancy is explained by the modified Z-coupling. They could be a signal to test the scenario.

Such a signal is constrained by εK . The modified Z couplings affect εK via the so-called
double penguin diagrams; the Z boson mediates the transition with two flavor-changing Z
couplings. Such a contribution is enhanced when there are both left-handed and right-handed
couplings because of the chiral enhancement of the hadronic matrix elements. An important
point is that since the left-handed coupling is already present in the SM, the right-handed
coupling must be constrained even without NP contributions to the left-handed one. Such
interference contributions between the NP and the SM have been overlooked in the literature.
We 11 and recent work by Bobeth et al 12 have revisited the modified Z-coupling scenario
including the interference contributions, and found the parameter regions allowed by the indirect
CP violation change significantly.

We find that similar to the previous section, the deviations of B(K → πνν) from the SM
values are determined by the necessary amount of the tuning in NP contributions to εK . We
parametrize it by ξ: A degree of the NP parameter tuning is represented by 1/ξ, e.g., ξ = 10
means that the model parameters are tuned at the 10% level.
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Figure 2 – Contours of the tuning parameter ξ are shown in the simplified modified Z-coupling scenarios: LHS,
RHS, and ImZS (left panel) and LRS (right). In the colored regions, ε′K/εK is explained at 1σ, and the experimental
bounds of εK , ∆MK , and B(KL → µ+µ−) are satisfied. The right region of the blue dashed line is allowed by
the measurement of B(K+ → π+νν) at 1σ. The NP scale is set to be µ = 1 TeV.

In Fig. 2, contours of the tuning parameter ξ are shown for the simplified scenarios: LHS (all
NP effects appear as left-handed), RHS (all NP effects appear as right-handed), ImZS (NP effects
are purely imaginary), and LRS (left-right symmetric scenario) on the plane of the branching
ratios of K → πνν which are normalized by their SM predictions. We scanned the whole
parameter space of the modified Z-coupling in each scenario, and selected the parameters where



ε′K/εK is explained at the 1σ level. The experimental bounds from εK , ∆MK , and B(KL →
µ+µ−) are satisfied. In most of the allowed parameter regions, ξ = O(1) is obtained. Thus,
one does not require tight tunings in these simplified scenarios. In the figures, B(KL → π0νν)
is smaller than the SM value by more than 30%. On the other hand, B(K+ → π+νν) depends
on the scenarios. In LHS, we obtain 0 < B(K+ → π+νν)/B(K+ → π+νν)SM < 1.8. In RHS,
B(K+ → π+νν) is comparable to or larger than the SM value, but cannot be twice as large. In
ImZS, the branching ratios are perfectly correlated and B(K+ → π+νν) does not deviate from
the SM one. In LRS, B(KL → π0νν) does not exceed about a half of the SM value. The more
general situation is discussed in Ref. 11.

4 Conclusions

We have presented the correlations between ε′K/εK , B(KL → π0νν), and B(K+ → π+νν) in
the box dominated scenario and the Z-penguin dominated one. It is shown that the constraint
from εK produces different correlations between two NP scenarios. In the future, measurements
of B(K → πνν) will be significantly improved. The NA62 experiment at CERN measuring
B(K+ → π+νν) is aiming to reach a precision of 10 % compared to the SM value already in
2018. In order to achieve 5% accuracy more time is needed. Concerning KL → π0νν, the
KOTO experiment at J-PARC aims in a first step at measuring B(KL → π0νν) around the
SM sensitivity. Furthermore, the KOTO-step2 experiment will aim at 100 events for the SM
branching ratio, implying a precision of 10 % of this measurement. Therefore, we conclude
that when the ε′K/εK discrepancy is explained by the NP contribution, NA62 experiment could
probe whether a modified Z-coupling scenario is realized or not, and KOTO-step2 experiment
can distinguish the box dominated scenario and the simplified modified Z-coupling scenario.
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We investigate the Sommerfeld enhancement (SE) in the generalized scotogenic model with
large electroweak multiplets. We focus on scalar dark matter (DM) candidate of the model and
compare DM annihilation cross sections to WW , ZZ, γγ and γZ at present day in the galactic
halo for scalar doublet and its immediate generalization, the quartet in their respective viable
regions of parameter space. We find that larger multiplet has sizable Sommerfeld enhanced
annihilation cross section compared to the doublet and because of that it is more likely to be
constrained by the current H.E.S.S. results and future CTA sensitivity limits.

1 Introduction

In recent years, the gamma-ray observation by Cherenkov telescope has provided stringent and
robust constraints for indirect detection and is also reaching the sensitivity level of DM anni-
hilation cross sections to different Standard Model (SM) final states for the DM in O(1 − 100)
TeV mass range. Therefore, the latest result of H.E.S.S. (High Energy Stereoscopic System) for
searching DM annihilation towards the inner galactic halo 1,2 and the projected reach of CTA
(Cherenkov Telescope Array) 3,4, can allow one to investigate the viability of a particular DM
model with TeV mass.

Why is the TeV mass-ranged DM in the focus of the indirect detection? When the DM
with mass mDM � mW i.e. in the TeV range, is charged under the SM gauge group SU(2)L ×
U(1)Y and non-relativistic, its annihilation cross section and hence the indirect detection rate
is affected by a non-perturbative correction known as the Sommerfeld enhancement (SE) 5,6,7,8

which substantially increases the detection prospects of the DM annihilation in the Cherenkov
telescopes.

The Scotogenic model 9 is a well-motivated model which not only provides fermionic and/or
scalar dark matter candidates (depending on region of parameter space) but also generates the
neutrino mass radiatively at one loop. As there is no symmetry preventing the extension of the
scotogenic model with scalars and fermions of larger SU(2)L representations, in its generalized
version, the scalar doublet and singlet fermion of the minimal model can be replaced by an even
dimensional (J, Y ) = (n/2, 1/2) electroweak scalar multiplet and corresponding odd dimensional
(either (J, Y ) = (n−1

2 , 0) or (J, Y ) = (n+1
2 , 0)) fermionic multiplets 10. For the generalized

scotogenic model, SE is expected to be significantly large compared to the minimal one as more
states of larger electroweak multiplets will contribute to the enhancement which is the main focus
of this investigation. The SE analysis of the fermionic DM in the scotogenic model resembles
that of well-studied fermionic minimal dark matter model 7. For this reason, we are not going



to pursue fermionic DM in this study and instead we will focus on the case of scalar DM.
The indirect detection prospects of the scalar DM of the minimal scotogenic model have been
addressed in the light of H.E.S.S. results and upcoming CTA limits 11. As the scalar doublet
and higher multiplet have the same set of parameters, we will carry out a comparative study
of SE for the scalar doublet and its immediate generalization, the quartet (J, Y ) = (3/2, 1/2)
representation 12 in their respective viable regions of parameter space and see how much SE
increases for larger multiplets.

2 The Model and the Sommerfeld Enhanced Annihilation Cross Section

2.1 The Model

The scalar sector of the generalized scotogenic model has been presented in 10 12. The general
Higgs-scalar potential that involves the SU(2)L scalar multiplet ∆ with isospin, J = n/2 (n
odd) and hyper-charge, Y = 1/2, symmetric under a Z2, is as follows,

V0(H,∆) = −µ2H†H +M2
0 ∆†∆ + λ1(H†H)2 + λ2(∆†∆)2 + λ3|∆†T a∆|2 + αH†H∆†∆

+ βH†τaH∆†T a∆ + γ
[
(HT ετaH)(∆TCT a∆)† + h.c

]
(1)

Here, τa and T a are the SU(2) generators in fundamental and ∆’s representation respectively.
C is an antisymmetric matrix such that CT aC−1 = −T aT . Also H is the Higgs doublet and ∆
is given as

∆n
2

=

(
∆

(n+1
2

)
n
2

,∆
(n−1

2
)

n−2
2

, ..,∆(Q)
m , ..,∆

(0)

− 1
2

≡ 1√
2

(S + i A), ..,∆
(−Q)
−m−1, ..,∆

(−n−1
2

)

−n
2

)T

(2)

where the subscript is T3 value and superscript is electric charge, Q = T3 + Y .

The γ term in Eq. 1 is only allowed for representations with (J, Y ) = (n2 ,
1
2) and splits

the mass between scalar and pseudoscalar components of the neutral field at tree-level so that
one can suppress the Z boson induced direct detection bound. Incidentally for complex odd
dimensional (J = n, Y 6= 0), (n = 1, 2, ..) scalar multiplets, γ term doesn’t occur in the Z2

symmetric scalar potential Eq. 1 and therefore, DM candidate is excluded by direct detec-
tion. Moreover, apart from the largest charged component (T3 = n/2) of the multiplet, the γ
term mixes the components with charge |Q|. Therefore, the corresponding mass eigenstates are

{∆(Q)
m ,∆

(Q)
−m−1} → {∆̃

(Q)
1 , ∆̃

(Q)
2 }.

By setting S to be the DM candidate, one has the following mass hierarchy in the compo-
nents,

mS < m∆̃+
1
< m∆̃++

1
< .. < m

∆̃
(Q)
1

< .. < m
∆(n+1

2 ) < m∆̃+
2
< .. < m

∆̃
(Q)
2

< .. < mA (3)

2.2 Sommerfeld Enhanced Cross Section

At present the dark matter is non-relativistic (NR) and has average velocity v = 220 kms−1

in the Milky Way. In this NR limit, the exchange of massive W and Z bosons will induce
Yukawa potential, VY and massless γ will induce Coulomb potential, VC between two incoming
component states of the multiplet which in turn modify the incoming asymptotic plane waves
and greatly enhances and/or suppresses the annihilation cross section than the typical tree-level
or loop-induced cross section. This modification is encoded in the transition amplitude between
incoming and outgoing 2-particle states under the potentials. For detailed construction of 2-
particle states and calculation of Sommerfeld enhanced cross section the readers are referred to
our paper 13.



The DM-DM 2-particle state, |SS〉, is charge neutral and CP-even state hence it only mixes
with other Q = 0 CP-even 2-particle states. Therefore, the 2-particle state vector with only
charge neutral and CP even component, is given by

|Φ∆n
2
〉 =

(
SS, AA, ∆(n+1

2 )∆(−n+1
2 ), ..., ∆̃

(Q)
1 ∆̃

(−Q)
1 , ∆̃

(Q)
2 ∆̃

(−Q)
2 , ...,

∆̃
(Q)
1 ∆̃

(−Q)
2 , ∆̃

(Q)
2 ∆̃

(−Q)
1 , ..., ∆̃

(n−1
2 )

2 ∆̃
(−n−1

2 )
1

)T

(4)

Here, the ordering of the components in the vector is arbitrary. One can adopt different ordering
for convenience.

We solve the following radial Schrodinger matrix equation to determine the modified wave-
function in the presence of the effective potential V using the method 16,

d2Ψjj′,ii′

dr2
+

[(
(mSv)2 − l(l + 1)

r2

)
δjj′,kk′ −mSVjj′,kk′(r)

]
Ψkk′,ii′ = 0 (5)

where, the kinetic energy of the incoming 2-particle state |ii′ = SS〉 is, E = mSv
2. The

wavefunction Ψjj′,ii′ gives the transition amplitude from |ii′〉 state to |jj′〉 state in the presence
of V . Here ii′, jj′ and kk′ indices run over the components of the 2-particle state vector, |Φ∆n

2
〉

given in Eq. 4. At very large r, the solution of Eq. 5 becomes Ψjj′,ii′ ∼ Tjj′,ii′e
ikjj′r where

T is the r independent amplitude of the wavefunction. Here, k2
jj′ = mS(mSv

2 − djj′) is the
momentum associated with the 2-particle state, |jj′〉 and djj′ = mj + mj′ − 2mS denotes the
mass differences between DM and other states of the multiplet.

Finally, the Sommerfeld enhanced S-wave DM-DM annihilation cross section, SS → f, f =
WW,ZZ, γγ, γZ, is given by

σSS→f = 2(T.Γ(f).T †)SS,SS (6)

where Γ(f) is the S-wave annihilation matrix for final state f and T is calculated for l = 0 from
Eq. 5. The factor 2 appears as |SS〉 state has identical particles.

3 Result and Discussion

In the case of scalar DM of the scotogenic model, the mass splitting between the DM and the
charged state of the multiplet can be sizable and eventually suppress the Sommerfeld enhancement.

We have determined the cross sections for two cases. The first case is the (almost) degenerate
limit, where the mass splittings among the components of the scalar multiplet, are set to their
minimum values and the second case is the maximal mass splitting limit where the mass splittings
are set at their maximum values where both values are allowed by the constraints on Electroweak
Precision Observables, DM relic density and DM direct detection. In addition, the LUX direct
detection limit 14 and XENON1T sensitivity limit 15 fix two maximal mass splitting sets for
the doublet, referred as LUX2016 and XENON1T respectively in the Fig. 1. The detailed
description of the relevant constraints, viable parameter space and the results can be found in
the paper 13.

4 Conclusion and Outlook

In this study we have demonstrated that the Sommerfeld enhancement of the DM annihilation
cross section increases with the size of the multiplet but in the case of larger multiplet resonance
dips or suppression for certain values of the DM mass appear along with resonances.

Consequently large Sommerfeld enhanced DM annihilation cross section have important
implications on the indirect detection. We can see from Fig. 1 (left) that H.E.S.S. has already
achieved the sensitivity to probe the entire 1−30 TeV mass range for the quartet except mS ∼ 27
TeV for the (almost) degenerate limit and dips at certain mass values for the allowed maximum
mass splitting. On the other hand, for the doublet, except for 2.5−4 TeV for (almost) degenerate
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Figure 1 – In the left fig. correlation between σvWW and mS . The blue (doublet) and brown (quartet) lines
represent the annihilation cross section to WW in the (almost) degenerate limit. The black (doublet, LUX2016),
grey (doublet, XENON1T) and red (quartet) lines represent the cross section when mass splittings are taken as
the maximum of allowed limit. The light blue (doublet) and green (quartet) lines are the tree-level annihilation
cross sections. Moreover, the orange and purple dashed lines are H.E.S.S. and future CTA limits respectively on
WW annihilation. In the right fig. correlation of σvγγ with mS for the doublet (orange line) and quartet (blue
line) cases at the almost degenerate limits. Also the black dashed line in left fig is the H.E.S.S. limits on γγ
annihilation.

limit and almost all of 1 − 30 TeV for allowed maximum limit, are below the H.E.S.S. limit.
Future CTA sensitivity limit is improved by O(10) compared to H.E.S.S. limits.

For SS → γγ case, the Sommerfeld enhanced cross section is obtained only for (almost)

degenerate limit because maximum allowed mass splitting suppress the TSS,jj , jj = ∆̃
(Q)
j ∆̃

(−Q)
j

factors and thus annihilation becomes negligible. For such case, the γγ and γZ annihilation
proceed through one loop process via charged scalars exchange and has 10−32 − 10−27 cm2s−1

for doublet and quartet. From Fig. 1 (right), we can see that H.E.S.S. limit can already probe
1− 9 (except for dip at 1.4 TeV) and 11.5− 14 TeV of their considered 1− 20 TeV mass range
for the quartet whereas for the doublet only 2.1− 4.1 TeV out of 1− 20 TeV is within the reach
of H.E.S.S. Therefore we can infer that the DM of higher scalar multiplet is more likely to be
found in the current and future indirect detection experiments because of their large Sommerfeld
enhanced annihilation cross sections.
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The B-physics experiments at LHCb, BaBar and Belle hint towards deviations from Lepton
Flavor Universality in both the tree-level and loop-induced B meson semileptonic decays.
We propose a leptoquark model with light right-handed neutrinos which can accommodate
both Rexp

K < RSM
K and Rexp

D(∗) > RSM
D(∗) . We discuss several of its predictions which can be

tested in modern day experiments. We also comment on the recent finding at LHCb, namely
Rexp
K∗ < RSM

K∗ .

1 Introduction

Even though no signal of New Physics appeared so far in the direct searches at the LHC,
the B-physics experiments (BaBar, Belle and LHCb) hint at very intriguing deviations from
lepton flavor universality (LFU). More specifically, the LHCb Collaboration measured the partial
branching fractions of B+ → K+`` in the bin q2 ∈ [1, 6] GeV2 and found 1

RK =
B(B+ → K+µµ)

B(B+ → K+ee)
= 0.745±0.090

0.074 ±0.036 , (1)

which lies 2.4σ below the Standard Model (SM) prediction, RSM
K = 1.00(1). 2 Furthermore,

another intriguing indication of LFU violation appeared in the tree-level processes, mediated by
the charged currents,

RD =
B(B → Dτν)

B(B → D`ν)

∣∣∣∣
`∈{e,µ}

= 0.41± 0.05 , (2)

which is obtained by combining several experimental values. 3 This value appears to be 2.2σ
above the SM prediction, RSM

D = 0.286 ± 0.012, obtained by solely relying on the lattice QCD
(LQCD) data for the form factors, recently computed in Ref.4. That result is corroborated by the
experimentally established RD∗ = 0.310(15)(8), also confirmed by LHCb, 5 which appears to be
3.3σ larger than the SM prediction, RSM

D∗ = 0.252± 0.003. 6 Note, however, that the theoretical
estimate of RSM

D∗ relies strongly on experimental information extracted from the differential
distribution of dΓ(B → D∗`ν)/dq2 (with ` = e, µ). The LQCD result for the full set of B → D∗

form factors is still not available, and those are mandatory to consistently consider NP scenarios
with couplings to both µ and τ (and not only to τ -leptons), as suggested by current data.

Several models have been proposed to simultaneously accommodate RK and RD(∗) , see
Ref. 7 and references therein. While many authors considered effective scenarios, very few viable



solutions to the puzzle of B–physics anomalies have been proposed. Among those, the models
containing leptoquark (LQ) states are of particular interest as we will discuss in the following.

2 Leptoquark models for b→ s``

Starting with the RK puzzle, the LQ states can be fully specified by their SM representation
(SU(3)c, SU(2)L)Y , where the hypercharge Y is normalized by Q = Y + T3. Among the LQ
scenarios, the ones invoking vector LQs are not renormalizable and become problematic when
computing the loop-induced processes, such as τ → µγ and the Bs → Bs mixing amplitude. 8

In Table 1, we list the scalar LQ states that can modify RK through tree-level contributions to
b→ sµµ. 9

Table 1: List of LQ states which can modify B(B → Kµ+µ−)[1,6] GeV2 at tree-level. The conservation
of baryon number (BNC), the interaction term and the corresponding Wilson coefficients are also listed
along with the prediction for RK . Couplings to electrons are set to zero.

(SU(3)c, SU(2)L)U(1)Y BNC Interaction Eff. Coefficients RK/R
SM
K

(3̄, 3)1/3 7 QCiτ2τ ·∆L C9 = −C10 < 1

(3̄, 1)4/3 7 dCR∆`R (C9)′ = (C10)′ ≈ 1

(3, 2)7/6 X Q∆`R C9 = C10 > 1

(3, 2)1/6 X dR∆̃
†
L (C9)′ = −(C10)′ < 1

From this Table we see that only the states (3, 2)1/6 and (3̄, 3)1/3 can consistently accommodate

Rexp
K < RSM

K at tree-level. Notice, however, that the latter state violates baryon number via the
dangerous diquark couplings, which can induce the proton decay at tree-level.10 In the following
we discuss how the scenario (3, 2)1/6, originally proposed in Ref.11, can be consistently extended
to accommodate RK and RD without contradictions with other flavor physics constraints.

3 A leptoquark model to explain RK and RD

In Ref. 7, it was pointed-out that the inclusion of light right-handed (RH) neutrinos to the
model (3, 2)1/6 induces new contributions to charged current processes. The Lagrangian of the
LQ model then becomes

L∆(1/6) = Y ij
L dRi∆̃

†
Lj + Y ij

R Qi∆νR,j + h.c., (3)

where i, j stand for flavor indices and yL,R are two generic Yukawa matrices. The LQ doublet
is denoted by ∆ and we define the left-handed doublets as Qi = [(V †uL)i dLi]

T and Lj =
[(UνL)i `Li]

T , where V and U are the Cabibbo-Kobayashi-Maskawa (CKM) and Pontecorvo-
Maki-Nakagawa-Sakata (PMNS) matrices, respectively. We reiterate that the novelty of this
model is the introduction of the second term in Eq. (3) which induces the LQ interaction with
up-type quarks.

In the following we assume that the two LQ are mass-degenerate, m∆ ≈ 1 TeV, and that
the RH neutrinos are massless in comparison with the hadronic scale. The transitions b → s``
and b→ c`ν can then be described by a low-energy effective theory with interaction terms

Ldk→di``eff = −
Y ij
L Y

∗kl
L

2m2
∆

diγµPRdk `lγ
µPL`j + h.c. , (4)

and

Ld→u`νeff =
(V · YR)ijY ∗klL

2m2
∆

[
uiPRdk `lPRνj +

1

4
uiσµνPRdk `lσ

µνPRνj

]
+ h.c. , (5)



which will be used in the phenomenogical discussions below. Notice that the contributions to
the charged processes (and to b→ c`ν in particular) depend on the existence of RH neutrinos.

4 Constraints and predictions

For simplicity, the couplings to the first generation are set to zero to avoid the potential problems
with the atomic parity violation experiments, 10 as well as the experimental limits on B(K →
πνν) and B(Bs → µe). 7 The couplings are varied within the perturbativity limit, |(yL)ij | ≤
4π, and are confronted with several constraints of which the most relevant ones are: (i) the
experimentally established B(Bs → µµ), and B(B → Kµµ) in the [15, 19] GeV2 bin, (ii) Bs−Bs

mixing, (iii) bounds on the lepton flavor violating τ decays, such as B(τ → µφ) and B(τ → µγ),

(iv) (semi–)leptonic meson decays, (v) the ratio R
µ/e
D = B(B → Dµν)/B(B → Deν), and (vi)

limits on B(B → Kνν), cf. Ref. 7 for details.
After applying the constraints described above, we find that this model can not only predict

RK = 0.88(8), compatible with the experimental finding, but also accommodate the excess in
RD at the 1σ level. In other terms, our model can satisfactorily explain the anomalies RK and
RD. Notice that we only focus on RD because all the needed form factors have been computed
on the lattice.7 We cannot provide the accurate statement concerning RD∗ because the full set of
B → D∗ form-factors is not available from LQCD simulations. We can only make a qualitative
observation that RD∗ > RSM

D∗ in our model. Our main predictions are shown in Fig. 1 and
summarized below: 7

• We computed the LFV decay B(B → Kµτ), which is found to be

2.1× 10−10 ≤ B(B → Kµτ) ≤ 6.7× 10−6, (6)

also shown in Fig. 1. The predictions for the other LFV modes can be inferred bound
given above via the relations B(Bs → µτ) ≈ 0.9 × B(B → Kµτ) and B(B → K∗µτ) ≈
1.8× B(B → Kµτ) derived in Ref. 12.

• A distinctive prediction of the model is that the ratio Rηc = B(Bc → ηcτν)/B(Bc →
ηc`ν) and the leptonic decay mode B(Bc → τν) can be considerably larger than the SM
predictions. We found that

1.02 ≤ Rηc/RSM
ηc ≤ 1.21, and 5.5 ≤ B(Bc → τν) ≤ 16.1, (7)

as shown in Fig. 1, which offer an alternative experimental test of the validity of our model.

Figure 1 – The blue points are obtained by subjecting the Yukawa couplings of our model to the constraints
discussed in Sec. 4, and the red ones are selected from the blue ones after requiring the compatibility with Rexp

D

to 2σ. We plot our predictions for three selected quantities: B(B → Kµτ), the ratio between Rηc = B(Bc →
ηcτ ν̄)/B(Bc → ηclν̄) predicted by our model and its SM value, and a similar ratio of B(Bc → τ ν̄).



Can the RK∗ hints be explained by scalar leptoquarks?

A preliminary result for RK∗ has been presented by LHCb which indicates another deviation
from LFU. The ratio RK∗ = B(B → K∗µµ)/B(B → K∗ee) in two different q2 bins appears to be
2.2−2.4 σ below the SM prediction.13 If confirmed, this result would exclude the model discussed
above, since it predicts RK∗ to be slightly larger than RSM

K∗ . The only LQ state that can explain
both Rexp

K < RSM
K and Rexp

K∗ < RSM
K∗ at tree-level is the SU(2)L triplet (3̄, 3)1/3. 14 Nonetheless, as

discussed above, an additional symmetry is needed to forbid dangerous diquark couplings from
destabilizing the proton. 10 Another possibility recently proposed is to consider the doublet LQ
(3, 2)7/6 amended with a symmetry to forbid the tree-level contribution to b→ s``.15 This latter
scenario generates the Wilson coefficients C9 = −C10 < 0 through loops and it has the great
advantage of not disturbing the proton stability.

5 Conclusions

In this proceeding we discussed a LQ model which can explain the LFU anomalies in both
charged and neutral B-meson decays, namely Rexp

K < RSM
K and Rexp

D(∗) > RSM
D(∗) . Our model offer

several predictions which can be tested in the near future: (i) branching ratios for the exclusive
b → sµτ modes can be as large as O(10−6), being also bounded from below; (ii) the LFUV
effects in Rηc = B(Bc → ηcτν)/B(Bc → ηc`ν) can be larger than predicted in the SM, and (iii)
B(Bc → τν) is predicted to be enhanced by a factor of 5 ÷ 16 with respect to the SM value.
Furthermore, we devise a scalar LQ model which can explain Rexp

K(∗) < RSM
K(∗) through loop effects.
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NEUTRINO INTERACTIONS IN MICROBOONE

MARCO DEL TUTTO
on behalf of the MicroBooNE collaboration

Department of Physics, University of Oxford,
Oxford OX1 3RH, United Kingdom

MicroBooNE is a liquid-argon-based neutrino experiment, which began collecting data in
Fermilab’s Booster neutrino beam in October 2015. Physics goals of the experiment include
probing the source of the anomalous excess of electron-like events in MiniBooNE. In addition
to this, MicroBooNE is carrying out an extensive cross section physics program that will
help to probe current theories on neutrino-nucleon interactions and nuclear effects. These
proceedings summarise the status of MicroBooNE’s neutrino cross section analyses.

1 Introduction

The Micro Booster Neutrino Experiment (MicroBooNE) combines physics goals of short-baseline
oscillations and neutrino cross section measurements with development goals to inform larger
scale construction of Liquid Argon Time Projection Chambers (LArTPCs) for the long-baseline
neutrino program. MicroBooNE is located on-axis in the 8 GeV Booster Neutrino Beam (BNB)
line at Fermilab, 470 m downstream from the target. MicroBooNE finished commissioning in
summer 2015 and has been collecting neutrino data since October 2015.

Many cross-section analyses are currently underway within the MicroBooNE collaboration,
including studies of proton multiplicity, charged-current π0 production, neutral-current channels,
and more. Presented here are the first measurements of muon kinematic distributions, which are
an intermediate step towards a νµ charged-current inclusive cross section measurement. This
analysis will provide a foundation for comparison to other experiments, and for the development
of the tools required for more exclusive cross-section channels in future.

2 The MicroBooNE Detector

MicroBooNE is the first large (89 tons of active mass) LArTPC to operate in the United States,
with dimensions of 10.4 (length) × 2.5 (width) × 2.3 (height) m.

In the MicroBooNE LArTPC detector,1 charged particles traversing a volume of highly-
purified liquid argon leave trails of ionisation electrons in their wake and also create prompt
vacuum ultraviolet scintillation photons, see Figure 1(left). The ionisation trails are transported
practically undistorted over distances of the order of meters under the influence of a uniform
electric field until they reach anode planes located along one side of the active volume. The
anode planes are composed of wires that receive the signals induced by the ionisation electrons
drifting towards them. The charged particle trajectory reconstruction is derived from the known
wire positions within the anode planes and the drift time of the ionisation. The drift time is
the difference between the arrival times of ionisation signals on the wires and the t0 time the
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Figure 1 – Operational principle of the MicroBooNE LArTPC (left). A photograph of the cryostat, housing the
TPC, being lowered into the Liquid Argon Test Facility at Fermilab (right).

interaction took place in the detector which is established by a trigger provided by the light
collection system: 32 photo-multipliers (PMTs) located on one side of the TPC volume.

MicroBooNE is a surface detector and is therefore subject to constant bombardment by
cosmic radiation (or cosmics) from the atmosphere. Quantitatively, this amounts to ∼5 kHz,
or ∼20-30 cosmics per MicroBooNE’s 4.8 ms drift time window. However, neutrinos are not
delivered continuously but in distinct spills. The BNB spill (1.6 µs) is much smaller than the
drift time, and a natural way to separate cosmics from neutrino interactions is to compare the
time of the activity in the detector with the spill trigger time window. The 32 PMTs light
collection system signals are then vital in distinguishing detector activity that is in-time with
the beam from that which is out-of-time. Spatial information can also be inferred from the light
collection signals, further aiding in the eventual reconstruction of the activity occurring inside
the detector.

Figure 2 – Event displays showing neutrino interactions in MicroBooNE. Left is a CC and right a NC candidate
event. These are collection plane images. Neutrino beam is coming from the left. Colour indicates amount of
deposited charge on the wires. On the left, the long track is a muon candidate, the short track on the upper left
corner is a proton candidate, while the track at the end of the muon is a Michel electron candidate. On the left,
the only short visible track is a proton candidate.

3 Neutrino Interactions

One of the main physics goals of MicroBooNE is to perform high-statistics precision measure-
ments of ν-Ar interactions in the 1 GeV range. Cross section measurements allow us to under-
stand the neutrino interaction models and nuclear effect which are of fundamental importance
for future oscillation experiments.

MicroBooNE, due to its large size, is collecting large statistics and analyses are expected to be



only systematics limited. MicroBooNE will collect around 170,000 νµ CC inclusive interactions
in 3 years, opening a great opportunity to study nuclear effects in argon.

MicroBooNE is able to detect both neutral-current (NC) and charged-current (CC) events.
Figure 2 shows a CC event candidate (left) and a NC one3 (right) selected from data by au-
tomated event selections. Figure 3 shows two neutrino candidate events in MicroBooNE: a
CC-multitrack (left) and a CC-1π (right).

Figure 3 – Event displays showing neutrino interactions in MicroBooNE. Left is a CC-multitrack and right a CC-
1π candidate event. These are collection plane images. Neutrino beam is coming from the left. Colour indicates
amount of deposited charge on the wires.

4 MicroBooNE Charged-Current Inclusive Event Selection

In order to perform high-statistics physics measurements, MicroBooNE requires automated se-
lection algorithms, which in turn require automated reconstruction as input.

MicroBooNE has developed two complementary (preliminary) selections to select charged-
current muon neutrino interactions in the liquid argon. Both are fully automated, cut-based
selections. The results presented here are those given by the second selection, but the full details
of both selections can be found in a MicroBooNE public note.2 Here is a brief description of the
event selection used. The event must have no less than one flash, which is higher than 50
photo-electrons, inside of the beam spill window, indicating the possible presence of a neutrino
interaction. If there is at least one track with a closest approach distance of 70 cm from the
beam flash center in the Z direction, the event is selected.

The selection then takes different paths depending on the number of tracks produced from
each reconstructed vertex. If only one track is produced from a reconstructed vertex, the track
is selected only if it is fully contained and passes a minimum track length requirement. If two
tracks are produced from the vertex, they are selected only if the vertex has not been tagged
as a point where a cosmic stopping muon decays to a Michel electron. If more than two tracks
are produced, the event is automatically selected. In the cases where there is more than one
track, the longest reconstructed track associated with the selected vertex in the surviving event
is tagged as the muon candidate.

These cuts result in an overall efficiency × acceptance of 30%, and an overall purity of 65%,
the main background coming from cosmic rays. The efficiency is shown in Figure 4 as a function
of the muon momentum.

Applying this selection to a subset of data equivalent to 5 × 1019 protons on target, and
performing a background subtraction of the surviving cosmics outside the beam window using
beam-off data, we observe the kinematic distributions shown in Figure 5. The Figure shows
the distribution of the muon momentum and the muon track’s angle with respect to the beam
direction (θ). These distributions are presented with statistical uncertainties only, and with
Monte Carlo distributions scaled to the same number of events as the data; the assessment of
the systematic uncertainties is still ongoing.

A third and final CC inclusive selection, which combines and improves upon these two
selections, is currently underway.
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Figure 5 – The black data points symbolise on-beam minus off-beam data with statistical error bars. The on-beam
data sample contains events where no neutrino interacted in the detector (a purely cosmic event) and events where
a neutrino interaction is also present. Off-beam data are taken outside of the beam spill window and contain
only cosmic events. The subtraction of off-beam from on-beam data subtracts the background of events of purely
cosmic events. The red shaded histogram represents the Monte Carlo, with the bands representing the statistical
uncertainty only. The backgrounds contained in the red are additionally shown in different colors corresponding
to different physics processes. Backgrounds are stacked. The simulation is normalized to the same number of
total events as the data.

5 Conclusions

MicroBooNE has made its first kinematic measurements of neutrino interactions in a muon
neutrino beam. A charged-current inclusive cross-section will soon follow. These measurements
demonstrate that a large-scale liquid argon TPC can make excellent measurements of neutrino
interactions, and provide the foundation for a much more wide-ranging programme of cross-
section measurements to come.
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The observable R(D(∗)) = B
(
B0 → D(∗)−τ+ντ

)
/B

(
B0 → D(∗)−µ+νµ

)
is a probe for Lepton

Universality violation, so it is sensitive to New Physics processes. The current combination of
the measurements of R(D(∗)) differs from Standard Model predictions with a 4σ significance.
A measurement of R(D∗) using three-prong τ decays is currently ongoing at LHCb. The
statistical precision of this analysis is 6.7%, i.e. the smallest statistical uncertainty for a single
measurement of this observable. Therefore this measurement will be important to confirm or
disprove the current discrepancy from the theoretical expectations.

1 Introduction

In the Standard Model (SM) of particle physics the electroweak couplings of the gauge bosons
to the leptons are independent of their flavour, a property known as lepton universality (LU),
so the observation of LU violation would be a clear signal of physics processes beyond the SM.

The branching fractions ratio:

R(D(∗)) =
B
(
B0 → D(∗)−τ+ντ

)
B
(
B0 → D(∗)−µ+νµ

) (1)

represents a sensitive probe for LU violation.
The combination of the measurements of R(D(∗)) already performed by BaBar 1, Belle 2,3,4

and LHCb 5 shows a discrepancy of about 4σ with respect to the values of R(D(∗)) calculated
within the SM 6.

This document presents the analysis strategy and the perspectives of the measurement of
R(D∗), using three-prong τ decays, which is currently performed at LHCb with data collected
during 2011 and 2012 at a centre-of-mass energy of 7 and 8 TeV, corresponding to an integrated
luminosity of 3 fb−1.

2 Analysis Strategy

The signal chosen for the analysis is B0 → D∗−τ+ντ , where the D∗− is reconstructed through
the D∗− → D0(→ K+π−)π− decay chain, while the τ lepton is reconstructed through the
τ+ → π+π−π+(π0)ντ decay.a Since the neutrinos and the π0 are not detected, the visible final
state consists of five pions plus a kaon. It is experimentally convenient to measure:

Rhad(D∗) =
B
(
B0 → D∗−τ+ντ

)
B (B0 → D∗−π+π−π+)

, (2)

aCharge conjugated decay modes are implied throughout the document.



because most of the systematic uncertainties will cancel out in the efficiency ratio, since signal
and normalization have the same final state. Once Rhad(D∗) is measured, it will be multiplied
by externally measured branching fractions to obtain R(D∗):

R(D∗) = Rhad(D∗)×
B
(
B0 → D∗−π+π−π+

)
B (B0 → D∗−µ+νµ)

. (3)

The most dominant background consists of inclusive decays of b-hadrons to D∗3πX, where
the three pions come promptly from the b-hadron decay vertex. Since the τ decay vertex is
reconstructed with good resolution, it is possible to suppress this kind of background requiring
the τ vertex to be downstream, along the beam direction, with respect to the B vertex with a 4σ
significance. This selection, applied along with other topological cuts, suppresses the dominant
background by three orders of magnitude.

The background surviving the first selection is mainly due to double-charmed B decays,
since their topology is very similar to the signal one. This kind of background is dominated by
B0 → D∗−D+

s (→ π+π−π+X) decay, whose branching ratio is 4 times larger than the signal. In
order to discriminate this background from signal, a set of variables is used; they can be grouped
in three categories: variables computed with two partial reconstruction techniques, one in signal
hypothesis and the other in background hypothesis; isolation variables (i.e. how much the signal
tracks are isolated from the other tracks and neutral energy deposits in the event); variables
related to the 3π system dynamics. These variables are used as input to train a Boosted Decision
Tree (BDT).

The partial reconstruction in signal hypothesis allows to compute the squared B−D∗ trans-
ferred momentum q2 and the τ decay time with a sufficiently good resolution to maintain sepa-
ration between signal and background.

Three-dimensional shapes of q2, τ decay time and BDT output are extracted from simulated
and data-driven control samples which represent the various contributions in data. In order to
extract the signal yield, the three-dimensional shapes are used to perform an extended maximum-
likelihood template fit on data in high-BDT region (BDT > −0.075). The various templates
used in the fit can be grouped in 5 categories: signal (both τ+ → π+π−π+ντ and τ+ →
π+π−π+π0ντ ), excited D∗ contributions (i.e. B0 → D∗∗τ+ντ ), double-charmed components,
B0 → D∗−π+π−π+X background and combinatorial background.

Since the relative fractions of the various D+
s → π+π−π+X decays are currently not well

known, they are measured in the low-BDT region, which is enriched in such decays and where
the signal is absent. Four different templates in min[π+π−], max[π+π−], m(π+π+) and m(3π)
are built, corresponding to: events where at least one pion comes from an η′ resonance, events
where at least one pion comes from an η resonance but none of them originates from an η′, events
where the pions come from a resonance which is not η′ nor η and events where the pions do not
originate from a resonance. A template fit is performed, and the resulting relative fractions from
the low-BDT region are then used to constrain the D+

s decay model in the high-BDT region.
To select normalization events, the τ vertex requirement is reversed, i.e. the τ vertex is

required to be upstream with respect to the D0 vertex with a 4σ significance. The normalization
yield is obtained by fitting the D∗3π invariant mass distribution (see Figure 1) in the B region.

3 Control samples

In order to validate the simulated samples, three control samples extracted from data are used
(see Figure 1):

• B → D∗D+
s X sample, obtained by selecting events in the exclusive D+

s → π+π−π+ peak
in the 3π invariant mass distribution.

• B → D∗D0X sample, selected by requiring a charged kaon around the 3π vertex and the
K3π invariant mass to be compatible with the D0 mass.



• B → D∗D+X sample, obtained by requiring kaon particle identification criteria for the
π− in the π+π−π+ system, and the K−π+π+ to be compatible with the D+ mass.
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Figure 1 – (top left) D∗3π invariant mass distribution for normalization events. (top right) π+π−π+ invariant
mass distribution; the peak in the D+

s region is used to extract the B → D∗D+
s X control sample. (bottom left)

K−π+π−π+ invariant mass distribution; the peak in the D0 region is used to obtain the B → D∗D0X control
sample. (bottom right) π+π−π+ invariant mass distribution with kaon hypothesis on the π−; the peak in the D+

region is needed to build the B → D∗D+X control sample.

4 Perspectives

The statistical precision of this measurement is 6.7%, competitive with the previous LHCb
measurement, which used the muonic τ decay channel, and with the World Average. This is
the smallest statistical uncertainty for a single measurement of R(D∗). A comparison with the
previous measurements, the World Average and the SM prediction is reported in Figure 2, which
is an adapted version of the latest report by HFAG on the status of R(D∗) 7. Here only the
statistical uncertainty of this analysis is reported, while the central value is set on the World
Average, for illustration purpose.

The largest systematic uncertainties are due to the limited statistics of the simulated samples
and to the precision on the knowledge of the external branching ratios B

(
B0 → D∗−µ+νµ

)
and

B
(
B0 → D∗−π+π−π+

)
. Another source of systematic uncertainty is due to the knowledge of

the various D+
s , D+ and D0 background decay models.

Statistical uncertainty is expected to decrease at least by a factor 2 using Run 2 data, since
the B production cross section is higher at 13 TeV and the trigger is more efficient with respect
to Run 1.
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Figure 2 – Potential LHCb statistical uncertainty with Run 1 data, compared to previous measurements of R(D∗),
the World Average and the SM prediction.
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Measurement of time-dependent CP violation in B0
s → D∓

s K± decays with LHCb
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In B0
s → D∓

s K
± decays CP violation in the interference between direct decay and decay after

mixing results in a time-dependent asymmetry of the decay rates. From a measurement of
this asymmetry five CP observables can be determined, which are themselves sensitive to the
CKM angle γ. In order to probe the unitarity of the CKM matrix it is crucial to improve on
the precision of γ, as it is the least well known CKM angle. The presented analysis 1 uses the
full Run I dataset of 3 fb−1 of pp collisions that was collected at centre-of-mass energies of 7
and 8 TeV with the LHCb detector.

1 Introduction

All fundamental particles that were predicted by the Standard Model of particle physics (SM)
have been experimentally discovered, which proves the SM to be an extremely successful theory.
Nevertheless, there are a couple of observations the SM lacks explanations for. One of these
is the asymmetry between matter and anti-matter visible in today’s universe, whose existence
requires the violation of the CP symmetry. Though CP violation is well established in the SM, it
is only described at an extent far too small to explain the size of the observed matter-anti-matter
asymmetry. The sole origin of CP violation in the SM lies in a single irreducible complex phase
of the Cabbibo-Kobayashi-Maskawa (CKM) quark mixing matrix. The CKM matrix, whose
matrix elements Vxy describe the transition from a quark of type x to type y, is unitary in the
SM and connects the observables of various decay modes via its unitarity conditions. One of
these conditions is given by the equation

VudV
∗
ub + VcdV

∗
cb + VtdV

∗
tb = 0, (1)

which can be interpreted as a triangle in the complex plane. Measuring the sides and the angles
of this so-called CKM triangle conducts an indirect test of the SM, as the triangle needs to close
if the quark mixing matrix is unitary in nature. The presented analysis 1 aims to measure

γ = arg

(
−VudV

∗
ub

VcdV
∗
cb

)
, (2)



Figure 1 – Tree-level diagrams of the four direct decay transitions in B0
s → D∓

s K
±.

which is currently measured to be (73.2+6.3
−7.0)◦ 2. The world average is dominated by the wide

range of LHCb γ measurements, of which a recent combination resulted in γ = (72.2+6.8
−7.3)◦ 3.

This combination also includes a time-dependent measurement of CP violation in B0
s → D∓

s K
±

decays 4 using 1 fb−1, which precedes the presented analysis that uses the full Run I dataset of
3 fb−1.

The LHCb detector is a single-arm forward spectrometer covering the pseudorapidity range
of 2 < η < 5, designed to study hadrons containing b or c quarks. It includes a high-precision
tracking and vertexing system, which consists of a silicon-strip vertex detector that surrounds
the pp interaction region, a large-area silicon-strip detector located upstream of a dipole mag-
net, and three tracking stations placed downstream of the magnet that each feature an inner
silicon-strip detector and an outer straw drift tube detector. A fundamental requirement for
the presented analysis is LHCb’s excellent decay-time resolution of about 45 fs, which makes it
suitable for measuring CP violation in the B0

s system despite the fast oscillation frequency of
these mesons. Another crucial ingredient for the analysis is the differentiation between kaons,
pions, and protons, which the LHCb detector accomplishes with two ring-imaging Cherenkov
detectors that are part of the particle identification (PID) system. LHCb’s trigger system fea-
tures a hardware and a software stage, which together reduce the event rate to about 5 kHz
(3.5 kHz) in 2012 (2011). More details about the LHCb detector can be found elsewhere 5.

2 Time-dependent CP violation in B0
s → D∓

s K±

Both the B0
s and the B0

s meson are able to directly decay into the final states D−
s K

+ and D+
s K

−,
which are symbolised with f and f̄ , respectively. All four direct decays are tree-level processes,
as illustrated in Figure 1. Furthermore, all diagrams are of the same order λ3 with respect to the
parameter of the Wolfenstein parametrisation of the CKM matrix. Due to the oscillation of B0

s

mesons between the particle and anti-particle states with the frequency ∆ms, it is possible that
initially produced B0

s mesons decay as B0
s mesons and vice versa. Therefore, all requirements

for CP violation in the interference between direct decay and decay after mixing are fulfilled.
This type of CP violation manifests in an asymmetry between the time-dependent decay widths,
given by

Af (t) =
Γ(B0

s(t)→ f)− Γ(B0
s (t)→ f)

Γ(B0
s(t)→ f) + Γ(B0

s (t)→ f)
=
−Cf cos(∆mst) + Sf sin(∆mst)

cosh(∆Γt/2)−A∆Γ
f sinh(∆Γt/2)

. (3)
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Figure 2 – Results of the fit to the B0
s invariant mass (left), D±

s invariant mass (middle) and distribution of the
bachelor particle PID hypothesis (right). The sum of all components is represented by the blue solid line, while
the signal is illustrated by the red dashed line. Different background components are plotted as shaded areas.

An equivalent asymmetry exists for the charge-conjugated final state f̄ . Thus, there are in total
six measurable CP observables, which are defined as

A∆Γ
f =

−2rDsK cos(δ−(γ−2βs))

1+r2DsK
, A∆Γ

f̄
=

−2rDsK cos(δ+(γ−2βs))

1+r2DsK
, Cf =

1−r2DsK

1+r2DsK
,

Sf =
2rDsK sin(δ−(γ−2βs))

1+r2DsK
, Sf̄ =

2rDsK sin(δ+(γ−2βs))

1+r2DsK
, Cf̄ =−Cf .

(4)

Here, the relation Cf = −Cf̄ originates from neglecting direct CP violation. Furthermore, rDsK

is the amplitude ratio |A(B0
s → D−

s K
+)/A(B0

s → D−
s K

+)|, while δ is the strong phase difference
between the favoured and the suppressed amplitudes. The CP parameters give access to γ−2βs ≈
γ + φs, where φs is the weak phase measurable in B0

s → J/ψφ decays.

3 Analysis outline

The reconstruction starts by forming D±
s candidates from the final states K+K−π±, K±π−π+,

and π+π−π± and subsequently combining them with a charged kaon or a charged pion to form
B0
s → D∓

s K
± and B0

s → D−
s π

+ decays. The flavour-specific decay mode B0
s → D−

s π
+ has a

higher branching ratio than the signal decay and is kinematically very similar, which makes it
suitable to optimise the selection and to use it as a control mode throughout the analysis. Pre-
selected B0

s → D−
s π

+ data is used to train a boosted decision tree that suppresses combinatorial
background. Furthermore, a combination of PID information and kinematic vetoes is used to
distinguish the different D±

s final states from each other and from cross-feed backgrounds such
as B0 → D−K+ or Λ0

b → Λ−
c K

+. After all selection steps, there are about 6000 B0
s → D∓

s K
±

and 97000 B0
s → D−

s π
+ candidates.

Some physics backgrounds remain after the selection, of which some overlap with the signal
in the invariant B0

s mass distribution. In order to improve the separation of the signal from
these backgrounds, a three-dimensional fit of the B0

s invariant mass, the D±
s invariant mass

and the PID hypothesis distribution of the bachelor hadron is performed. Projections of the
distributions of the data in all dimensions are shown in Fig. 2. The shapes used to model the
different components are taken from simulated data, which is corrected for kinematic differences
between simulations and data. From the three-dimensional fit signal weights are extracted,
which enable a quasi background subtracted decay-time fit.

To determine the CP observables from the decay-time fit it is necessary to know the pro-
duction flavour of the B0

s mesons. At LHCb this information is inferred by so-called flavour
tagging algorithms, which are in this case calibrated using B0

s → D−
s π

+ data. Another im-
portant analysis ingredient is the modelling of decay time inefficiencies caused by the selection.
These inefficiencies are taken care of with a cubic-spline based decay-time acceptance function
that is modelled using B0

s → D−
s π

+ data. Figure 3 shows the result of the decay-time fit, with
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Figure 3 – Decay-time fit (left) and illustration of the CP parameters as well as γ in the complex plane (right).

the decay-time acceptance plotted as red line. The decay-time fit measures the CP observables

A∆Γ
f = 0.395± 0.277± 0.122, A∆Γ

f̄
= 0.314± 0.274± 0.107,

Sf =−0.518± 0.202± 0.073, Sf̄ =−0.496± 0.197± 0.071,

Cf = 0.735± 0.142± 0.048.

(5)

Here, the first uncertainties are statistical, while the second are systematic. The systematic
uncertainties, which are smaller than the statistical ones throughout, were primarily determined
using simulated pseudo-experiments. Neglecting correlations among the observables of the mul-
tidimensional fit is found to be the leading systematic uncertainty. Using the obtained CP
parameters in a likelihood based on the Eqs. 4 results in

γ = (127+17
−22)◦, δ = (358+15

−16)◦, rDsK = 0.37+0.10
−0.09. (6)

In order to obtain the result for γ, the value φs = (0.010 ± 0.039) rad is taken from a recent
LHCb measurement 6 as an external input. Figure 3 illustrates the results in the complex plane.

4 Conclusion

A time-dependent measurement of γ using B0
s → D∓

s K
± decays has been performed1. The result

shows a 2.15σ compatibility with a combination of LHCb’s time-integrated γ measurements 3.
The change in log-likelihood, when forcing y − 2βs to 0, indicates an evidence for CP violation
in B0

s → D∓
s K

± at the level of 3.6σ. Superseding analyses will profit from LHCb’s increasing
dataset, as the presented one is still statistically limited.
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b → s`+`− ANOMALIES FROM DYNAMICAL YUKAWAS

JAVIER FUENTES-MARTÍN

Instituto de F́ısica Corpuscular, Universitat de València – CSIC,
E-46071 València, Spain

The LHCb Collaboration has recently reported hints for New Physics in b→ s`+`− transitions
that point to a large violation of flavor universality in the lepton sector. Motivated by them,
we present a framework able to accommodate the experimental anomalies while, at the same
time, addressing the flavor puzzle of the Standard Model. This framework is based on the
hypothesis of dynamical Yukawas, where it is assumed that these couplings are generated by
the vacuum expectation value of dynamical fields charged under a local non-Abelian flavor
symmetry. The proposed framework has a rich phenomenology and predicts striking collider
signatures that will be tested in the near future.

1 Introduction

While most measurements agree very well with the Standard Model (SM), current b → s`+`−

data show a consistent pattern of deviations that might be pointing to New Physics (NP).
In particular, the LHCb and Belle collaborations have reported discrepancies with the SM
predictions at the level of 3σ in the decay B → K∗µ+µ− (mainly in the angular observable
P ′5)

1,2, and in the differential Br[Bs → φµ+µ−] 3. In addition, deviations are also found in
lepton flavor universality tests such as the ratio RK = Br[B → Kµ+µ−]/Br[B → Ke+e−], whose
experimental value4 is 2.6σ away from the theoretically clean SM prediction, RSM

K = 1.00±0.015.
The same pattern of deviations has also been reported in the recent measurement of RK∗

6,
analogous to RK but with different final-state meson, which deviates around 3σ from the SM
prediction. Even though each measurement is not significant enough to claim NP, in combination
they constitute an intriguing set of anomalies. It is compelling that all these discrepancies can be
explained in a model-independent approach by a rather large NP contribution to a single effective
operator, with other NP contributions still allowed by the data. This solution is preferred over
the SM hypothesis by more than 5σ, see 7,8 and references therein.

Several NP models have been proposed to accommodate the anomalies, see e.g.9,10. If a new
theory of flavor emerges as a result of these experimental measurements, it is quite likely that it
will be connected to other long-standing problems of the SM. In this respect, the flavor puzzle
–the lack of explanation within the SM for the peculiar structure of fermion masses and mixing
angles– could also be pointing to the same NP.

In this proceeding we explore the possibility of explaining both hints of NP from the hy-
pothesis of dynamical Yukawas.

2 Dynamical Yukawas and lowest-lying Z′ bosons

A promising direction in the explanation of the flavor structure of the SM is provided by the
hypothesis of dynamical Yukawas, where these couplings are promoted to dynamical fields



charged under a flavor symmetry that is realized at high energies. It is then expected that
the Yukawa structure arises from the minimum of a generic potential invariant under this flavor
symmetry. Interestingly, it was shown in 11 that the most general potential invariant under the
[SU(3)]5 × O(3) flavor symmetry has a natural minimum that explains the generic features of
the Yukawa matrices, both in the quark and lepton sectors. Introducing small perturbations to
this minimum (e.g. via extra scalar fields 12,13) allows to fit the observed masses and mixing
angles, and triggers a full breaking of the residual flavor symmetry.

In this framework it is common to assume that the flavor symmetry is local, therefore avoid-
ing the presence of unseen Goldstone bosons. This assumption leads to new gauge bosons whose
phenomenology can be of interest for the b→ s`+`− anomalies. The complete spectrum of the
corresponding massive vector bosons is quite complicated and may span several orders of magni-
tude. However, under reasonable assumptions on the perturbations of the natural minimum, only
a subgroup of the flavor symmetry remains unbroken at low energies, U(1)B1+B2−2B3

×U(1)µ−τ ,
while the other flavor gauge bosons are much heavier and decouple at the electroweak scale. For
more details we refer the reader to 10, where a specific model realization is also provided.

The resulting framework predicts two Z ′ bosons around the TeV scale: one leptophilic,
Z`, associated to U(1)µ−τ , and the other quarkphilic, Zq, corresponding to the U(1)B1+B2−2B3

symmetry. In the minimal model, the new gauge bosons present a natural suppression of the
Flavor Changing Neutral Currents (FCNC) in the quark sector and yield no Lepton Flavor
Violation (LFV) in the charged lepton sector. At the scale where the two U(1) symmetries are
broken, the corresponding Z ′ bosons can mix leading to the following mass eigenstates a(

Z1

Z2

)
=

(
cos ξ sin ξ
− sin ξ cos ξ

)(
Ẑ`
Ẑq

)
. (1)

Here the mass-mixing angle is defined as

ξ ' −
M̂Zq M̂Z`

M̂2
Zq
− M̂2

Z`

ε+O
(
ε2
)
, (2)

where ε is a small parameter that characterizes the mixing and M̂Zq,`
is the mass of the corre-

sponding gauge bosons in the absence of mixing.

3 Low-energy implications

• b → s`+`− transitions: In this framework NP only yields a relevant contribution to the
operator Oµµ9 ≡ (s̄γµPLb) (µγµPLµ) through the tree-level exchange of the additional gauge
bosons. Expanding in ε, we get for its Wilson coefficient

Cµµ9 |NP = −
Γ∗bs
VtbV

∗
ts

(
gqΛv
MZ2

)(
g`Λv
MZ1

)
ε+O(ε2) , (3)

where Λv ' 7 TeV, gq,` are the gauge couplings of the corresponding Z ′ bosons and Γ∗bs is a
coupling of O(VtbV

∗
ts).

• ∆F = 2 processes: The new gauge bosons also induce a tree level contribution to Bs − B̄s
mixing. Requiring NP contributions to the amplitude to be at most O(10%), we get the
bound ∣∣∣∣ Γbs

VtbV
∗
ts

gqΛv
MZ2

∣∣∣∣ . 0.7 . (4)

aFor simplicity, we assume that the new gauge bosons do not have any relevant kinetic or mass mixing with
the SM gauge fields. We also neglect kinetic mixing among the new gauge bosons, which turns out to be irrelevant
for the explanation of the anomalies.



It is worth noting that, in the absence of right-handed FCNCs, the contribution to ∆F = 2
processes have necessarily constructive interference and are minimal flavor violating (i.e. a
similar relative correction compared to the SM is also expected in Bd−Bd and Kaon mixing).
The contribution to these processes from flavon fields is suppressed and can be neglected.

• Neutrino Trident Production: Z ′ diagonal couplings to muons can be constrained from
neutrino trident production: νµN → νNµ+µ−. Requiring the bound from the CCFR collab-
oration 14 to be satisfied at the 2σ level, we obtain the following constraint∣∣∣∣g`ΛvMZ1

∣∣∣∣ . 12 . (5)

Using the limits in Eqs. (4) and (5), and plugging them in Eq. (3), we find the following NP
contribution to Cµµ9

Cµµ9 |NP ' − 8× ε , (6)

to be compared with the result of the fit to b → s`+`− data. In 7 the authors give Cµµ9 |NP =
−1.10+0.18

−0.17 at 1σ for the one-dimensional fit to this coefficient. We therefore conclude that this
framework can account for the b→ s`+`− anomalies provided ε ∼ O(0.1).

4 Direct searches at LHC

The two Z ′ bosons predicted in this scenario can be searched at LHC. The most stringent
bounds come from direct searches with dimuon final states. In Fig. 1 we show the corresponding
predictions for σ ×Br for dimuon resonance searches at ATLAS at 8 TeV 15 and 13 TeV 16. We
find that the most plausible scenario is the one with a mass hierarchy between the gauge bosons,
MZ1 < MZ2 , and with small mass mixing. That is, the lighter vector Z1 is predominantly Ẑ`,
while the heavier Z2 is predominantly Ẑq. Interestingly enough, the unpublished 13 TeV dimuon
resonance search 16 is already probing the relevant region, with conclusive answers expected in
the near-future data. On the other hand, the impact of the present (and future) t̄t and jj
searches are found to be less relevant. We restricted our scan to the mass range of dimuon
resonance searches reported by ATLAS (namely MZ′ ≥ 150 GeV) but it is interesting to note
that a very light (almost leptophilic) Z1 could evade the experimental bounds provided its gauge
coupling is sufficiently small.
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Figure 1 – Predictions for the LHC signals (σ×Br) at 8 TeV (left) and 13 TeV (right) for µ+µ− resonance searches
for Z1 (green) and Z2 (blue). Present limits are shown with solid line, and projected sensitivity with dashed line.



5 Summary and conclusions

The assumption of dynamically generated Yukawa couplings provides a natural explanation
to the observed pattern of fermion masses and mixing angles, both in the quark and lepton
sectors 11. This hypothesis requires the sequential breaking of a flavor symmetry that, under
reasonable assumptions, can also yield an explanation to the observed b→ s`+`− anomalies.

The proposed framework predicts two Z ′ bosons at low-energies: one almost leptophilic and
the other mostly quarkphilic. A small but non-vanishing mass mixing among the Z ′ bosons is
required in order to accommodate the flavor anomalies. Moreover the residual flavor symmetry
ensures a partial protection for quark FCNCs, which turn out to be sufficiently small to avoid
the tight existing constraints while allowing for sizable effects in b → sµ+µ−, and no LFV in
the minimal implementations. Direct searches at LHC allow for a very light (almost leptophilic)
Z ′ together with a heavier one (mostly quarkphilic) in the TeV range. This full region of the
parameter space will be explored in the near future by dimuon searches.
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STATUS OF THE STEREO EXPERIMENT,
A SEARCH FOR STERILE NEUTRINOS AT THE ILL
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The standard three-family model describing the neutrino oscillations is challenged by several
experimental anomalies, such as the Reactor Antineutrino Anomaly (RAA), that can be solved
by introducing a light sterile neutrino at the eV mass scale. STEREO is designed to probe
the oscillation parameter space region indicated by the RAA, by placing a gadolinium-doped
liquid scintillator neutrino target at a 10 meters average distance from the core of the ILL
research reactor, in Grenoble (France). An oscillation pattern - if any - will be measured both
in energy and in distance thanks to a segmented detector consisting of six identical cells. The
main challenge of such a measurement arises from the experimental location; consequently,
the shielding design was optimized on the basis of detailed background measurements. The
building of the detector was completed in 2016, and four months of data are under analysis.

1 Introduction

Although our current understanding of neutrino physics succeeds to accommodate most of the
data into a three neutrino mixing framework, there are still experimental anomalies that need
to be explained. The Reactor Antineutrino Anomaly (RAA) was highlighted in 2011, when a
new spectral prediction of reactor antineutrinos fluxes showed a 6% deficit in the global rate of
previous experiments located at a few tens of meters from reactors 1. A possible explanation
for this phenomenon consists in introducing sterile neutrinos at the eV mass scale into which
antineutrinos would oscillate. In the simplest model with one sterile neutrino, the probability
of disappearance of ν̄e at very short baseline would be described by an additional parameter
∆m2

14. Neglecting the impact of the known oscillations driven by ∆m2
12 and ∆m2

23 that develop
at larger baselines, this probability is given by Eq. 1:

Pν̄e→ν̄e(L,Eν̄e) ≈ 1− sin2(2θee)sin
2(

1.27 ∆m2
14 L

Eν̄e
) (1)

where Eν̄e is the ν̄e energy in MeV (few MeV for a reactor neutrino), L is the distance between
the neutrino production and its detection in meters, and θee and ∆m2

14 are the mixing angle
and the mass squared difference introduced by the additional sterile neutrino.

2 The Stereo experiment

2.1 The detector

The detector - consisting of six identical target cells - covers the distance from 9 to 11 meters
from the ILL compact reactor core in Grenoble, allowing for the measurement of a relative



distortion of the ν̄e spectrum with distance. Antineutrinos are dominantly produced by fission
products of the 235U isotope in the 93 percents-enriched uranium fuel of the nuclear core and are
detected via the inverse beta decay (IBD) process in the liquid scintillator filling the detector:

ν̄e + p→ e+ + n. (2)

The signature of this reaction is a coincidence in time between the prompt energy deposit and
annihilation of the positron and the delayed γ cascade coming from the neutron capture after its
thermalisation and diffusion in the medium. Neutron detection efficiency is enhanced by loading
the liquid with Gadolinium, thanks to the high neutron capture cross-section and energy release
(∼8 MeV) of this element. The optical separation of the cells is ensured by multi-layers walls
consisting of acrylic plates and reflective foils of VM2000. Light from scintillation produced
in the liquid is collected by four 8-inch photomultipliers tubes (PMT) on the top of each cell,
placed inside an acrylic buffer and immerged into mineral oil for optical contact. The full
energy reconstruction of a target event is enabled by an outer crown - filled with undoped liquid
scintillator - retrieving potential escaping γ’s from positron annihilation or the γ cascade from
neutron capture.

2.2 Background mitigation

The surrounding environment in the reactor casemate and its location at ground level makes
the measurement challenging: on top of natural radioactivity, Stereo is exposed to radiations
coming from the core, from the neighbouring experiments, and from cosmic particles.

Background for an IBD candidate may be decomposed into two types: the accidental back-
ground, resulting from random coincidences of two uncorrelated signals in the coincidence time
window and the correlated background, arising from two physically linked signals. The first one
is mostly due to reactor activity, and is reduced with passive shielding: as illustrated in Fig. 2,
the detector is inserted into a support structure holding magnetic shielding, polyethylene, lead
and neutron absorbers. The remaining accidental component is measured online and subtracted
statistically. The correlated background comes from cosmic-induced events that can mimic the
IBD interaction. A Cherenkov µ-veto detector on the top of the Stereo vessel acts as active
shielding against this background by tagging crossing muons. The discrimination is completed
offline using Pulse Shape Discrimination (PSD) - based on the different scintillation decay time
constants of the liquid depending on the nature of the energy deposit - and topological informa-
tion, the remaining component being measured during reactor-off periods.

Figure 1 – Six identical target cells (green) are surrounded
by the gamma catcher (red). Acrylics buffers - holding pho-
tomultipliers - are placed on top of the volumes (blue).

Detector vessel

Support structure

LeadPolyethylene
Mu-metal

Figure 2 – Detector vessel inside the support struc-
ture holding shielding layers (before the installa-
tion of the roof, the soft iron magnetic shielding
and the boron thermal neutron shielding).



3 Status of STEREO

The Stereo detector was moved into its final position during autumn 2016 and the data taking
started in November 2016. Single events and muon veto signals were recorded during a 89-days
period of reactor on and a 32-days reactor off period, commissioning phase included.a

3.1 Running conditions

Signals from the 68 photomultipliers (48 from the inner detector and 20 from the muon veto) are
continuously digitised at 250 MSamples/s by the electronic system - designed for this experiment
- embedded in a µTCA crate.2 With a trigger threshold at ∼ 250 keV for physics, corresponding
to a few kHz of trigger rate, the acquisition dead time is below the percent.

Detector response and stability are continuously monitored. A light injection system allows
hourly specific acquisitions used for PMTs calibration, measurements of the linearity of the
electronics and studies of the liquid’s properties. Time-evolving optical light leaks through cell
walls induced a larger cross-talk than expected. The total light collected remained constant.
Values of these leaks and their evolution were monitored online and are corrected offline.

A set of radioactive gamma sources (covering the energy range from 0.5 to 4.4 MeV) is
regularly deployed inside and all around the detector ensuring a precise calibration of the energy
response. Fig. 3 shows the reconstructed energy spectrum obtained for the 54Mn calibration
source. The expected light yield of 300 photoelectrons at 1 MeV was confirmed by calibration
data and will guarantee the aimed energy resolution of 10% (FWHM).
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Figure 3 – Reconstructed energy spectrum for a 54Mn
source deployed in cell 6.
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Figure 4 – PSD distributions for reactor-on pe-
riod (blue) and reactor-off period (green). The low
Qtail/Qtot region corresponds to electron recoils
(as in the case of IBD events) whereas the high
Qtail/Qtot region corresponds to proton recoils due
to energetic neutrons.

3.2 Preliminary set of IBD candidates

A preliminary IBD selection was performed on a first set of data, looking for coincidences between
prompt [2-8 MeV] and delayed [5-10 MeV] signals within a 70µs time window. In addition to a
100µs muon-veto, we require no events within 100µs window before and after pair candidates.
The latter criteria allows to get rid of multi-neutron cascades created by cosmic radiations.

Non-tagged muons that stop and decay in the top layer of the detector may be mistaken
as IBD candidates. Their asymmetry of charge deposition in the PMTs of the vertex cell is
higher than that of events in the detector bulk and was used to remove these stopping muons
events. Note that muons stopping deeper inside the detector are rejected due to their high
energy deposit before the stop.

aData taking durations updated with respect to those given at the Moriond conference. May 2017 status.



The PSD allows to discriminate electron recoil (IBD signal) from proton recoil (background
signal). PSD of reactor-on periods shows an excess of electronic recoils with respect to the one
of reactor off, corresponding to ν̄e detection. There is no significant excess of proton recoils,
allowing to set limits on reactor-related correlated background. A PSD energy-dependent cut
was applied on prompt candidates to discriminate between the two populations.

Neutrinos are obtained statistically through the subtraction of reactor-off IBD candidate
set from the reactor-on IBD candidate set. Since cosmic background is subject to fluctuations
depending on atmospheric conditions, rates have to be corrected before subtraction. A linear
correlation between rates and atmospheric pressure is used to renormalise the reactor-off and
reactor-on periods to the same reference pressure value.

Fig. 5 shows the evolution of the IBD rate satisfying the cited cuts as a function of time,
after the pressure correction mentioned above. The measured accidental rate, highly sensitive
to the activity of neighbouring experiments, is plotted on the same figure; it contributes to less
than 10% to the signal. Rates are stable (within the statistical fluctuations) and the neutrinos
contribution derived from the difference between reactor-on and reactor-off period corresponds
to a signal over background ratio of ∼ 0.7 for this preliminary analysis.
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Figure 5 – In green (in red): evolution of the correlated (accidental) rate as a function of time for IBD candidates
satisfying time, energy, asymmetry and PSD cuts.

4 Perspectives

Analysis work is on-going to reduce the correlated background in order to reach the expected
signal over background ratio of 1.5. Further rejection focuses on promising topological infor-
mations, such as the multiplicity of lightened cells or the distance between prompt and delayed
candidate energy deposition signals. With the full energy reconstruction based on calibration
data and quenching curves, a relative comparison of ν̄e spectra between cells will be possible.

A new data taking period starting September 2017 will supplement the already existing set
of IBD candidates, providing the nominal 300 days of statistics required for Stereo to cover the
contours of the Reactor Antineutrino Anomaly.
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THE BRANCHING FRACTION AND EFFECTIVE LIFETIME OF B0
(s) → µ+µ−

AT LHCb WITH RUN 1 AND RUN 2 DATA
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After Run 1 of the LHC, global fits to b→ s`` observables show a deviation from the Standard
Model (SM) with a significance of ∼ 4 standard devations. An example of a b→ s`` process is
the decay of a B0

s meson into two muons (B0
s → µ+µ−). The latest analysis of B0

(s) → µ+µ−

decays by LHCb with Run 1 and Run 2 data is presented. The B0
s → µ+µ− decay is observed

for the first time by a single experiment. In addition, the first measurement of the B0
s → µ+µ−

effective lifetime is performed. No significant excess of B0 → µ+µ− decays is observed. All
results are consistent with the SM and constrain New Physics in b→ s`` processes.

1 Introduction

In the SM, Flavour Changing Neutral Currents (FCNCs) occur at loop level and are suppressed
by the GIM mechanism, and sometimes helicity suppression. As New Physics (NP) is not
necessarily suppressed, FCNCs probe physics at energies beyond the LHC centre-of-mass energy.

One such FCNC is the b→ s`` transition. Several theory groups have performed global fits
to b → s`` observables in the Effective Field Theory (EFT) framework, and find that the data
deviate by ∼ 4 standard deviations with respect to the SM 1,2,3.

One example of a b→ s`` transition is the decay of aB0
s meson into two muons (B0

s → µ+µ−).
For B0

(s) → µ+µ− decays, the decay amplitude can be written as

A(B0
(s) → µ+µ−) = 〈µ+µ−|Heff |B0

(s)〉 =
GF√

2
V ∗t(d,s)Vtb

∑
i∈10,S,P

C(′)
i 〈µ

+µ−|O(′)
i |B

0
(s)〉 , (1)

where GF is the Fermi constant, V ∗t(d,s) and Vtb are CKM elements, C(′)
i are perturbative Wilson

coefficients and O(′)
i are non-perturbative Wilson operators. These operators describe axial vec-

tor (O(′)
10 ), scalar (O(′)

S ) and pseudo-scalar (O(′)
P ) contributions respectively, and a prime indicates

a right-handed contribution. In the SM, only C10 contributes. Interestingly, contributions from

C(′)
10 are helicity suppressed, while (pseudo-)scalar contributions are not. Therefore, B0

(s) → µ+µ−

observables are very sensitive to (pseudo-)scalar NP.
As B0

(s) → µ+µ− decays are purely leptonic, the hadronic part of the amplitude reduces to

the decay constant, which is well determined using lattice QCD 4. The branching fractions of
B0 → µ+µ− and B0

s → µ+µ− are consequently well predicted in the SM 5,6:

B(B0
s → µ+µ−) = (3.57± 0.18)× 10−9 (2)

B(B0 → µ+µ−) = (1.06± 0.06)× 10−10 (3)



A second observable in the B0
(s) → µ+µ− system is the effective lifetime of B0

s → µ+µ− 7.

B0
(s) mesons mix with their anti-particles and form mass (and lifetime) eigenstates. The mass-

eigenstate rate asymmetry is given by

A∆Γ =
Γ(B0

(s),H → µ+µ−)− Γ(B0
(s),L → µ+µ−)

Γ(B0
(s),H → µ+µ−) + Γ(B0

(s),L → µ+µ−)
(4)

In the SM, A∆Γ = 1, which means that only the heavy B0
(s) eigenstate decays to two

muons. For B0
s mesons, the lifetime difference between their two eigenstates is measured to be

∆Γ/Γ = 0.12 a By measuring the effective lifetime from the untagged decay distribution, the
mass-eigenstate rate asymmetry is probed. The effective lifetime of B0

s → µ+µ− is an indepen-
dent and complementary observable to the branching fraction.

Here, the new LHCb analysis of B0
(s) → µ+µ− observables is presented8. It is based on data

corresponding to an integrated luminosity of 1 fb−1 of pp collisions at a centre-of-mass energy
of
√
s = 7 TeV, 2 fb−1 at

√
s = 8 TeV and 1.4 fb−1 at

√
s = 13 TeV. The first two datasets are

referred to as Run 1, the latter as Run 2.
In Section 2, the branching fraction measurement is presented. In Section 3, the effective

lifetime measurement is presented. As there is a large overlap in selection and analysis strategy,
only differences with the branching fraction measurement are mentioned in the latter Section.

2 B0
s → µ+µ− and B0 → µ+µ− branching fraction measurement

2.1 Backgrounds and selection

The analysis strategy is to search for muon pairs with opposite charges, mµ+µ− ∈ [4900, 6000] MeVb

and a well reconstructed, clearly displaced decay vertex.
Four background categories exist for the branching fraction measurement. First, bb→ µµX

decays, where both muons combine to fake a signal. This is called combinatorial background, and
all other backgrounds are hereafter referred to as peaking backgrounds. Second, B0

(s) → h+h(′)−

decays, where h ∈ [K,π] and both hadrons are misidentified as muons. Third, B0 → π−µ+νµ,
B0
s → K−µ+νµ, and Λ0

b → pµ−ν, where one hadron is misidentified as a muon and the neutrino
is not reconstructed. Fourth, B+

c → J/ψ(→ µ+µ−)µ+νµ and B0(+) → π0(+)µ+µ− decays, where
two real muons are combined and one particle is not reconstructed.

To reject both combinatorial and peaking backgrounds, two multivariate classifiers are used.
For the separation of B0

(s) → µ+µ− from combinatorial background, a Boosted Decision

Tree (BDT) is trained. This BDT is used to divide the sample based on signal purity. The main
discriminating variables in this BDT are based on track isolation, as bb → µµX decays have
extra tracks close to the muon tracks.

To reject peaking backgrounds, neural networks that discriminate between muons and hadrons
are trained. The neural network selection is optimised for the B(B0 → µ+µ−) measurement, as
due to its lower mass it is more affected by peaking backgrounds.

Simulation is used for each peaking background to estimate the number of events after
selection, as well as the mass and BDT shape. The main backgrounds (B0

(s) → h+h(′)−, B0 →
π−µ+νµ, B0

s → K−µ+νµ) are also controlled using a fit to data with the hµ mass hypothesis.

2.2 Signal calibration and normalisation

To convert a yield after selection into a branching fraction, other B decays with known branching
fractions are used for normalisation. In addition, the mass and BDT shape of the signal have

aFor B0 mesons, no lifetime difference has been observed. It is expected to be O(10−3). The effective lifetime
of the B0 → µ+µ− decay is not measured due to the small lifetime difference and its small branching fraction.

bFor reference, the B0
s mass is 5367 MeV/c2 and the B0 mass is 5280 MeV/c2.
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Figure 1 – (left) Mass distribution of selected B0
(s) → µ+µ− candidates in the four most sensitive BDT bins.

The result of the fit is overlaid. (right) The 2D confidence interval in B(B0
s → µ+µ−),B(B0 → µ+µ−) from this

measurement.

to be calibrated.

The normalisation is performed with B+ → J/ψ(→ µ+µ−)K+ and B0 → K+π− decays.
The two muons in the final state for the B+ → J/ψ(→ µ+µ−)K+ decay are detected similarly
to the muons from B0

(s) → µ+µ− . The efficiency to detect the extra kaon track in the final

state is corrected for using simulation. For B0 → K+π−, the kinematics are very similar to
B0

(s) → µ+µ− , which means the same BDT can be applied. However, the trigger and PID
selection for hadrons and muons are very different, and are corrected for using a data-driven
approach.

For the BDT calibration, fits to B0 → K+π− decays per BDT bin are used to determine the
B0

(s) → µ+µ− BDT distributions. The same corrections as for the normalisation are applied,
and the BDT distribution is found to be consistent with simulation.

2.3 Branching fraction fit and results

To measure both branching fractions, a simultaneous maximum likelihood fit for B(B0
s → µ+µ−)

and B(B0 → µ+µ−) is performed to mµ+µ− in bins of BDT per dataset (Run 1 and Run 2). The
only free nuisance parameters are the combinatorial background shape parameters and yields.
The shape is the same for all BDT bins in a dataset, the yields are free for each BDT bin.

From the fit, the B0
s → µ+µ− decay is observed with a statistical significance of 7.8 standard

deviations, and its branching fraction is measured to be B(B0
s → µ+µ−) = (3.0 ± 0.6+0.3

−0.2) ×
10−9 , where the first uncertainty is statistical and the second systematic. The statistical
uncertainty is obtained by repeating the fit with all nuisance parameters fixed. No significant
excess of B0 → µ+µ− decays is observed, and a 95% confidence level upper limit is determined,
B(B0 → µ+µ−) < 3.4× 10−10.

3 Effective lifetime measurement of B0
s → µ+µ−

In contrast to the branching fraction, the effective lifetime is measured for the B0
s → µ+µ− decay

only. Therefore, the selection and fitting procedure are optimised independently.

First, events withmµ+µ− < 5320 MeV, and thus all peaking backgrounds, as well asB0 → µ+µ−

events, are cut away. Second, the PID selection is loosened, as the mass cut makes the mea-
surement less sensitive to peaking backgrounds. Third, a cut is applied on the BDT, instead of
using the BDT to divide the sample in bins.

With the sPlot method 9, a mass fit is used to background-subtract the decay time distribu-
tion. The mass fit contains just two shapes (B0

s → µ+µ− and combinatorial background). The
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Figure 2 – (left) Mass distribution of B0
s → µ+µ− candidates. The result of the fit is overlaid. (right) Background-

subtracted decay-time distribution with the fit result superimposed.

background-subtracted decay time distribution is fitted with an exponential, convoluted with
an acceptance function.

The effective lifetime is measured for the first time and found to be τ(B0
s → µ+µ−) =

2.04± 0.44± 0.05 ps. This measurement is consistent with the A∆Γ = +1(−1) hypothesis at 1.0
(1.4) standard deviations. The current experimental precision does not set a strong constraint,
but shows the potential LHCb will have to constrain NP using the effective lifetime.

4 Conclusions

The B0
s → µ+µ− decay is observed with a significance of 7.8 standard deviations, and its branch-

ing fraction is measured to be B(B0
s → µ+µ−) = (3.0±0.6+0.3

−0.2)×10−9 , where the first uncertainty
is statistical and the second systematic. In addition, the first measurement of the B0

s → µ+µ−

effective lifetime is performed: τ(B0
s → µ+µ−) = 2.04 ± 0.44 ± 0.05 ps. No significant ex-

cess of B0 → µ+µ− decays is observed, and a 95% confidence level upper limit is determined,
B(B0 → µ+µ−) < 3.4×10−10. All results are consistent with the SM and constrain New Physics
in b→ s`` processes. Already, these results have sparked interesting discussions 6,10,11,12.
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Determination of |Vub| at Belle II

M. Lubej on behalf of the Belle II Collaboration
Experimental Particle Physics Department, Jožef Stefan Institute, Jamova cesta 39,

1000 Ljubljana, Slovenia

Semileptonic B meson decays involving low-mass charged leptons e or µ are expected to be
free of non-Standard Model contributions and therefore play a critical role in determinations of
|Vub| and |Vcb|. Of all the CKM matrix parameters, |Vub| is the least precisely measured and in
most need of additional studies in order to better constrain the apex of the Unitarity Triangle.
We focus on exclusive reconstruction of charmless semileptonic B meson decay B → π`ν, and
present prospects and estimates for measuring |Vub| at Belle II with the full planned dataset
of 50 ab−1 of integrated luminosity.

1 Introduction

Precise measurements of CKM matrix elements are necessary to probe the quark mixing mecha-
nism of the Standard Model (SM) 1,2 and to search for possible physics beyond it. Semileptonic
decays of B mesons involving low-mass charged leptons e or µ are expected to be free of non-SM
contributions and therefore play a crucial role in precise determinations of CKM matrix ele-
ments |Vub| and |Vcb|. Eq. 1 represents the differential branching fractions for B meson decays
to pseudoscalara states

dB(B → P`ν)

dq2
= |Vub|2

G2
F τB

24π3
p3
P |fP+ (q2)|2, (1)

where q2 is the squared value of the momentum transferred to the lepton pair, fP+ is one of
the pseudoscalar form-factors, τB and p the lifetime and momentum magnitude of the B meson
and the pseudoscalar, respectively, and GF the Fermi constant. From Eq. 1 it can be seen
that in order to determine the value of the |Vub| element, one needs a good measurement of the
branching fraction and a good understanding of the form-factors that come into play.

Of all the CKM matrix elements, |Vub| is the least precisely known due to the limited
theoretical understanding of the form-factors and challenges with experimental measurements,
so additional studies are needed in order to constrain the apex of the Unitarity Triangle even
further. With Belle II we are entering an era of precision measurements, where we will be able
to determine the value of |Vub| with precision at the percent level 3.

The most commonly studied decay mode to determine the magnitude of the CKM matrix
element |Vub| is B → π`ν, because it offers a clean experimental measurement of the branching
fraction and a precise theoretical calculation of the B → π form-factors. One of the problems
with existing determinations of |Vub|, the so-called Vub puzzle, is a persistent discrepancy between
|Vub| measurements based on inclusive and exclusive charmless B meson decays. In inclusive
measurements we focus on all decays of the form B → Xu`ν at the same time and try to

aThis form has been simplified for low mass charged leptons e and µ.



reconstruct them inclusively, and in exclusive measurements we focus on specific decays, as in
this case.

2 Reconstruction methods at B factories

Branching fraction measurements of leptonic and semileptonic B mesons are possible using
several different experimental techniques that differ only in the way how the companion B meson
is reconstructed. In this review we will only focus on the untagged (inclusive tag) method or
the tagged method with hadronic tag decays.

In untagged analyses 4 we first reconstruct our signal B meson, with the exception of the
escaped neutrino. Since the detector hermetically covers a relatively large portion of the full
solid angle, we can inclusively determine the 4-momentum of the companion B meson by adding
up the 4-momenta of all the remaining charged tracks and neutral clusters in the event, as shown
in Eq. 2.

pBcomp =
rest of event∑

i = tracks and clusters

(Ei,pi) . (2)

Due to the well known initial Υ(4S) state, we can determine the missing 4-momentum as

pmiss = pΥ(4S) − pBsig − pBcomp , (3)

which is equal to the 4-momentum of the missing neutrino, if neutrino is the only missing particle
in the event. The untagged method has an efficiency of about O(10 %), so it is the recommended
approach with smaller data samples. The downside is the lower q2 resolution, since 4-momentum
of the companion B meson is determined in an inclusive way.

In tagged analyses with the hadronic tag reconstruction 5 we first fully reconstruct the
companion B meson in several hadronic decay modes. After having a good companion B meson
candidate, we require that the rest of event is consistent with the signature of the signal decay.
The missing 4-momentum can be imposed in the same way as in Eq. 3, taking into account
the different method for pBcomp calculation. Knowing exactly how the companion B meson was
reconstructed, this enables us to calculate q2 with better precision, however, the efficiency drops
to about O(0.1 %), so this method is better suited for abundant data samples.

3 Belle II prospects

Luminosity at the Belle II experiment is to be increased by a factor of 40 compared to that of
Belle, and we hope to acquire 50 ab−1 of data, 50 times more than in the case of its predecessor.
In addition to more data, the detector itself is being upgraded, with improvements in almost
all aspects, such as tracking and particle identification. Improvements were also made on the
software side, with smarter and more precise algorithms. In order to study the impact of Belle
II in the future, we are able to make some predictions using Monte Carlo (MC) simulations.
The MC data sample used in these studies was a mixture of generic BB events and continuum
qq events, where q = u, d, s, c, which were produced in a Belle II Monte Carlo campaign in
2015 and correspond to a size of 500 fb−1.

In case of the tagged MC study, the most relevant improvement, besides the detector upgrade,
is the better tagging algorithm with significantly higher tagging reconstruction efficiency. From
the MC study it was concluded that the overall reconstruction efficiency for B → π`ν is about
0.55 % 3, which is significantly higher than the overall reconstruction efficiency of 0.3 % of the
tagged measurement reported by Belle 5.

In case of the untagged MC study, improvements were made in the treatment of the remaining
tracks and clusters in the event. Studies showed that the rest of event consists of a considerable
amount of tracks and clusters which should not be taken into account. These objects, dubbed as
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extra tracks and clusters, are for example produced in secondary interactions of primary particles
with detector material, or are fake candidates stemming from imperfect reconstruction. Either
way, such cases should be discarded from our selection by cleaning up the rest of event. Taking
all improvements into account, the overall reconstruction efficiency for this channel is around
20 %3, as opposed to 11 % reported in the untagged measurement of B → π`ν decays performed
by Belle 4. Figures 1 and 2 show the improvement effect of the rest of event clean-up on Belle
II MC on the ∆E and MBC distributions, respectively.

Even though these studies were performed on a smaller MC sample, it is possible to extrap-
olate the errors to larger values of integrated luminosity, where one should keep in mind that the
total error has contributions which do not scale with increasing data. Eq. 4 shows the general
formula for error scaling with separate contributions to the total error,

σtot(L) =

√
(σ2

stat(L0) + σ2
sysred(L0))× L0

L + σ2
sysirred(L0), (4)

where L is the arbitrary integrated luminosity which we are interested in, L0 is the integrated
luminosity at which the initial studies/measurements were made, σstat is the statistical error,
σsysred the reducible part and σsysirred the irreducible part of the systematic error. Based on the
tagged and untagged Belle analyses at 711 fb−1 5 and 605 fb−1 4, it is possible to estimate the
precision limit of the irreducible systematic error to 2.0 % and 1.6 % 3, respectively.

The |Vub| parameter was extracted from a simultaneous fit to the branching fraction dis-
tributions and LQCD input. The LQCD input used were the average form factor parameters
of 6 and 7, performed by 8. Optimally, LQCD input will become more precise as the Belle II
detector acquires data, so it is possible to take LQCD error forecasts into account 3,9. Figure 3
shows an example of a fit at L = 5 ab−1, while Figure 4 shows the precision of |Vub| for multiple
values of integrated luminosity from 5 to 50 ab−1 for current LQCD and LQCD forecast in the
next decade 3. With the full Belle II dataset and the LQCD forecasts in 10 years we estimate
the precision on |Vub| to be 1.7 % and 1.3 % in the case of the tagged and untagged analysis,
respectively.

4 Conclusions

In this paper we present prospects on |Vub| CKM matrix parameter measurements with the full
planned Belle II data sample using detailed MC studies. We estimate the precision to at least a
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1.7 % and 1.3 % in the case of a tagged and untagged reconstruction method of the companion
B meson, respectively.
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At the beginning of 2016, LIGO reported the first ever direct detection of gravitational waves.
The measured signal was compatible with the merger of two black holes of about 30 solar
masses, releasing about 3 solar masses of energy in gravitational waves. We consider the
possible neutrino emission from a binary black hole merger relative to the energy released in
gravitational waves and investigate the constraints coming from the non-detection of coun-
terpart neutrinos, focussing on IceCube and its energy range. The information from searches
for counterpart neutrinos is combined with the diffuse astrophysical neutrino flux in order to
put bounds on neutrino emission from binary black hole mergers. Prospects for future LIGO
observation runs are shown and compared with model predictions.

1 Introduction

At the end of 2015, the Laser Interferometer Gravitational-Wave Observatory (LIGO) observed
for the first time a gravitational wave signal, GW150914. 1 The measured signal is compatible
with what is predicted for a binary black hole (BBH) merger. In this event, two black holes with
masses 36+5

−4 M� and 29+4
−4 M� merged to form a black hole of 62+4

−4 M�, in the process releasing
3+0.5
−0.5 M� of energy into gravitational waves, from a distance of 410+160

−180 Mpc from Earth.

In the standard picture of binary black hole mergers, such environments are devoid of matter
by the time of the merger. 2 Therefore, this type of event is expected to be visible only in grav-
itational waves. Still, now that binary black hole mergers are observable, a it is interesting to
test whether they do emit other particles or not. Indeed, the detection of GW150914 triggered
several follow-up searches, both in electromagnetic waves 4 and in neutrinos. 5,6,7

In this work, 8 constraints on high energy neutrino emission from binary black hole mergers
are investigated. These constraints come from two sources. Firstly, there are the constraints
from direct searches for counterpart neutrinos coincident with the LIGO event. Secondly, given

aIndeed, in addition to GW150914, an additional binary black hole merger has been detected, as well as a
candidate event. 3



that binary black hole mergers happen throughout the history of the universe, the emission is
constrained from the observation of the diffuse astrophysical neutrino flux by IceCube.

2 Neutrino emission from BBH mergers

The neutrino emission can be characterized by the following parameter

fνBBH =
Eν
EGW

. (1)

The experimental constraints from follow-up searches for counterpart neutrinos can be immedi-
ately translated to a bound on this parameter.

Under the assumption that BBH mergers do emit neutrinos, the mergers that have happened
throughout the history of the universe give rise to a diffuse flux of neutrinos. According to
LIGO, 3 the rate of such merger is between 9− 240 Gpc−3yr−1 in the local universe. Following
the standard approach, 9,10,11 one finds that the resulting flux equals

E2 dNν

dEν

∣∣∣∣
obs

=

(
fνBBHtH

c

4π
ξz

)
E2 dṄν

dEν

∣∣∣∣∣
inj,fνBBH=1

. (2)

The injection spectrum and rate is contained in dṄν
dEν

∣∣∣
inj,fνBBH=1

. Here, it is assumed that the

BBH mergers emit neutrinos with an E−2-spectrum between 100 GeV and 108 GeV, in order to
explain (part of) the observed diffuse astrophysical neutrinos flux. The factor ξz captures the
cosmic evolution of the sources and the redshift effect on the spectrum. For power law spectra,
this ξz is z-independent. In the following, it will be assumed that BBH mergers follow the star
evolution 12,13 and set ξz = 3. 11

The resulting flux can then be compared with the diffuse neutrino flux observed by IceCube14

E2Φ(E) = 0.84± 0.3× 10−8 GeVcm−2s−1sr−1. (3)

One gets a bound on fνBBH when the fluxes in Eq. 2 and Eq. 3 are equal. If one would find fνBBH

higher than this bound from direct observation of BBH mergers, one of the assumptions that
went into the calculation must be wrong. This would mean that either fνBBH is not universal, or
that BBH mergers do not follow star formation, resulting in bounds on these two cases.

3 Prospects

The bounds on fνBBH from the diffuse astrophysical neutrino flux will be compared to those
from direct searches as more BBH mergers are accumulated. All BBH mergers are assumed
to be similar to GW150914, emitting 3 M� of energy in gravitational waves from a distance of
410 Mpc, from random locations in the sky. The IceCube follow-up analysis of GW150914 is
replicated, using the respective effective area, 15 averaged over the full sky. A background of at-
mospheric neutrinos 16 is included, integrated over a time window of 1000 s and over a sky patch
of 600 deg2, 100 deg2 and 20 deg2, corresponding to the current 1 and expected 17 localization
uncertainty given by LIGO.

Fig. 1 shows the results of this analysis, for various significances with which one could detect
a neutrino signal. The astrophysical bounds are at fνBBH ≈ 1.58× 10−3 and fνBBH ≈ 5.93× 10−5.
This value is reached by direct searches, at S/

√
S +B = 1, after about 10 mergers have been

detected. By the end of LIGO run O2, it is expected that between 10 and 35 BBH mergers
(90% credible interval) 18 have been seen. In case one would see 35 events, this means that a
counterpart neutrino emission could be detected with S/

√
S +B = 1 for fνBBH ≈ 5× 10−4.
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Figure 1 – The sensitivity of fνBBH expected at various significance requirements (from top to bottom S/
√
S + B =

5, 3, 1) as a function of number of 3 M� BBH mergers observed in gravitational waves. The results are shown for
different sky patch sizes, corresponding to current and future LIGO pointing accuracy (600 deg2, 100 deg2 and
20 deg2 uncertainty for the full, dashed and dashed-dotted lines respectively). The green hatched lines show the
upper bounds from the astrophysical neutrino flux for the upper and lower limit of the BBH merger rate for the
case discussed in the text. The vertical band shows the expected number of BBH mergers seen in LIGO run O2.

4 Model dependent interpretation

The general bound on fνBBH from the previous section can be interpreted in specific models.
Assuming now that the neutrino emission originates from matter present around the black hole,
fνBBH can be decomposed in the following way

fνBBH = fmatter × fengine × εp,acc × εν . (4)

In here, fmatter is a fraction expressing the amount of matter present, relative to EGW. The
second part, fengine × εp,acc × εν represents the amount of energy that forms an acceleration
engine, the amount of energy going into protons and the amount of proton energy going to
neutrinos respectively. In the case of a gamma-ray burst fireball model, 19 this last part is equal
to 1/10 × 1/10 × 1/20. A bound on fνBBH can then be immediately translated into a bound
on fmatter within the fireball model. One can turn this around and estimate possible values
of fνBBH, using specific matter models. In the dead disk model, 2 one finds that approximately
10−4 − 10−4 M� of matter is present, which can be reactivated upon the merger. This then
leads to fνBBH ≈ 10−7, still below the reach estimated in Fig.1.

5 Conclusions

The current and expected future bounds on high energy neutrino emission from binary black
hole mergers have been investigated, in terms of a parameter fνBBH. This was done by combining
the information from coincident searches for counterpart neutrinos, together with the already
observed diffuse astrophysical neutrino flux. This latter one results in a bound between fνBBH ≈
1.58× 10−3 − 5.93× 10−5. It is found that after about 10 binary black hole mergers detected
using gravitational waves, it will be possible to probe the neutrino emission down to the upper
value of that range. This number of events coincides with the lower value of the 90% credible
interval for expected number of events in LIGO run O2. Finally, when comparing this expected
bound with estimates from realistic models of neutrino emission, it is found that such models
predict a neutrino emission of fνBBH ≈ 10−7, which is below this expected bound in run O2.
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The SuperNEMO demonstrator 1, which is the first module of the SuperNEMO experiment,
is looking for the neutrinoless double beta decay 0νββ in order to unveil the nature of the
neutrino. Its unique design, combining both tracking and calorimetry techniques, provides es-
sential topological information. Indeed, fully reconstructing the event kinematics gives access
to a variety of event topologies which can be used to measure the different background contri-
butions as well as look for new processes such as the double beta decays to the excited states
of the daughter nuclei. Using this information in a multivariate analysis can improve the back-
ground discrimination power and further increase the detector sensitivity. The commissioning
of the demonstrator is ongoing and the data taking should start in Summer 2017.

1 The SuperNEMO demonstrator

The strategy adopted by SuperNEMO was proven successful by its predecessor NEMO-32, which
set competitive limits on the neutrinoless double beta decay half-life of 100Mo and several other
isotopes. The experimental principle, as well as the design of the demonstrator, are presented
on Figure 1.
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Figure 1 – (left) Principle of the NEMO experiments. (right) Overview of the SuperNEMO demonstrator.

The source consists of a thin foil of ββ-emitters. Any ββ isotope can be studied, provided
it can be manufactured in a foil shape. 82Se was chosen as the main isotope because of its high
transition energy Qββ = 2.998 MeV which strongly reduces the impact of backgrounds such as
208Tl and its 2.615 MeV-γ emission. It also has a low 2νββ half-life. The study of a kilogram
of 150Nd is also considered. The foil is surrounded by a tracking chamber made of 2034 Geiger
cells (see Figure 2). A magnetic field is applied to the chamber in order to determine the charge



of the particles involved. The detector is closed by a calorimeter (see Figure 2), composed of
plastic scintillators coupled to 720 PMTs (8” and 5” PMTs). The size of the plastic scintillators
was increased, compared to NEMO-3, to enhance the γ detection efficiency. The calorimeter
energy resolution should reach 4 % at Qββ (FWHM).

Figure 2 – Demonstrator integration is LSM: (left) photo of one half of the tracker, (right) photo of one of the
calorimeter main wall

2 Sensitivity of the search for the neutrinoless double beta decay 0νββ

The SuperNEMO experiment is looking for the neutrinoless double beta decay 0νββ, which, if
observed, would prove the Majorana nature of the neutrino. The goal for any double beta decay
experiment is to unambiguously detect the characteristic 0νββ energy spectrum, among the
continuous 2νββ spectrum and other radioactive backgrounds. This signal can either translate
into an excess of events located at the Qββ , as predicted by most of the hypothesized mechanisms
(mass mechanism, right-handed currents, etc.) or as a continuous energy spectrum, resulting
from the emission of a new undetectable particle, the Majoron.

2.1 Particle identification and kinematics reconstruction

Thanks to its tracking capabilities, SuperNEMO is currently the only experiment able to detect
the two individual electrons emitted during a double beta decay. SuperNEMO is also capable
of discriminating β particles from γ or α particles, as described in Figure 3. This gives access to
different topologies of events which can be used to accurately measure the different background
contributions: 1e1α(Nγ) channel for 214Bi or 1e2γ channel for 208Tl and 214Bi for instance. This
also allows SuperNEMO to look for the double beta decays to the excited states of the daughter
nuclei, which signature is one or several γ particles emitted along with the two electrons. In
addition, the full kinematics reconstruction means that SuperNEMO is the only experiment
which, assuming the 0νββ observation, would be able to identify the underlying mechanism
(the energy partition and the angle between the two electrons depend on the mechanism).
Furthermore, using these kinematic variables in a multivariate analysis can improve the detector
sensitivity.

2.2 Background origins

As mentioned earlier, the backgrounds for the 0νββ search are any processes which can produce
two electrons with an energy sum close to the Qββ . The main backgrounds are consequently:

• some 2νββ events which energy can be overestimated due to the detector’s limited energy
resolution

• a contamination of the source in high energy β and γ emitters, like 208Tl and 214Bi



• Radon gas, decaying to 214Bi, present in the tracker gas and depositing close to the source.

These β/γ emitters can mimic ββ events through a beta decay, accompanied by a Compton or
Moller scattering or an internal conversion. The reconstructed spectra (i.e. the energy sum of
the two electrons), after a simple selection of ββ-like events from Monte-Carlo simulations, are
presented in Figure 3.
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Figure 3 – (left) The different particle signatures in SuperNEMO: electrons are negatively curved tracks with
an associated calorimeter hit, positrons are positively curved tracks with an associated calorimeter hit, alphas
are short delayed tracks, gammas are unassociated calorimeter hits. (middle) Event display of a Monte-Carlo
simulation (top view). The source is shown in green in the middle and the scintillator blocks are located on
the sides. The blue and red circles represent the triggered tracker cells to which an helix is fitted. (right) Two
electrons energy sum distribution of ββ-like events from Monte-Carlo simulations (arbitrarily normalized).

2.3 Multivariate analysis

The most sensitive variable for the 0νββ search is the two electrons energy sum. However, Su-
perNEMO can take advantage of other topological information using a multivariate analysis to
better discriminate signal events from background events and thus increase the sensitivity of the
experiment. The energy-based variables (individual electrons energy and energy asymmetry)
would also be helpful discriminating variables but they are highly correlated to the energy sum
and as such, their discrimination power is limited. Some other variables which can help discrim-
inate the signal from the background are the distance between the two reconstructed vertices or
the internal probability which is a quantity inferred from the Time-Of-Flight measurement (see
Figure 4).
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Figure 4 – (left) Distribution of the vertical distance between the two electrons. (right) Internal probability
between the two electrons based on the Time-Of-Flight computation.

The radiopurity targets for the demonstrator are the following: A(208Tl) = 2 µBq/kg,
A(214Bi) = 10 µBq/kg and A(Radon) = 150 µBq/m3. Considering a simplified background
model composed of 2νββ, a source contamination in 208Tl and 214Bi, and some Radon in the
tracker, Boosted Decisions Trees from ROOT’s TMVA3 have been trained on Monte-Carlo simu-
lations in order to improve the sensitivity for the search of 0νββ assuming the mass mechanism.
The Monte-Carlo samples were split into four subsamples in order to test the algorithm against



overtraining: the training was operated on two of the subsamples and the sensitivity was eval-
uated from the BDT score obtained with the two other subsamples, and vice versa. The limit
on the half-life with a 90 % C.L. was derived using the CLS method 4 implemented in the COL-
LIE software package. To compare the improvement brought by the use of machine learning,
the limit was evaluated using either the energy sum spectrum or the BDT score. In addition,
different background levels coming from 208Tl, 214Bi and Radon were considered, ranging from
the target contaminations to 100 times these values. The evolution of the sensitivity depending
on the backgrounds contamination levels is presented in Figure 5.
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Figure 5 – (top) Sensitivity with a 17.5 kg.y exposure as a function of the background contamination: (left) 208Tl,
(middle) 214Bi, (right) Radon. The sensitivity obtained from the BDT score is the red curve and the one from the
total energy spectrum is the blue curve. (bottom) Improvement brought by the use of BDTs in percents: (left)
208Tl, (middle) 214Bi, (right) Radon.

At higher background levels, the improvement brought by the multivariate analysis increases,
and it is especially true for Radon, because Radon events mimicking ββ events originate from
the tracker wires closest to the source, therefore the topological variables are more different than
the ones from backgrounds originating from the source.

3 Conclusion

This study shows that the use of the topological information provided by SuperNEMO in
a multivariate analysis guarantees a 10 % sensitivity increase, assuming the radiopurity tar-
gets are reached, and more if the contaminations are higher. Considering the NEMO-3 back-
ground levels, this improvement would attain 90 %. Assuming a 17.5 kg.y exposure and the
nominal background activities, namely A(208Tl) = 2 µBq/kg, A(214Bi) = 10 µBq/kg and
A(Radon) = 150 µBq/m3, the demonstrator should reach a sensitivity of T0ν

1/2 > 5.9 1024 y
for the mass mechanism, translating into an effective neutrino mass mββ < 200 - 550 meV. As
of May 2017, the demonstrator is being commissioned in LSM and should start taking data in
Summer 2017.
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Pujolàs, O. A natural origin of the LHCb anomalies 225
Quilez Lasanta, P. Gauging lepton flavour 417
Quirós, M. A natural origin of the LHCb anomalies 225
Radogna, R. Searches for dilepton resonances at high mass (Z’, W’) and other non hadronic final

states with 13 TeV data
133

Readioff, N. Search for Zγ resonances in pp collisions with the ATLAS detector 429
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Javier Fuentes-Martin University of Valencia IFIC Spain javier.fuentes@ific.uv.es
Romain Gaior LPNHE France romain.gaior@lpnhe.in2p3.fr
Yanyan Gao University of Liverpool UK yanyan.gao@cern.ch
Camilo Garcia Cely ULB Belgium cgarciac@ulb.ac.be
Belen Gavela UAM - IFT Spain belen.gavela@uam.es
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