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theoretical physicists not only shared their scientiﬁc preoccupations, but also the household chores.
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same spirit, we started a new series on Condensed Matter physics in January 1994. Meetings between
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• March 23 - 30: “Gravitation”
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1.
EW Physics

PRECISION ELECTROWEAK MEASUREMENTS WITH THE CMS
DETECTOR
A. BELLONI
on behalf of the CMS Collaboration
Department of Physics, University of Maryland, 4296 Stadium Drive,
College Park, MD 20740, U.S.A.
The CMS collaboration at the CERN Large Hadron Collider has collected an unprecedented
data sample from proton-proton collisions at a center-of-mass energy of 13 TeV. The data
sample, consisting of a total integrated luminosity of 140 fb−1 , allows for even more precise
measurements of standard model electroweak parameters, and gives access to rare electroweak
ﬁnal states, which provide new handles to test the consistency of the standard model.

1

The Big Picture

Since the beginning of its operations, in 2009, the Large Hadron Collider (LHC) has provided
proton-proton collisions at the highest center-of-mass energy ever reached by an accelerator
facility. It thusly reached the farthest reach for the discovery of new physics, and represented
the highest example of a discovery machine, even more so after its initial center-of-mass energy
of 7 TeV was almost doubled to 13 TeV in 2015.
The analyzers’ eﬀorts toward testing the validity of the standard model (SM) of particle
physics proceed in two complementary directions. The numerous searches for signals of new
physics beyond the SM of particle physics reported that the SM is still strong, as no clear
indication of physics beyond it has been unmistakably obtained. At the same time, precision measurements of SM parameters are performed to tighten the constraints on possible new
physics, which could modify the predicted relations among SM parameters.
The electroweak sector of the SM, in particular, constitutes a very interesting ground for
performing tests of the SM. It has a large set of parameters, with well-predicted interdependencies, which can be measured to test their consistency with SM predictions. The ample datasets
collected by experimental collaborations allow for performing measurements with unprecedented
precision, and provide access, for the ﬁrst time, to rare multi-boson ﬁnal states or electroweak
production mechanisms that can be used as new handles to SM consistency checks.
Some of these new measurements are presented in this report, and a more complete list of
results is summarized in the bibliography (Refs. 1,2,3,4 ).

2

Some Selected Results

The plan of electroweak measurements covered by the CMS collaboration is very wide. The
focus of this report is a selection among the most recent results approved for public delivery.

3

2.1

WZ Diﬀerential Cross Sections and Limits on Anomalous Triple Gauge Couplings

The production of diboson ﬁnal states is a laboratory for testing the self-interaction among
gauge bosons. The non-Abelian structure of gauge boson interactions in the SM gives rise to
multi-boson vertices. In particular, the WZ ﬁnal state gives direct access to the WWZ vertex
(while the WW ﬁnal state can be produced via both WWZ and WWγ interactions). Thousands
of candidate WZ signal events collected in the 2016 data sample allow for the ﬁrst diﬀerential
cross-section measurement at 13 TeV. In particular, the WZ → 3ν production cross section is
measured in bins of the Z candidate transverse momentum, transverse momentum of the WZ
system, and invariant mass m(3, pmiss
T ), a proxy for the invariant mass of the WZ system (as the
missing transverse momentum vector does not have a component along the z axis). A complete
description of this analysis is reported in Ref. 5 .
The selection of WZ candidate events exploits the rare signature of this ﬁnal state: three
well-identiﬁed and isolated leptons, and missing transverse momentum. A simple cut-based
selection allows to bring the signal-to-noise ratio to about 5:1. Distributions of event kinematics
are provided; the great agreement between data and simulation testify the extensive eﬀort from
both the theory and experimental communities toward providing a precise simulation of protonproton collisions, and modeling of experimental eﬀects.
Diﬀerential measurements are presented at the dressed-lepton level. The momentum of MCtruth leptons is corrected for the eﬀect on its kinematic due to ﬁnal-state radiation by adding
back to the lepton momentum the momentum of MC-truth photons falling in a cone in η-φ
space close to the lepton. Uncertainties on the inclusive cross-section measurement decreased
by a factor of two, which allowed for the ﬁrst time to state that the experimental data favor
next-to-next-to-leading-order predictions over next-to-leading-order ones. For the ﬁrst time,
diﬀerential cross-section measurements were also separately performed according to the charge
of the W candidate, as shown in Fig. 1, and the charge asymmetry of the inclusive cross section
measured.

Figure 1 – Diﬀerential distributions for positively (left) and negatively (right) W candidates, in the full signal
region 5 .

Limits on anomalies of the triple-gauge coupling WWZ are set within the framework of an
Eﬀective Field Theory (EFT) expansion. Deviations from the SM predictions are modeled by
adding dimension-6 EFT operators to the SM Lagrangian. A likelihood scan is performed for
each EFT parameter, while maintaining the other parameters ﬁxed at their SM value. Stringent
results on the WWZ triple-gauge couplings are set; the distribution chosen to perform the
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likelihood scan is the mass of the WZ system, in which the transverse missing momentum is
used as a proxy for the neutrino momentum.
2.2

Electroweak Production of W Bosons and Two Jets

The vector boson fusion (VBF) process is studied via the observation of the purely electroweak
production of a lepton-neutrino pair and two quarks. The signature of this ﬁnal state includes
two jets with a large rapidity separation and a large dijet mass. This process also allows for
setting limits on anomalies of the triple-gauge coupling WWZ. In particular, the combination
of the results of VBF Z 6 and VBF W 7 production analyses provides the most stringent limits
to dimension-6 EFT operators.
A multivariate approach is pursued to separate the purely electroweak production of W
candidates from inclusive lepton-neutrino plus dijet events. The dijet mass, pseudorapidity separation between the jets, the angular variables y ∗ and z ∗a , and the output valus of a quark/gluon
discriminator for both jets 8 are the main ingredients to the boosted-decision tree designed to
classify signal and background events.
The cross section of the electroweak production of W bosons is found to be consistent with
SM predictions, and the lepton transverse momentum spectrum, used to probe for anomalies in
the triple-gauge couplings, is also consistent with the SM prediction. New studies of the hadronic
activity in W +dijet events are presented for the ﬁrst time. For example, the kinematic of a third
jet, the total hadronic activity HT , and the eﬃciency of a jet veto as function of the jet rapidity
gap are studied separately in events with an enhanced or reduced fraction of purely electroweakproduced W candidates. A selection of these results is presented in Fig. 2. The agreement
with MC simulation is also investigated by comparing samples generated with Pythia and with
Herwig.

Figure 2 – Leading additional jet transverse momentum for events with BDT output larger than 0.95 (i.e., with
an enhanced fraction of electroweak-produced W candidates), in the muon (left) and electron (right) channels
including signal with PYTHIA parton showering 7 .

2.3

Measurement of the WWW Production Cross Section

The ﬁrst measurement of the WWW production cross section 10 is a very new result available for
the Moriond conference. The 3-lepton and 2-same-sign-lepton signatures are considered, being
an optimal compromise between branching ratios and background contributions.
a ∗

y = yW − 12 (yj1 + yj2 ); z ∗ =

y∗
|yj1 −yj2 |

(Zeppenfeld variable 9 )
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The dominant backgrounds are constituted by a lost-lepton or 3-lepton case in which one
or more Z candidates are present in the event. Another signiﬁcant source of background is
constituted by non-prompt leptons from heavy-quark decays, and the production of top pairs. A
graphical representation of the data yields, together with the yields of the predicted backgrounds
and expected signal is presented in Fig. 3.

Figure 3 – Comparison of the observed numbers of events to the predicted backgrounds in the nine signal regions.
The WWW signal shown is stacked on top of the background and is based on the SM theoretical cross section 10 .

With an expected signiﬁcance of about two standard deviations, the production of WWW
events is measured with a 0.60 standard-deviations signiﬁcance. This allows one to measure the
production cross section to be σ(pp → WWW = 173+326
−173 fb. The WWW ﬁnal state also allows
one to set limits on anomalies of quartic gauge couplings. This is the ﬁrst time that limits on
the WWWW vertex are set using the WWW ﬁnal state at 13 TeV.

3

Outlook

The LHC performed above its design luminosity, and delivered a luminosity exceeding its target.
The CMS experiment integrated a luminosity of more than 140 fb−1 , corresponding to hundreds
of millions of W candidates, and tens of millions of Z candidates, fully reconstructed in their
cleanest ﬁnal states. The CMS collaboration is advancing a rich plan of analyses to exploit
the available dataset. The plan includes multi-diﬀerential single- and multi-boson production
cross-section measurements, and the direct measurement of electroweak parameters, such as the
W boson mass, the electroweak mixing angle, and the electroweak gauge couplings. It is worth
noting that the unprecedented precision reached in the measurements with multi-boson ﬁnal
states indicates that NNLO corrections provide a better agreement between measurements and
predictions. This is a very interesting point, and a stimulus to continue the large ongoing eﬀort
in providing NLO QCD and NLO electroweak corrections to MC simulations, and in ﬁnding a
recipe for their combination.
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QED and EW in precision measurements
Pier Paolo Giardino
Instituto de Fı́sica Teórica, Universidad Autónoma de Madrid, 28049, Madrid, Spain

Precision physics is an invaluable tool, and it can help in the search of physics beyond the
Standard Model. In this contribution I will give a short introduction of the main features
of the EW precision physics in the context of the Standard Model and the Standard Model
Eﬀective Field Theory.

1

Introduction

The second run of the LHC left us with a clear picture: the Standard Model (SM) is a healthy
theory and its theoretical predictions are in good agreement with the experiments up to the
TeV scale, with only a few marginal inconsistencies. Furthermore in this moment there are no
evidences of a physics beyond the SM within the reach of the LHC. On the other hand, the lack
of a convincing explanation for the nature of Dark Matter, the origin of the Neutrino masses, or
the cause of the Baryon-Antibaryon asymmetry motivates the search for a New Physics (NP) that
could very well be around the TeV scale. It is not diﬃcult to imagine a scenario where a direct
search of this NP at the LHC could be hindered, for example, by a small production cross section
or a large SM background. In this case the NP may reveal itself by modifying SM processes, hence
precision physics, particularly Electro Weak (EW), may be a very valid instrument in the search
for a physics beyond the SM. In this contribution I will give a description of the EW precision
physics, in particular of the main inputs and observables, and its uses in the search of NP in the
Eﬀective Field Theory framework.
2

Precision EW physics

2.1

Inputs

The input parameters needed to fully describe the SM a are the three couplings of the SU (3)c ×
SU (2)L × U (1)Y gauge symmetry, the nine Yukawa couplings and the two parameters that deﬁne
the Higgs potential: the Vacuum Expectation Value (VEV) v and the quartic coupling λ. It
is convenient, however, to replace those parameters with others that are more easily and more
a

Here and in the rest of this contribution I am considering only the ﬂavor-diagonal and CP-even sectors of the

SM.
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Table 1: Input parameters that predominantly enter in precision EW physics calculations. At the leading order in
perturbation theory the majority of observables of the EW ﬁt depend only on the ﬁrst three parameters. The others
enter through quantum corrections.

Quantity
Fine structure constant1
Fermi constant2, 3
Z boson mass4
Strong coupling3
Higgs boson mass3
Top quark mass3

Symbol
α
Gμ
MZ
αs (MZ )
MH
Mt

Value
1/137.035999139(31)
1.1663787(6) × 10−5 GeV−2
91.1876(21) GeV
0.1181(11)
125.10 ± 0.14 GeV
172.9 ± 0.4 GeV

Relative uncertainty
2.3 × 10−10
5.1 × 10−7
2.3 × 10−5
9.3 × 10−3
1.1 × 10−3
2.3 × 10−3

precisely measured. In table 1 I give a list of the main input parameters that enter in precision
calculations, together with their values. It is worth to clarify that in a global EW ﬁt all parameters
are free to vary and there is no real distinction between inputs and other observables.
α, Gμ and MZ
The ﬁne structure constant α ∼ 1/137 is currently known with a precision of ∼ 0.23 part per
billion. The value quoted in the table includes the results obtained from the measurement of the
electron anomalous magnetic moment ge − 2, which is currently the most precise determination of
α. The value extracted from Rydberg constant has a very similar precision5 and agrees with the
ge − 2 value within 2σ. Therefore it is possible, in principle, to use the value extracted from the
Rydberg constant in EW calculations, so that we are free to use ge − 2 to constraint NP models.
The small disagreement is also interesting, considering that, in this moment, the measured muon
anomalous magnetic moment also seems to be in disagreement with its theoretical value.
In order to account for quantum correction, at the EW scale it is more convenient to use the
”running” constant
α
α̂(MZ ) ≡
= 1/127.955(10),
(1)
1 − Δα(MZ )
where Δα(MZ ) encodes all the quantum corrections up to MZ . The ﬁve orders of magnitude drop
in precision between α and α̂(MZ ) is mostly due to the hadronic contribution of the ﬁve lighter
(5)
(5)
quarks (u, d, s, c, b) to the vacuum polarization Δαhad = 0.02764(7). Information on Δαhad comes
from perturbative calculations and experimental data from e+ e− → Hadrons processes. b √
The Fermi constant Gμ is directly connected to the VEV of the Higgs potential v 2 = 1/ 2Gμ .
Its value is extracted from the accurate measurement of the muon lifetime, and is currently the
second best known EW input parameter.
The mass of the Z boson MZ has been determined from the Z lineshape scan at LEP I. It
is worth to note that the majority of the EW precision observables can be written, at leading
order, only in terms of α, Gμ and MZ , while the other input parameters enter through quantum
corrections. Thus uncertainties in the theoretical determination of those observables depend on
the most part on the MZ uncertainty.
αs , Mt and MH
The value of αs quoted in table 1 is obtained as an average of diﬀerent experimental measurements,
lattice and perturbative calculations and the results of the EW ﬁt. It is worth to point out that a
much less conservative approach to estimating the uncertainties of the lattice calculations used to
give a results with a precision of ∼ 0.5%.
The mass of the top quark Mt has been extracted from the experimental collaborations through
the reconstruction, using Monte Carlo simulations, of the kinematics of measured decays. This
b

See the review ”Electroweak Model and Constraints on New Physics” of reference3 for a list of results.
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deﬁnition of the mass does not correspond directly to the ”pole” mass used in theoretical calculation
involving a top quark. The diﬀerence between the two deﬁnition is assumed to be of the order of
the strong interaction scale ΛQCD and taken to be 300 − 500 MeV.
Finally the mass of the Higgs boson MH has been obtained by the ATLAS and CMS collaborations from the reconstruction of the invariant mass of the ﬁnal state system, in the H → ZZ ∗
and H → γγ decay channels. Since these are very sensitive channels, this procedure results in a
narrow peak over a ﬂat background and the value of the mass is extracted from the position of the
peak.
2.2

Precision observables

A list of the observables that enter the general EW ﬁt, and some recent results, can be found in.6
However two observables are at the core of the EW precision physics: the mass of the W boson
MW and the sine of the EW mixing angle sin2 θW . At the leading order (LO) these two parameters
are related by the well known equation
sin2 θW = 1 −

2
MW
.
MZ2

(2)

However when higher orders are considered this simple relation in not necessarily true anymore.
MW
The mass of the W boson has been measured at LEP 2,7 at Tevatron8 and, more recently, at LHC,9
by the reconstruction of the kinematics of its decays. The average between these measurements
is3
MW = 80.379 ± 0.012GeV.
(3)
The relative uncertainty is, then, ∼ 1.5 × 10−4 , not far from that of MZ , and much smaller than
those of Mt or MH . This high precision in the measurement of MW clariﬁes why the mass of the
W boson is very useful as observable in EW precision physics calculations. The same will apply
to sin2 θW . From a theoretical point of view the expression of MW in terms of the previous input
parameters is

√
MZ2
8πα(1 + Δr)
2
),
(4)
MW =
(1 + 1 −
2
Gμ MZ2
where Δr is a function of the input parameters and encodes the quantum corrections. Taking in
account the full set of one and two loop corrections, plus the leading three and four loop corrections,
the predicted value of MW is10
80.359 ± 0.010GeV.
(5)
The uncertainty is a combination of the parametric uncertainties and the theoretical uncertainty,
given by an estimation of the importance of the missing higher orders in the perturbative expansion.11 Therefore there is a small (< 2σ) discrepancy between the measured and the predicted
value of the W boson mass.
sin2 θW,eﬀ
There are diﬀerent ways to deﬁne the sin2 θW , which correspond to the same quantity at the leading
order in the EW theory, but diverge once the quantum corrections are included. The deﬁnition
that is more closely related to measured quantities at the EW energies is that of the eﬀective sine:
f
sin2 θW,eﬀ
=

f
gV,eﬀ
1
(1 − Re f ),
4|Qf |
g
A,eﬀ

11

(6)

MW [GeV]

80.5
68% and 95% CL contours

80.45

direct MW and sin2(efeff ) measurements
fit w/o MW , sin2(efeff ) and Z widths measurements
fit w/o MW , sin2(efeff ) and M measurements
H
fit w/o MW , sin2(efeff ), M and Z widths measurements
H

80.4

MW = 80.379 ( 0.013 GeV

80.35

80.3

0.231

G fitter SM
0.2315

Mar ’18

2

sin (efeff) = 0.23153
( 0.00016

0.232

sin2(eleff)
f
Figure 1 – EW ﬁt performed by the Gﬁtter group18 on MW and sin2 θW,eﬀ
. The green bands are the experimental
results. The blue area is the ﬁt obtained without the Z width measurements. The orange area is obtained without
the Higgs measurements. The gray area is obtained without the Higgs and Z width measurements. The experimental
and theoretical results are in a very good agreement.

f
f
where gV,eﬀ
and gA,eﬀ
are the eﬀective vectorial and axial coupling between the Z boson and a
f
fermion f , after loop corrections have been included. It is clear from the deﬁnition that sin2 θW,eﬀ
depends on the fermion f . The eﬀective sine can be extracted directly from Z pole observables,
and it has been measured at LEP and SLC,4 Tevatron12 and LHC.13–15, 17 Currently3
l
sin2 θW,eﬀ
= 0.23140 ± 0.00023.

(7)

The theoretical calculation16 gives
l
sin2 θW,eﬀ
= 0.231533 ± 0.000037.

(8)

As before the uncertainty is a combination of parametric and theoretical uncertainties. In ﬁgure
f
. It is clear that
1 I report the result of a ﬁt from the Gﬁtter group18 on MW and sin2 θW,eﬀ
the experimental and theoretical determinations of MW and sin θW are in a very good agreement.
Therefore it is possible to impose severe constraints on any NP that would modify these observables,
as it has been done in,19 where modiﬁcations of the Higgs trilinear coupling are constrained by
their appearance in the next-to-next-to-leading order corrections to MW . The bounds obtained
in this way are remarkably close to the one obtained by more conventional strategies, i.e. direct
detection.
3
3.1

In search of New Physics
STU

A particularly useful characteristic of precision physics is that it allows a systematic search for
new physics. Historically, relevant information on New Physics could be obtained from the STU
Peskin-Takeuchi parameters.20 These parameters are associated to corrections to the W and Z
bosons self-energies. As we will see the S and T parameters correspond to dimension 6 operators,
while U corresponds to a dimension 8 operator. For this reasons there are very few NP scenarios
that give sizable contributions to the U parameter, and most often one can impose U = 0 from
the start. S and T are sensitive to diﬀerent NP scenarios and are a good source of information on
possible beyond Standard Model theories. In particular, T receives contributions from a NP that
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breaks the SO(4) custodial symmetry of the Higgs potential. This can be understood noticing
that T is proportional to ρ − 1 where
ρ=

2
MW
.
cos2 (θ)

MZ2

(9)

S instead is sensitive to new heavy degenerate chiral fermions. After re-expressing some of the EW
observables in terms of S T U it is possible to perform the EW ﬁt3 and obtain:
S = 0.02 ± 0.10, T = 0.07 ± 0.12, U = 0.0 ± 0.09.

(10)

The ﬁt becomes more stringent if one imposes U = 0 before performing the ﬁt. In this case
S = 0.02 ± 0.07, T = 0.06 ± 0.06.

(11)

While the use of S T and U parameters to constraint NP is a quite powerful tool that has been
extensively used since LEP times, it requires that the NP couples only or mostly to the EW bosons.
If the NP couples strongly to other SM ﬁelds the STU parametrization is not suﬃcient. In these
cases one has to resort to a more general parametrization of NP, such as an eﬀective ﬁeld theory
(EFT).
3.2

SMEFT

The Standard Model Eﬀective Field Theory (SMEFT) is obtained from the assumption that the
SM itself is only a part of a more general EFT. The main requirement in constructing the SMEFT is
that the Lagrangian must respect the symmetries of the SM, and in particular, that the SU (2)L ×
U (1)Y symmetry is broken to U (1) through the Higgs VEV. Therefore, the SM Lagrangian is
formed by all the operators of dimension four or less that respect the symmetries and the SMEFT
Lagrangian assumes the form
LSMEFT = LSM +

∞ 

Ci
On ,
Λn−4 i

n=5

(12)

i

where the ith operator of dimension-n Oin is associated with a (dimensionless) Wilson coeﬃcient
Ci and Λ is the scale of energy of the NP. There is only one dimension-5 operator, the so called
Weinberg operator, which breaks the lepton number and allows the generation of a Majorana mass
for the neutrino. Therefore, the ﬁrst set of operators that aﬀects the EW precision physics appears
at dimension 6. The number of operators at dimension 6 depends on the number of fermions Nf .
For Nf = 3 there are 2499 dimension-6 operators that do not violate either the Baryon or the
Lepton number. This number reduces to 59 for Nf = 1. There are many possible choices for the
form of these operators, and diﬀerent bases are connected through equations of motion.
A particular choice is the so called “Warsaw” basis,21 in which the S and T parameters described
in the previous section are
i
S ∝ H † τ i HWμν
Bμν ≡ OHW B
2



T ∝ H † Dμ H  ≡ OHD .

(13)

Therefore the EW precision observables are in general very sensitive to these two operators. Ani W j W k that modiﬁes the coupling between three
other interesting operator c is OW = ijk Wμν
νρ ρμ
gauge bosons. Relevant bounds on OW are obtained from measurements of the production of 2 W
bosons at LEP II7 and from LHC measurements of the W-Z associated production.23
The EW ﬁt can be extended to include the new operators, in the same way we extended it
to include the S T U parameters. This has been done for various choices of basis, fore example,
c

A list of operators that aﬀect the EW ﬁt is reported in.22
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in.24–28 The results of these ﬁts all agree that if the Wilson coeﬃcients Ci are O(1), then the
scale of new physics Λ should be ∼ 1 TeV. As it was noticed for example by,26 many operators
that aﬀect the EW ﬁt contain a Higgs doublet. This would imply an interplay between the Higgs
and the EW precision measurements in constraining those operators. However, it was shown in22
that the inclusion of Higgs data has a marginal eﬀect on constraining the operators that aﬀect
the EW observables, with the notable exception of OHW B . It was also noted in29 that quantum
corrections, which for now have not been completely included in general EW ﬁt in the SMEFT,
may have important consequences in these studies.
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RECENT NEWS FROM KL → π 0 νν AND PERSPECTIVES KOTO
H. NANJO
on behalf of the KOTO collaboration
Department of Physics, Osaka University, Toyonaka,
Osaka 560-0043, Japan

Recent results to search for the decay KL → π 0 νν with the data collected in 2015 in the
KOTO experiment are described. The best upper limit on the branching fraction of the decay
in the direct search was obtained to be 3 × 10−9 at the 90% conﬁdence level. We also present
the analysis status of the data taken in 2016-2018, and the detector upgrade done in 2018. The
sensitivity is projected with the detector upgrade and a planned accelerator upgrade. Future
plan to further explore KL → π 0 νν with a new beamline and a new detector is explained.

KL → π 0 νν and the status of the KOTO experiment

1

The decay KL → π 0 νν is a ﬂavor changing neutral current with s → d transition. The decay is
rare (B = 3 × 10−11 in the Standard Model), accurate (the theoretical uncertainty < 2%), and
CP -violating. Therefore, it is sensitive to physics beyond the SM. An indirect limit B < 1.5 ×
10−9 is given from the 90%-CL upper limit of the CP -conserving charged decay K + → π + νν.
The nature of the new physics can be explored with both the decays.
The KOTO experiment 1,2 at J-PARC is dedicated to studying KL → π 0 νν. The best upper
limit for the direct search B < 3 × 10−9 (90% CL) was obtained with the data collected in 2015 3 ,
which is better by an order of magnitude than the previous results with the data taken in 2013 4 .
We already took 1.4 times more data in 2016-2018 as shown in Fig. 1. An upper limit better
than the indirect limit from K + → π + νν is expected. We took similar amount of data in 2019
as in 2015 with detector upgrades done in 2018.
Apparatus of the KOTO experiment 2

2
2.1

Beamline

A 30-GeV proton beam is extracted to a gold production target with 2-s spill in the repetition
cycle of 5.2 s a at J-PARC. Secondary neutral particles produced at 16 degree are guided to the
a

The cycle was shortened from 6 s to 5.5 s in 2015, and to 5.2 s from 2018.
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KOTO experimental area with the 20-m KL beamline. Short-lived particles decay out, charged
particles are swept out with a 1.2-T dipole magnet, and photons are reduced with a 7-cm thick
lead absorber. Remaining KL ’s, photons, and neutrons are collimated with two collimators
made of iron and tungsten in a solid angle of 7.8 μsr. At the exit of the beamline, the beam
size is 8 cm × 8 cm, the number of KL ’s is 4.2 × 107 for 2 × 1014 protons on target, and the
peak momentum is 1.4 GeV/c. Neutrons in the beam core scatters on the inner surface of the
collimators, and “halo neutrons” distribute outside the beam core.
2.2

Detector to reconstruct the signal and to reject backgrounds

POT

A cross-sectional side view of the KOTO detector is shown in Fig. 2. The z-axis is deﬁned
along the beam axis. Waveforms from all the detectors are recorded with 125-MHz or 500-MHz
sampling ADCs.
The signal is characterized with two photons and nothing else, and is reconstructed as
follows. The “nothing else” is ensured with the hermetic detector. Two photons from a π 0 in
KL → π 0 νν are detected with an electromagnetic calorimeter (“CSI” in Fig. 2). The calorimeter
is composed of 50-cm-long undoped CsI crystals stacked in a cylinder 2 m in diameter. The
inner 1.2 m × 1.2 m region is ﬁlled with 2240 2.5-cm-square crystals, and the outer region is
ﬁlled with 470 5-cm-square crystals. The vertex position is reconstructed with the nominal π 0
mass assuming the vertex in the beam axis. The momentum vector of the π 0 is reconstructed
with the vertex position. We search for the KL → π 0 νν decay in a two dimensional plane of the
transverse momentum (Pt ) and the z vertex (Zvtx ) of the reconstructed π 0 with other kinematic
selections.
35
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Figure 2 – Cross-sectional side view of the KOTO detector.
Figure 1 – Number of protons on target
for the KOTO physics data.

All the detectors are used to veto events from other KL decays with charged particles or
with number of photons larger than two. The decay KL → 2γ is rejected with the kinematics of
the two-body decay. A halo neutron hits an upstream detector near the beam and produces a
π 0 which decays into two photons (“Upstream π 0 ”). It is a possible background, and is mainly
rejected with Zvtx selections. Production of a η at the charged-veto counters upstream of the
calorimeter is also a possible background (“CV η”). The Zvtx is reconstructed in the upstream
of the true vertex due to the heavier mass. The incident angle information of the photon with
the shower shape of the calorimeter cluster is used to reject the background. A halo neutron hits
the calorimeter and produces a ﬁrst cluster, and another neutron generated in the shower makes
a second cluster away from the ﬁrst cluster (“Hadron cluster”). This background is reduced
with the cluster shape and the pulse shape discriminations between photons and neutrons.
3

Analysis of the data collected in 2015 3

The branching fraction BKL →π0 νν is obtained from the number of signal events (Nsig ) after the
event selection with the acceptance Asig (0.52%):
Nsig =Ndecay × Asig × BKL →π0 νν ,
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(1)

where Ndecay is the number of KL decays. Single event sensitivity (SES) of this analysis is
deﬁned as the branching fraction corresponding to one event observation:
1 =Ndecay × Asig × SES.

(2)

In order to obtain Ndecay , events with four clusters in the calorimeter are also collected with
a prescale factor p (30), and Nnorm (1.52 × 104 ) events are reconstructed as KL → 2π 0 decay
(Fig. 3):
Nnorm =Ndecay × Anorm × p × BKL →2π0 ,

(3)

where Anorm (0.36%) is the acceptance. The SES is obtained as
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Figure 3 – Mass of KL reconstructed from events with
four clusters in the caloriemter 3 .

SES =

Figure 4 – Events in the Pt vs Zvtx plane with all the
event selections for the analysis with the data taken in
2015 3 . The black dots show the distribution of data,
and the contour shows the distribution of KL → π 0 νν
from a simulation. The region enclosed with the red
lines is the signal region. The numbers of events from
data (black italic) and simulations (red regular) are
shown.

1
Anorm
−9
B
,
0 = (1.30 ± 0.01stat ± 0.14syst ) × 10
Nnorm /p Asig KL →2π

(4)

where the acceptances are obtained from simulations. Systematic uncertainties common to both
the acceptances are canceled. After all the event selections, we obtained no signal candidate
(Nsig = 0) as shown in Fig. 4, where the region enclosed with the red lines is the signal region.
The numbers of events from both data and simulations agree well. The upper limit of the
branching fraction is obtained as
BKL →π0 νν =

Nsig Anorm
−9
B
(90% CL).
0 < 1.5 × 10
Nnorm /p Asig KL →2π

(5)

The estimated number of background in the signal region is 0.42 ± 0.18. The contribution from
the hadron cluster background is the largest one (0.24 ± 0.17). It was evaluated with a control
sample to enhance the background in which a movable aluminum target was inserted in the
beam to scatter out the core neutrons. The estimations of the backgrounds in the signal region
are summarized in Table 1, which are scaled to the SES of 10−11 .
We set the upper limits for the branching fraction of the decay KL → π 0 X 0 for X 0 mass
below 260 MeV/c, where X 0 is an invisible neutral boson. The upper limit is 2.4×10−9 (90% CL)
for X 0 mass 135 MeV/c.
4

Analysis of the data collected in 2016-2018

We collected 1.4 times more physics data in 2016-2018 than in 2015. A new trigger hardware was
installed in this period to calculate the number of clusters, which improved the DAQ eﬃciency.
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SES/Upper Limit (90% CL)

An additional layers of barrel counters were added inside to improve the photon detection eﬃciency after the 2015 data collection. We collected more control sample of the hadron cluster
background to improve the reduction methods. The performance of the cluster shape discrimination was improved with a deep-learning technique which utilize eﬃciently the energy and timing
information of the crystals in a cluster. The performance of the pulse shape discrimination was
also improved with a Fourier transformation of waveforms which extracted the characteristics
more clearly. The hadron cluster background was reduced with these improvements. Estimation
of the hadron cluster background was improved to consider the contamination of events from
KL decay in the control sample. A preliminary estimation of the hadron cluster background is
0.07 ± 0.13. The numbers of background in the signal region and around are well controlled after
all the event selections as shown in Fig. 5. A preliminary SES of 8.2 × 10−10 was obtained 5 .
The situation is summarized in Fig. 6. If no event is observed, the upper limit will exceed the
the indirect limit from K + → π + νν, 1.5 × 10−9 .
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Figure 5 – Events in the Pt vs Zvtx plane with all the
event selections for the analysis with the data taken in
2016-2018 5 .

5

Figure 6 – Single event sensitivities and upper limits for
the KOTO analysis. An expected SES with the combined data from 2015-2018 is also shown.

Calorimeter upgrade in 2018

The interaction depth of the second cluster in the calorimeter tends to be deep for the hadron
cluster background, while the interaction depth of photon clusters is shallow due to the short
radiation length in CsI (19 mm). In order to reduce the background with the depth information,
low-mass semiconductor photo-sensors, Multi-Pixel Photon Counters (MPPCs), were attached
(Fig. 7) on the upstream surface of the CsI crystal in addition to PMTs on the downstream
surface (“both-end readout”) 6 . The propagation of scintillation light in the crystal causes the
timing diﬀerence between the MPPC and the PMT according to the depth of the scintillation
position. We installed 4080 MPPCs with the sensitive area of 6-mm square in 2018. The
performance of the both-end readout was examined with the beam data collected in Feb. 2019.
A photon control sample was collected with 6 clusters in the calorimeter from KL → 3π 0 . A
control sample of the hadron cluster background was also collected with the aluminum target
in the beam. The distributions of the timing diﬀerence in the both-end readout for both the
control samples are shown in Fig. 8. The reduction of the hadron cluster background 1/35 was
achieved with the photon sample eﬃciency 90%.
6
6.1

Sensitivity projection
Background reduction

We already demonstrated the performance of the calorimeter upgrade, but a conservative reduction factor 1/10 for the hadron cluster background was assumed for the background expectation.
Table. 1 shows numbers of backgrounds normalized to the SES of 1×10−11 , where ∼ 3 SM signal
events are expected. We expect S/N ∼ 1.
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Figure 7 – MPPCs and installation of
MPPCs for the calorimeter upgrade.

Figure 8 – Distributions of the timing diﬀerence in the both-end
readout for photon and neutron samples 7 .

Table 1: Summary of background estimations scaled to the SES 10−11 .

Source
KL → π + π − π 0
KL → 2π 0
Hadron cluster
Upstream π 0
CV η
S/N

6.2

# of backgrounds
in 2015 from 2019
6.5
0.1
2.6
0.9
31
0.8
5.2
0.7
5.2
< 0.9
0.06
0.9

Reduction methods
New downstream charged veto
Barrel upgrade
Both-end readout+cluster/pulse shape
Both-end readout+tighter Zvertex cut
Less material+cluster shape

Signal increase

The maximum intensity of the primary proton beam is limited to be 52 kW due to the capability
of the target. The target will be upgraded in 2019. The beam power will be increased, and 100kW beam is expected from 2024.
The power supply of the accelerator magnet has ripple noise, which makes time structure of
the proton beam in the 2-s spill. It causes larger signal-acceptance-loss by a factor of 2 in 2015.
The power supply will be replaced to new one with less ripple noise in 2021. We expect that
the signal loss due to the time structure of the beam will be recovered.
In addition, the new power supply makes the ramp-down of the magnet faster, which reduces
the repetition cycle to 4.2 s with the same spill length. It helps to keep the detector rate low,
and to keep the signal-acceptance-loss low, with higher beam power.
The detector rate is signiﬁcantly higher due to neutrons from the primary proton beamline.
We plan to add an iron shield to the current one in 2019. We expect the rate increase due to
the primary proton beamline will become negligible.
In the analysis, we use wider veto timing window to cope with false timing determination due
to overwrapped waveforms, which causes the signal-acceptance-loss due to accidental hits. The
veto timing window can be shortened with waveform ﬁtting to resolve overwrapped waveforms.

6.3

Sensitivity

The future sensitivity is projected as shown in Fig. 9 with new physics models in the plain
BKL →π0 νν v.s. BK + →π+ νν . We assume the current upgraded detector in the scenario A and B.
No beam time is expected in 2021 because of the accelerator upgrade. Four-month beam time
a year is assumed in the scenario A, and two-month beam time in the scenario B and C. The
SES better than 10−10 is expected from 2024 even with the scenario B.
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Figure 9 – SES as a function of the data-taking year 8 , and branching-fraction predictions for new physics models 9,10 .

7

Future plan–KOTO Step2– 1

We planed to construct a new beamline with the KL extraction angle 5◦ at J-PARC in order
to have more KL yield. We also plan to construct a new detector with a longer decay region
(11-m long) and a larger calorimeter (3 m in diameter). We expected to have 30 SM-events with
100-kW beam in 3 × 107 -s data-taking time. We are revisiting a plan to realize an experiment
to study KL → π 0 νν with a sensitivity to have 100 SM events.
8

Conclusion

The KOTO experiment searches for the decay KL → π 0 νν, and set the best upper limit on
the branching fraction for the direct search, 3 × 10−9 at the 90% conﬁdence level with the data
collected in 2015. Better sensitivity is expected with the data collected in 2016-2018, and more
with the detector upgrade in 2018 and the future accelerator upgrade.
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We report preliminary results for the hadronic light-by-light scattering contribution to the
muon anomalous magnetic moment. Several ensembles using 2+1 ﬂavors of Möbius domainwall fermions, generated by the RBC/UKQCD collaborations, are employed to take the continuum and inﬁnite volume limits of ﬁnite volume lattice QED+QCD. We ﬁnd aHLbL
=
μ
(7.41 ± 6.33) × 10−10 .

1

Introduction

The anomalous magnetic moment of the muon is providing an important test of the Standard
Model. An ongoing experiment at Fermilab (E989) and one planned at J-PARC (E34) aim to
reduce the experimental uncertainty by a factor of four, and similar eﬀorts are underway on the
theory side. A key part of the latter is to compute the hadronic light-by-light (HLbL) contribution
from ﬁrst principles using lattice QCD. Such a calculation, with all errors under control, leaves no
room for doubt when the ultimate comparison arrives.
The anomalous magnetic moment is an intrinsic property of a spin-1/2 particle, and is deﬁned
through its interaction with an external magnetic ﬁeld. Lorentz and gauge symmetries dictate the
form of the interaction,


F2 (q 2 )
p),
(1)
p) = −eū(
p ) F1 (q 2 )γν + i
[γν , γρ ]qρ u(
μ(
p )|Jν (0)|μ(
4m
where Jμ is the electromagnetic current, and F1 and F2 are form factors, giving the charge and
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magnetic moment at zero momentum transfer (q = p − p = 0). The anomalous part of the
magnetic moment is given by F2 (0) alone,
aμ ≡ (g − 2)/2 = F2 (0).

(2)

The desired matrix element in (1) is conventionally extracted in quantum ﬁeld theory from a
correlation function of ﬁelds as depicted in Fig. 1. Here we work in coordinate (Euclidean) space
and use Lattice QCD for the hadronic part which is intrinsically non-perturbative. QED is treated
in two ways, ﬁrst on a discrete, ﬁnite, lattice (QEDL ) and second in the continuum and inﬁnite
volume (QED∞ ). Note that we always work in a perturbative framework with respect to QED,
i.e, only diagrams where the hadronic part is connected to the muon by three photons enter the
calculation.

+

+

···

Figure 1 – Leading contributions from hadronic light-by-light scattering to the muon anomaly. The shaded circles
represent quark loops containing QCD interactions to all orders. Horizontal lines represent muons. Quark- connected
(left) and disconnected (right) diagrams are shown. Ellipsis denote diagrams obtained by permuting the photon
contractions with the muons and diagrams with three and four quark loops with photon couplings.

2

QEDL Method

Here the muon, photons, quarks, and gluons are treated on a single ﬁnite, discrete lattice. The
method is described in great detail in Ref. 2 , and the (quark-connected) diagrams to be computed
are shown in Fig. 2. It is still not possible to do all of the sums over coordinate space vertices
exactly with currently available compute resources. Therefore we resort to a hybrid method where
two of the vertices on the hadronic loop are summed stochastically: point source propagators
from coordinates x and y are computed, and their sink points are contracted at the third internal
vertex z and the external vertex xop . Since the propagators are calculated to all sink points, z
and xop can be summed over the entire volume. The sums over vertices x and y are then done
stochastically by computing many (O(1000)) random pairs of point source propagators. To do
the sampling eﬃciently, the pairs are chosen with an empirical distribution designed to frequently
probe the summand where it is large, less frequently where it is small. Since QCD has a mass-gap,
we know the hadronic loop is exponentially suppressed according to the distance between any of
the vertices, including |x − y|. As we will see, the main contribution comes from distances less than
about 1 fm. The muon line and photons are computed eﬃciently using FFT’s; however, because
they must be calculated many times, the cost is not trivial.
Two additional, but related, parts of the method bear mentioning. First, the form dictated
by the right hand side of Eq. 1 suggests the limit q → 0 is unhelpful since the desired F2 term
is multiplied by 0. Second, in our Monte Carlo lattice QCD calculation the error on the F2
contribution blows up in this limit. The former is avoided by evaluating the ﬁrst moment with
respect to xop at the external vertex and noticing that an induced extra term vanishes exponentially
in the inﬁnite volume limit 2 . This moment method allows the direct calculation of the correlation
function at q = 0, and hence F2 (0). The second issue is avoided by enforcing the Ward Identity
exactly on a conﬁguration-by-conﬁguration basis, i.e., before averaging over gauge ﬁelds. This
makes the factor of q in Eq. (1) exact for each measurement and not just in the average. The
Ward Identity is enforced by inserting the external photon at all possible locations on the quark
loop. The three distinct possibilities are shown in Fig. 2. By the way, it is the Ward Identity
that guarantees the unwanted term in the moment method vanishes. Implementing the above

22

xop , ν
x, ρ
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x, ρ

z, κ
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z, κ

z, κ

xop , ν

xop , ν

xsrc

y , σ

xsnk xsrc

x , ρ

z  , κ

y , σ

x , ρ

z  , κ

xsnk xsrc

y , σ

x , ρ

z  , κ

xsnk

Figure 2 – Correlation functions. Sums over x and y are computed stochastically. The third internal vertex z and
the external vertex xop are summed over exactly. The sums on the muon line are done exactly using FFT’s. Strong
interactions to all orders are not shown.

techniques produces an order O(1000) fold improvement in the statistical error over the original
non-perturbative method for the hadronic light-by-light scattering contribution 3 .
2.1

disconnected diagrams

The quark-disconnected diagrams that occur at O(α3 ) are shown Fig. 3). All but the upperleftmost diagram vanish in the SU (3) ﬂavor limit and are suppressed by powers of mu,d − ms
depending on the number of loops with a single photon attached. For now we ignore them and
concentrate on the leading diagram which is computed with a method similar to the one described
in the previous section 1 .
xop , ν

xop , ν

z, κ

xsrc

z  , κ

y, σ

y , σ

x, ρ

x , ρ

y, σ

xsnk xsrc

xop , ν

z, κ

x, ρ

y , σ

x , ρ

z  , κ

y, σ

xsnk xsrc

y , σ

z, κ

x, ρ

xsnk

x , ρ

z  , κ

xop , ν

xop , ν

xop , ν

z, κ

xsrc

z  , κ

y, σ

y , σ

x, ρ

x , ρ

y, σ

xsnk xsrc

y , σ

x, ρ

x , ρ

z, κ
z, κ

z  , κ

xsnk xsrc

z  , κ

y, σ

y , σ

x, ρ

x , ρ

xsnk

Figure 3 – Disconnected diagrams contributing to the muon anomaly. The top leftmost is the leading one, and does
not vanish in the SU (3) ﬂavor limit. Strong interactions to all orders, including gluons connecting the quark loops,
are not shown.

To ensure loops are connected by gluons, explicit vacuum subtraction is required. However, in
the leading diagram the moment at xop implies that the left-hand loop in Fig. 3 vanishes due to
parity symmetry, and the vacuum subtraction is done to reduce noise.
As for the connected case, two point sources (at y and z in Fig. 3) are chosen randomly, and
the sink points sinks are summed over. M point source propagators are computed, and all M 2
combinations are used to perform the stochastic sum. This “M 2 trick” is crucial to bring the
statistical ﬂuctuations of the disconnected diagram under control.
2.2

lattice setup

The simulation parameters are given in Tab. 1. All particles have their physical masses (but not
including isospin breaking for the up and down quark masses). The discrete Dirac operator is
known as the (Möbius) domain wall fermion ((M)DWF)) operator. Similarly the discrete gluon
action is given by the plaquette plus rectangle Iwasaki gauge action. Three ensembles with larger
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lattice spacing employ the dislocation-suppressing-determinant-ratio (DSDR) to soften explicit
chiral symmetry breaking eﬀects for MDWF.
The muons and photons take discrete free-ﬁeld forms. The muons are DWF with inﬁnite size
in the extra ﬁfth dimension, and the photons are non-compact in the Feynman gauge. In the latter
all modes with q = 0 are dropped, a ﬁnite volume formulation of QED known as QEDL 4 .
Table 1: 2+1 ﬂavors of MDWF gauge ﬁeld ensembles generated by the RBC/UKQCD collaborations 5 .

a−1 (GeV)
a (fm)
L (fm)
Ls
mπ (MeV)
mμ (MeV)
# meas (conn., disc.)

2.3

48I
1.73
0.114
5.47
48
139
106
65, 99

64I
2.359
0.084
5.38
64
135
106
43, 44

24D
1.015
0.2
4.8
24
140
106
87, 80

32D
1.015
0.2
6.4
24
140
106
64, 68

48D
1.015
0.2
9.6
24
140
106
62, 0

test in pure QED

Before moving to the hadronic case, we tested the method in pure QED 2 . Results for several
lattice spacings and box sizes are shown in Fig. 4. The systematic uncertainties are large, but
under control. Note that the ﬁnite volume errors are polynomial in 1/L and not exponential. The
data are well ﬁt to the form


b1
b2
(1 − c1 a2 + c2 a4 ).
F2 (a, L) = F2 1 −
+
(3)
2
4
(mμ L)
(mμ L)
The continuum and inﬁnite volume limit is F2 (0) = 46.6(2) × 10−10 for the case where the lepton
mass in the loop is the same as the muon mass, which is quite consisent with the well known
perturbative value 6 , 46.5 × 10−10 .
50

analytic
a=0
mμ a = 0.1000
mμ a = 0.1333
mμ a = 0.1500
mμ a = 0.2000

aμ × 1010

40
30
20
10
0

0

0.02 0.04 0.06 0.08

0.1

0.12 0.14

1/(mμ L)2

Figure 4 – QED light-by-light scattering contribution to the muon anomaly. Lattice spacing decreases from bottom
to top. Solid lines are from a ﬁt using Eq. (3).

2.4

results for QCD

Our physical point calculation 1 started on the 483 , a−1 = 1.730 GeV, Iwasaki ensemble listed in
= (11.60 ± 0.96) × 10−10 , adHLbL
= (−6.25 ±
the ﬁrst column of Tab. 1, for which we found acHLbL
μ
μ
−10 for the connected, leading disconnected, and total
=
(5.35
±
1.35)
×
10
0.80) × 10−10 , and aHLbL
μ
HLbL contributions to the muon anomaly, respectively. The errors quoted are purely statistical.
We have since improved the statistics on the leading disconnected diagram with measurements
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on 34 additional conﬁgurations, and the contribution becomes −6.15(61) × 10−10 . Since then we
have computed on several additional ensembles in order to take the continuum and inﬁnite volume
limits (see Tab. 1). We next computed on a 643 , a−1 = 2.359 GeV, companion to the original 483
Iwasaki ensemble with roughly the same volume. This allows a continuum limit at ﬁnite volume,
acHLbL
= 16.94(3.78), adHLbL
= −12.29(3.35), and aHLbL
= 4.66(4.39). Notice there is a large
μ
μ
μ
cancellation between the connected and disconnected diagrams that persists for a → 0. Even
though the individual contributions are relatively well resolved, the total is not. The cancellation
is expected since hadronic light-by-light scattering in this case is dominated by the π 0 which
contributes to both diagrams, but with opposite sign 7,8,9 . Notice also that the a2 corrections are
individually large but also tend to cancel in the sum.
Next the inﬁnite volume limit must be taken. To do this we add another set of ensembles with
a slightly diﬀerent gauge action (Iwasaki+DSDR) and larger lattice spacing so that large physical
volumes can be realized (roughly 4.8, 6.4, and 9.6 fm boxes). See Tab. 1 for details. The results are
displayed in Fig. 5 along with curves obtained from Eq. (3) with b2 = c2 = 0. We ﬁrst extrapolate
the two Iwasaki ensembles to a → 0, as before, then combine with the I-DSDR ensembles to
take the inﬁnite volume limit. We ﬁnd for the connected, disconnected, and total contributions,
= (27.16 ± 6.25) × 10−10 , adHLbL
= (−20.20 ± 5.65) × 10−10 , aHLbL
= (6.96 ± 7.40) × 10−10 ,
acHLbL
μ
μ
μ
respectively. Similar to the non-zero lattice spacing errors, there are large ﬁnite volume corrections
for the individual contributions, which again largely cancel in the sum.
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Figure 5 – Inﬁnite volume extrapolation. Connected (left), disconnected (middle) and total (right).

While the large relative error on the total is a bit unsatisfactory, we emphasize that our
result represents an important estimate on the hadronic light-by-light scattering contribution to
the muon anomaly, with all systematic errors controlled (below we show the omitted non-leading
disconnected diagrams are likely negligible). It appears that this contribution can not “rescue”
the Standard Model (or the E821 experiment).
In fact we can do even a bit better with the data on hand. As seen in Fig. 6, which shows
the cumulative sum of all contributions up to a given separation of the two sampled currents
in the hadronic loop, the total connected contribution saturates at a distance of about 1 fm
for all ensembles. This suggests the region r >
∼ 1 fm adds mostly noise and little signal, and
the situation gets worse in the limits. A more accurate estimate can be obtained by taking the
continuum limit for the sum up to r = 1 fm, and above that by taking the contribution from the
relatively precise 483 ensemble. We include a systematic error on this long distance part since it
is not extrapolated to a = 0. The inﬁnite volume limit is taken as before. This procedure yields
= 27.61(3.12)(0.32) × 10−10 , with a statistical error that is roughly 2× smaller and small
acHLbL
μ
systematic error. Unfortunately a similar procedure for the disconnected diagram is not reliable,
as can be seen in the right panel of Fig. 6. The curves do not saturate at 1 fm, but instead tend
to increase signiﬁcantly up to 2 fm, or more. Once the cut moves beyond 1 fm it is no longer
eﬀective. The diﬀerent behavior between the two stems from the diﬀerent sampling strategies used
for each 2 . Using the improved connected result, we ﬁnd our ﬁnal result for QEDL ,
= (7.41 ± 6.33) × 10−10 ,
aHLbL
μ

25

(4)

where the error is mostly statistical and includes a small systematic, added in quadrature, for the
hybrid continuum extrapolation of the connected diagram.
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Figure 6 – Cumulative contributions to the muon anomaly, connected (left) and disconnected (right). r is the
distance between the two sampled currents in the hadronic loop (the other two currents are summed exactly). 243
IDSDR (squares), 243 IDSDR (squares), 323 IDSDR (crosses), 483 Iwasaki (diamonds), and 643 Iwasaki (plusses).

3

QED∞ Method

A method to compute the two-loop QED integrals directly in inﬁnite volume and the continuum was
ﬁrst proposed by the Mainz group 10,11 . This is similar to what is done in the lattice calculation of
the hadronic vacuum polarization contribution to the muon anomaly 12 . The advantage is that the
leading ﬁnite volume error is exponentially suppressed instead of O(1/L2 ). Our group subsequently
developed a similar method, adding extra terms to reduce the residual scaling errors induced by the
hadronic part 13 . The key idea of these methods is to pre-compute the QED part shown in Fig. 7,
as a function of the coordinates x, y, z, which lie on the QCD lattice used for the hadronic part.
However, this function is computed using continuum photon and muon propagators evaluated in
an inﬁnite space-time volume. This grid, computed in the continuum, is smoothly interpolated for
each set of points used to compute the hadronic part.
y

x

z

tsrc

α, ρ

η, κ

β, σ

tsnk

Figure 7 – The QED part of the light-by-light scattering amplitude, computed in inﬁnite volume, in the continuum
limit. An analytic integral expression as a function of the coordinates x, y, z is pre-computed and tabulated for later
use 13 with the hadronic amplitude computed on a discrete, ﬁnite lattice.

A test of the method in QED with the loop living on a discrete lattice reproduces the well
known perturbative results for loop masses the same as, and 2×, the muon mass, respectively 13 .
3.1

results

Before discussing preliminary results for QED∞ , we mention we have found generally that the
statistical noise associated with the photons grows with the volume. We therefore expect the
QED∞ method to be noisier than QEDL , and this is, in fact, the case. In order to combat the
problem we introduce another hybrid approach for the long distance contributions. That is, we
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compute the dominant π 0 contribution separately and combine with the full lattice value below
some cut. This long-distance π 0 part is calculated from a model (LMD) 14 for now, but eventually
will come from a completely separate, and model independent, lattice calculation. Since the model
value is in accord with model independent dispersive results, the results shown below are not
expected to change when all lattice computations are used.
Figure 8 shows both connected and disconnected contributions as the cut between lattice and
model contributions is varied. The QCD box in this example is large, roughly 6.4 fm on a side, with
a spacing of 0.2 fm (a−1 = 1 GeV). At large Rmax in the ﬁgure, the total is lattice dominated with
large uncertainty, and as Rmax → 0, the contribution completely comes from the model. Since the
model is only correct at long distance where the π 0 dominates, at some point the combined result
may become constant, yielding an accurate and more precise result than the lattice value alone.
One sees that over the range 1-3 fm, lattice (green points) and model results change substantially,
but the total remains roughly constant. The respective total values are also roughly compatible
with QEDL in the inﬁnite volume and continuum limits. This suggests that residual ﬁnite volume
and discretization errors are much smaller for QED∞ (compare to the crosses in Fig. 6). This is as
expected for the ﬁnite volume errors, and it turns out the latter is due to the extra terms added
to the QED weighting function (two-loop integral) which vanish in the a → 0 limit 13 . A similar
reduction can be easily seen in the case of pure QED 13 .
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Figure 8 – QED∞ hadronic light-by-light scattering contribution to the muon anomaly (323 , a−1 = 1 GeV). Connected (right) and disconnected (left) are shown. The π 0 contribution (blue line) is taken from the LMD model for
distances between the two sampled points greater than Rmax .

Finally, we have investigated the size of the next-to-leading disconnected diagram shown in
the middle of the top row in Fig. 3. As expected and shown in Fig. 9, this diagram is severely
suppressed compared to the leading contributions.
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Figure 9 – Contribution of non-leading disconnected diagram to the muon anomaly (QED∞ , 243 , a−1 = 1 GeV).
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4

Summary and Outlook

We have presented preliminary results for the hadronic light-by-light scattering contribution to
the muon g − 2 from Lattice QCD+QED calculations using physical masses, large boxes, and
improved measurement algorithms. Both ﬁnite volume and inﬁnite volume QED methods are
being investigated. For the former, large discretization and ﬁnite volume corrections are apparent
but under control, and the value in the continuum and inﬁnite volume limits is compatible with
previous model and dispersive treatments, albeit with a large statistical error. Despite the large
error, which results after a large cancellation between connected and disconnected diagrams, our
systematic calculation suggests that light-by-light scattering can not be behind the approximately
3.7 standard deviation discrepancy between the Standard Model and the BNL experiment E821.
Future calculations will reduce the error signiﬁcantly. We have also presented calculations using
the QED∞ method. When combined with a separate calculation of the dominant π 0 contribution,
QED∞ is statistically eﬀective. It also has much smaller ﬁnite volume and discretization errors
compared to QEDL for the same QCD box, even for large lattice spacing. These calculations
strengthen the exciting test of the Standard Model promised by the new experiments ongoing at
Fermilab and planned at J-PARC.
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COMBINED EXPLANATIONS OF (g − 2)μ , (g − 2)e AND
IMPLICATIONS FOR A LARGE MUON EDM
M. HOFERICHTER
Institute for Nuclear Theory, University of Washington, Seattle, WA 98195-1550, USA

We consider possible beyond-the-Standard-Model (BSM) eﬀects that can accommodate both
the long-standing tension in the anomalous magnetic moment of the muon, aμ = (g − 2)μ /2,
as well as the emerging 2.5σ deviation in its electron counterpart, ae = (g − 2)e /2. After
performing an EFT analysis, we consider BSM physics realized above the electroweak scale
and ﬁnd that a simultaneous explanation becomes possible in models with chiral enhancement.
However, this requires a decoupling of the muon and electron BSM sectors to avoid the strong
constraints from μ → eγ. In particular, this decoupling implies that there is no reason to
expect the muon electric dipole moment (EDM) dμ to be correlated with the electron EDM
de , avoiding the very stringent limits for the latter. While some of the parameter space for
dμ favored by aμ could be tested at the (g − 2)μ experiments at Fermilab and J-PARC, a
dedicated muon EDM experiment at PSI would be able to probe most of this region.

1

Status of lepton dipole moments

The experimental value of the muon g − 2 [1]
−11
aexp
μ = 116,592,089(63) × 10

(1)

diﬀers from the SM prediction at the level of 3–4σ, for deﬁniteness we take [2]
SM
−11
Δaμ = aexp
μ − aμ ∼ 270(85) × 10

(2)

as an estimate of the current status. Recent advances in corroborating and improving the SM
prediction include hadronic vacuum polarization [3–10], hadronic light-by-light scattering [11–
19], and higher-order hadronic corrections [20, 21]. The release of ﬁrst results from the Fermilab
experiment [22] is highly anticipated, while a complementary strategy based on ultracold muons
is being pursued at J-PARC [23], see also Ref. [24].
For the electron, the direct measurement [25]
= 1,159,652,180.73(28) × 10−12
aexp
e
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(3)

L(R)

R
Figure 1 – Left: Allowed regions in the λL
is the coupling of the LQ to left-handed (right-handed)
μ –λμ plane (λμ
muons and the top quark) from current and future experiments for the SU (2) singlet LQs Φ1 with M = 1 TeV.
Right: Prediction for the decay of the SM-like Higgs boson h → τ μ as a function of ε32 (the coupling of the second
Higgs doublet to τL μR ) under the assumption that ε23 (the τR μL coupling) is chosen in such a way that aμ is
explained. We used MH + = 400 GeV, MH0 = 250 GeV, and MA0 = 300 GeV. For cβα = 0.003 (the mixing among
the CP even neutral Higgses) the whole 2σ region to explain aμ is shown, while for cβα = 0.001 and cβα = 0.005
only the predictions for the central value of aμ are depicted. Note that h → τ μ enforces a tight alignment of the
Higgs sector. Figure taken from Refs. [38, 39].

displays a tension with the SM prediction
= 1,159,652,181.61(23) × 10−12
aSM
e

(4)

SM
= −0.88(36) × 10−12 .
Δae = aexp
e − ae

(5)

at the level of 2.5σ
The key input for the SM prediction is the ﬁne-structure constant α, now known from atomic
interferometry in Cs [26] at a level that matches (and even slightly exceeds) the precision of
the direct electron g − 2 measurement. This direct translation of improved input for α to aSM
e
is possible thanks to the semi-analytical calculation [27], which removes the uncertainty in the
four-loop QED coeﬃcient altogether, as well as to the improved numerical calculation of the ﬁveloop coeﬃcient [28]. In fact, theory uncertainties are now at a level suﬃcient for an improvement
by another order of magnitude on the experimental side.
For the EDMs the current best limits are [29–31]
|dμ | < 1.5 × 10−19 e cm,

|de | < 1.1 × 10−29 e cm

90% C.L.

(6)

Assuming minimal ﬂavor violation (MFV), i.e. a linear scaling in the mass, one would thus
expect
mμ
|de | < 2.3 × 10−27 e cm,
(7)
|=
|dMFV
μ
me
which is beyond the reach of any foreseeable experiment. However, the MFV paradigm is being
challenged by the anomalies observed in semileptonic B meson decays (see Ref. [32] for a recent
review) and also cannot account for both g −2 tensions simultaneously. There is therefore strong
motivation to study scenarios that go beyond the MFV picture.
In an eﬀective ﬁeld theory (EFT) approach, g − 2 and EDM correspond to the real and
μν
¯
imaginary part of the Wilson coeﬃcient c
R of the operator f σμν PR i F , respectively. The oﬀdiagonal terms describe lepton-ﬂavor-violating processes, most notably in this context μ → eγ.
The current experimental limits on the EDMs together with the g − 2 deviations in Eqs. (2)
and (5) thus limit the phases according to



 Im cee
−7
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 Re cee   6 × 10 ,
R
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Figure 2 – Allowed regions of a in the λE = λL –ME = ML plane for κL = 0 and κE = ∓1 for muon (left)
and electron (right), with bounds from σ(h → μ+ μ− )/σ(h → μ+ μ− )SM = 0 ± 1.3 [41–43], σ(h → e+ e− )/σ(h →
e+ e− )SM < 3.7 × 105 [44], Z →
[41, 45], and direct searches for new heavy charged leptons [46]. Figure taken
from Ref. [2].

extremely small for the electron, but largely unconstrained
for the muon. In addition, the EFT

eμ
μμ
ee
analysis implies that BSM scenarios fulﬁlling cR = cR cR are excluded since the resulting
Br[μ → eγ] =

αm2μ
|Δaμ Δae | ∼ 8 × 10−5
16me Γμ

(9)

violates the MEG bound [33]
Br[μ → eγ] < 4.2 × 10−13

90% C.L.

(10)

by 8 orders of magnitude. This demonstrates the necessity of carefully decoupling the electron
and muon BSM sectors.
2

Possible BSM explanations

The deviation from the SM expectation in Eq. (2) is large, with a central value nearly twice the
size of the electroweak SM contribution [34]. For that reason, any viable BSM mechanism needs
to involve some sort of enhancement. Such an enhancement can be produced by light particles,
but dark (axial) photons are problematic because they necessarily lead to a positive (negative)
sign and therefore increase the tension in either (g − 2)e or (g − 2)μ . More complicated constructions based on a light scalar and the interplay of one- and two-loop processes are possible [35],
but lead to a real Wilson coeﬃcient and thus a vanishing EDM.
Here, we concentrate on scenarios with BSM physics realized above the electroweak scale.
In this case, a possible enhancement mechanism is related to the chirality ﬂip, which can be
provided by a new heavy fermion instead of m . Examples for such a chiral enhancement are
tan β in the MSSM (see e.g. [36] for a review), mt /m in leptoquark (LQ) models [37, 38], or
mτ /mμ in two-Higgs-doublet (2HDM) models [39, 40]. In general, in any model with chiral
enhancement, c
R can be complex with an a priori unconstrained phase, so that the resulting
muon EDM can become sizable. As an example for models with such chirally-enhanced eﬀects,
the situation for the scalar singlet LQ S1 [38] and 2HDMs with τ –μ ﬂavor violations [39] is
shown in Fig. 1. Here, one can see that it is possible to test (indirectly) the LQ explanation
with future Z → μ+ μ− measurements at the FCC-ee, while the 2HDM explanation with τ –μ
ﬂavor violations leads to h → τ μ. Note that both of these models can explain aμ and have a
free phase, so that dμ can be sizable. However, since these are single-mediator models, they are
subject to the constraint in Eq. (9) and cannot provide a simultaneous explanation of ae .
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Figure 3 – Left: Contour lines deﬁning the muon EDM (in units of e cm) as a function of Δaμ and the phase of the
Wilson coeﬃcient cμμ
R . The red regions are currently preferred by the measurement of aμ and the blue regions are
the expected sensitivity of the Fermilab/J-PARC (dark blue) and the proposed PSI experiment (light blue). The
limit on the phase derived from the current limit for |dμ | is so close to 90◦ that it is not visible in the plot. Right:
Present and future direct limits on |dμ | from BNL [29] (dark blue), see Eq. (6), Fermilab/J-PARC (blue), and
the proposed PSI experiment (light blue). The dark red and light red regions refer to the ACME 2013 [30] and
ACME 2018 [31] limits on |de |, respectively, where the latter provides an indirect bound on |dμ | slightly better
than the BNL direct bound. The blue dashed lines indicate the limits on |de | that would be required to match
the anticipated direct limits from Fermilab/J-PARC and PSI. The black line deﬁnes the relation (13), with the
upper-left half referring to limits on |dμ | and the lower-right to limits on |de |. Figure taken from Ref. [2].

In Ref. [2] we constructed a UV complete model with vector-like leptons
LM = −ML L̄L LR − ME ĒL ER − κL L̄L HER − κE L̄R HEL + h.c.

(11)

and either the SM Higgs (H) or a new heavy scalar (φ) coupling the vector-like leptons to the
SM ones ( )
LH = −λL L̄L

RH

− λE ĒR H̃

L

+ h.c.,

(12)

and similarly for φ. This setup leads to a chiral enhancement by κL,R v/m , with v denoting the
SM Higgs vev. As illustrated in Fig. 2, the variant with the SM Higgs as the only scalar works
well for the electron, while for the muon the parameter space is already signiﬁcantly constrained.
A minimal model can be obtained when the electron g − 2 is explained via a loop involving the
SM Higgs, while for the muon a new heavy scalar contributes. Furthermore, μ → eγ transitions
can be avoided by an Abelian ﬂavor symmetry such as Lμ − Lτ . In all these cases there are no
μμ
μμ
correlations between cee
R and cR , so that the phase of cR is not constrained by |de | and thus
|dμ | can be sizable.
3

Implications for the muon EDM

Even when the muon and electron BSM sectors are decoupled in a particular model, there is still
a contribution of the muon EDM operator to the electron EDM via a three-loop diagram [47],
leading to the indirect constraint


  −1
15
31 me α 3
|de | ≤ 0.9 × 10−19 e cm
90% C.L.
(13)
ζ(3) −
|dμ | ≤
4
12 mμ π
Currently, the limit on |de | is so much more stringent than the direct one on |dμ | that it suﬃces
to overcome the three-loop suppression. In the future, however, the (g − 2)μ experiments at
Fermilab and J-PARC are expected to probe the muon EDM at a level of 10−21 e cm, which could
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Figure 4 – Possible scenarios for the (g − 2)μ,e deviations and implications for the muon EDM.

be improved by at least another order of magnitude at a dedicated muon EDM experiment at PSI
by employing the frozen-spin technique [48–50]. The corresponding sensitivities are illustrated
in Fig. 3. In particular, the dedicated muon EDM experiment would be able to probe most of
the parameter space for which the current (g − 2)μ tension implies an O(1) phase of the Wilson
coeﬃcient.
The overall situation can thus be described as follows, see Fig. 4:
1. A scenario in which both Δaμ and Δae are positive with a small Δae is naturally accommodated in MFV. If MFV is realized, the resulting |dμ | is strongly constrained by the
limits on |de |, see Eq. (7), and out of reach experimentally.
2. A scenario in which Δaμ > 0 and Δae < 0 and sizable, as indicated by the present experimental results in Eqs. (2) and (5), could be realized in models with chiral enhancement.
In such cases |dμ | is unconstrained, and the upcoming g − 2 experiments, but especially
a dedicated muon EDM experiment, would probe a large portion of the parameter space
corresponding to O(1) phases.
3. A scenario in which both Δaμ and Δae are positive with a sizable Δae could point towards
an explanation in terms of light particles. In these models the muon EDM vanishes because
the Wilson coeﬃcient is real.
We stress that chiral enhancement could also occur in scenarios 1 and 3, but in these cases would
not oﬀer an obvious advantage over alternative explanations within MFV or with light particles.
In addition, as shown by the model constructed in Ref. [35], the present situation can still be
realized with light particles, exploiting an interplay between one- and two-loop diagrams, but
this model is not yet UV complete, with one proposed completion again involving vector-like
fermions.
We conclude that improved measurements of the muon EDM, especially in combination with
the anticipated progress for ae , aμ , and α, would provide valuable complementary insights and
complete the search for BSM physics in lepton magnetic moments. If the current tensions were
to persist, it would help disentangle the ﬂavor structure of the underlying BSM scenario.
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Rare top quark production and decays at ATLAS and CMS
K. Skovpen (on behalf of the ATLAS and CMS Collaborations)
IIHE - VUB, Pleinlaan 2, 1050 Brussels, Belgium
The most recent studies in the top quark sector are reviewed with the focus on the rare
production mechanisms and suppressed decays. The experimental results obtained with the
ATLAS and CMS detectors in proton-proton collisions at the center-of-mass energy of 13
TeV include the measurements of the associated production of top quark pairs with vector
bosons (tt̄W, tt̄Z, tt̄γ), the ﬁrst evidence for the t(t̄)γq process, the ﬁrst observation of the
t(t̄)Zq production, the study of the tt̄ + bb̄ and tt̄ + tt̄ processes, as well as searches for
lepton ﬂavour violation in top quark decays and eﬀective ﬁeld theory interpretations. The
experimental results show good agreement with the theoretical predictions.

1

Introduction

The top quark takes an important place in the standard model (SM). It’s mass and distinctive
experimental decay signature in the experiment makes it possible to study a number of very rare
production mechanisms, as well as extremely rare decay modes. Top quarks produced in pairs,
as well as singly produced particles, were already observed at the LHC. The rare production
of top quarks with vector bosons and additional quarks is associated with small cross sections
and is also challenging due to complex ﬁnal states. Study of these rare processes allows us to
probe interactions of the top quark with other SM particles and to search for possible anomalous
phenomena.
2

Study of associated production of top quark pairs with vector bosons

The study of the top quark pair production (tt̄) in association with a W or Z boson is important
because these topologies can receive sizeable contributions from new physics, and, in addition,
the tt̄Z production represents the main channel to directly measure the top quark couplings
to the Z boson. Moreover, the precise measurements of the production cross sections of these
processes are essential for the study of the tt̄H production where the tt̄W and tt̄Z events represent
one of the dominant backgrounds in the multilepton analysis channels.
The study of the tt̄W production at ATLAS 1 is done in the dilepton same-sign and trilepton
channels, while the tt̄Z process is looked for in the dilepton opposite-sign, trilepton and fourlepton ﬁnal states 3 . In the analysis of the tt̄Z process using dilepton opposite-sign ﬁnal states the
prompt lepton background originates from Z+jets and tt̄ events, while these processes represent
a non-prompt lepton background in the other channels, also for the case of tt̄W. The prompt
lepton background is additionally associated with the diboson production and is one of the
dominant backgrounds along with the non-prompt leptons. The analysis proceeds with deﬁning
control and signal regions with multiple exclusive event categories based on the number of leptons
split into diﬀerent ﬂavour and sign with an additional selection based on the number of jets and
b-tagged jets.
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The analysis of the tt̄Z production allows to perform an eﬀective ﬁeld theory (EFT) study of
anomalous contributions to the tt̄Z vertex with obtaining constraints on the Wilson coeﬃcients
of the respective dimension-six operators. In such interpretation the tt̄Z event rate can be
expressed as a quadratic function of the Wilson coeﬃcients where the linear terms results from
the interference between beyond the SM (BSM) and SM operators. The ﬁts to the measured
distributions are done to obtain the EFT constrains in the case when both the quadratic and
linear terms are kept, as well as when the quadratic terms are omitted. The obtained constraints
represent competitive results to the existing direct and indirect limits. The inclusive tt̄Z and tt̄W
cross sections are measured with 10% and 20% precision, respectively, and are comparable
to next-to-leading order (NLO) theoretical uncertainties, as shown in Fig. 1.

Figure 1 – The results of the simultaneous ﬁt to the tt̄Z and tt̄W cross sections with the 68% and 95% conﬁdence
level contours compared to the NLO theoretical predictions 3 .

The analysis at CMS 2 studies ﬁnal states with two same-sign leptons for the tt̄W process,
while the tt̄Z production is looked for in the trilepton and four lepton ﬁnal states 4 . The prompt
and non-prompt lepton backgrounds are validated in control regions in data. The analysis uses an
improved multivariate-analysis-based (MVA) lepton identiﬁcation with respect to the previous
iterations of these studies. The tt̄W and tt̄Z cross sections are extracted from combined ﬁt over
several exclusive event categories deﬁned by the ﬁnal MVA-based discriminant and the total
number of jets and b-tagged jets. The measured inclusive cross sections show good agreement
with NLO predictions.
By including more data it becomes possible to probe diﬀerential cross sections of the tt̄Z
production. The study done at CMS measures diﬀerential distributions of the tt̄Z cross section using kinematic variables sensitive to t − Z anomalous interactions 5 . The measured cross
sections are interpreted in two frameworks. The ﬁrst approach uses an anomalous-coupling Lagrangian based on the neutral vector and axial vector current couplings, as well as the weak
magnetic and electric dipole interaction couplings. The second interpretation is EFT-based
which considers four dimension-six operators which induce electroweak dipole moments and
anomalous neutral-current interactions. The tt̄Z inclusive cross section in this recent analysis is
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now measured with an improved precision of
are presented in Fig. 2.

10%. Some measured diﬀerential cross sections

Figure 2 – Comparison between data and MC prediction for diﬀerential tt̄Z cross sections as a function of the
transverse momentum of the Z boson (left) and the cosine of the angle between the Z boson and the negatively
charged lepton from the Z boson decay in the Z boson rest frame (right) 5 . The hatched band includes the theory
uncertainties in the prediction.

The analysis of the tt̄γ production represents an important study of the top-photon electroweak couplings where the kinematic distributions of the radiated photon, such as transverse
momentum, are especially sensitive to new physics contributions. The measurement of the tt̄γ
diﬀerential cross section also provides an important information on the tt̄ spin correlations and
charge asymmetry, and is complementary to the other tt̄ measurements. The tt̄γ process is
studied at ATLAS in the channels with one or two leptons and the results of the diﬀerential
measurements are compared to leading-order and NLO predictions 6 . The previously observed
disagreements in the large values in the distribution of the azimuthal angular diﬀerence between
the two leptons are now signiﬁcantly mitigated with moving to the NLO event generation.

3

Study of single top quark associated production with vector bosons

The associated production of a top quark with a photon (t(t̄)γq) is an important process which
is sensitive to the charge, as well as the electric and magnetic moments of the top quark. The
search for this process is done at CMS in the t-channel considering the ﬁnal state with one muon,
one photon, one b-tagged jet and one forward jet 7 .
The presence of the forward light ﬂavour energetic jet is a very characteristic signature of the
single top quark associated production with vector bosons. The dominant background includes
the tt̄γ production, among other contributions. The analysis uses a boosted decision tree-based
discriminator to suppress various backgrounds, as shown in Fig. 3. This study resulted in the
ﬁrst evidence for this process at 4.4 (3.0) σ observed (expected).
The production of a top quark in association with a Z boson (t(t̄)Zq) is sensitive to anomalous
WWZ triple-gauge and tZ couplings. The analysis of this production at CMS was done in the
ﬁnal state with three leptons 8 . This study uses an improved lepton identiﬁcation which allowed
to boost the ﬁnal sensitivity in this search. A simultaneous ﬁt is performed over several event
categories to extract the signal with the sensitivity of 8.2 (7.7) σ observed (expected) leading to
the ﬁrst observation of this process. Comparisons after the ﬁnal event selection criteria between
data and predictions are shown in Fig. 4.
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Figure 3 – The boosted decision tree output distribution for data and SM predictions after the ﬁt in the analysis
of the t(t̄)γq process 7 .

Figure 4 – Comparison between the number of expected and observed events for the distributions of the recoiling
jet |η| (left) and the transverse momentum of the Z boson after the additional selection on the ﬁnal discriminant
(right) 8 .

4

Study of top quark pair production in association with heavy ﬂavour quarks

The production of tt̄ with additional jets is associated with large theoretical uncertainties due
to the presence of two diﬀerent scales of the top quark mass and the jet transverse momentum. The measurements of the associated production of top quark pairs with b quarks (tt̄ + bb̄)
are done at ATLAS in single lepton and dilepton ﬁnal states 9 . This study is an important
test of QCD predictions with providing a better estimation of one of the main backgrounds in
the tt̄H(H → bb̄) analysis. The tt̄ + bb̄ component is extracted from data using MC templates
deﬁned by the ﬂavour of additional quark-jets. The measured inclusive ﬁducial cross sections
generally exceed the tt̄ + bb̄ NLO predictions but are still compatible within the total uncertainties. The inclusive cross section is measured with precision of 20% and is better than in
the theoretical calculations. The measured cross sections in ﬁdual region is presented in Fig. 5.
Another rare process that allows to study the QCD predictions is the four top quark pro-

38

Figure 5 – The measured ﬁducial cross sections, with tt̄H and tt̄V(V = W, Z, γ) contributions subtracted from
data, compared with tt̄ + bb̄ predictions 9 .

duction that is also sensitive to the top quark Yukawa coupling. The search for this process at
ATLAS is done in single lepton and dilepton opposite-sign channels 10 . Events are categorised
based on the number of jets and b-tagged jets. There are several validation regions deﬁned to
perform the measurement of the b tagging eﬃciencies adapted to the topology of these events
and to extrapolate it to the signal regions. The results are combined with the previously published dilepton same-sign and multilepton results. This combination has resulted in the exclusion
of the cross section of tt̄ + tt̄ production down to
5× the predicted value at 2.8 (1.0) σ observed (expected), with the ﬁnal limits presented in Fig. 6. The analysis also includes an EFT
interpretation optimised for four-top contact interactions.

Figure 6 – Summary of the 95% conﬁdence level limits on the tt̄ + tt̄ production relative to the SM prediction in
the individual channels and for the combination 10 .

The search for the tt̄ + tt̄ production in similar ﬁnal states is also done at CMS 11 . Several
event categories are deﬁned based on the number of reconstructed jets and b-tagged jets used
in a simultaneous ﬁt to extract the signal. A combination with dilepton same-sign and trilepton
results is also performed. The EFT interpretation was done for four-fermion operators which
contribute to the tt̄ + tt̄ production. The combined sensitivity to the tt̄ + tt̄ production reaches
1.4 (1.1) σ observed (expected).

39

5

Eﬀective ﬁeld theory study in dilepton events

The EFT interpretations are becoming an essential part of many analysis studying top quarks.
The full EFT at NLO interpretation is done for the top quark production in the dilepton ﬁnal
state at CMS, which mainly includes top quarks produced in tt̄ and t(t̄)W processes 12 . There
are several types of operators which contribute to the production of these events, including
operators associated with the Wtb couplings, chromomagnetic dipole moment, triple gluon ﬁeld
and ﬂavour-changing neutral currents. The interference between the tt̄ and t(t̄)W processes is
removed. The EFT constrains are set through the ﬁt of a Neural Network discriminants trained
to distinguish between the EFT contributions and the SM prediction.
6

Search for lepton-ﬂavour violation

In addition to the rare top quark production, one can also search for rare decays of these particles.
One such analysis is done at ATLAS to search for the charged lepton-ﬂavour violation (LFV)
with the model-independent approach in three-particle decays of top quarks 13 . The LFV decays
of top quarks are extremely suppressed in the SM and any deviations from these zero rates would
indicate the presence of new physics. The analysis is based on the study of the three-lepton
ﬁnal state to set limits several EFT operators, including the axial-vector, scalar, pseudo-scalar
and lepton-quark interactions. The probability of observing LFV top quark decays is excluded
down to the 10−5 level and this constraint is more stringent than the current indirect limits
set at 10−3 .
7

Conclusion

The experiments done with the ATLAS and CMS detectors at the LHC provide us with a great
opportunity to study very rare processes with top quarks. Recently, we have observed for the
ﬁrst time the process with the production of single top quarks in association with a Z boson,
as well as have obtained the ﬁrst evidence for the single top quark production with a photon.
The study of the underlying physics in these processes and searches for BSM phenomena will
proceed with even more data in the coming years.
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Spin correlations in top physics at ATLAS and CMS in Run 2
Jacob Linacre, on behalf of the ATLAS and CMS Collaborations
STFC Rutherford Appleton Laboratory, Harwell Campus, Didcot OX11 0QX, England
Measurements of tt̄ spin correlations are presented in events with top quarks produced in
pp collisions at the LHC. The data correspond to an integrated luminosity of 36 fb−1 at
√
s = 13 TeV collected at both the ATLAS and CMS detectors. The spin correlations are
measured using the angular distributions of the leptons in dilepton channel tt̄ events. The
spin correlations are probed both directly, using distributions measured in the top quark rest
frames that depend only on the top quark spin, and indirectly, using distributions measured
in the laboratory frame. The distributions are unfolded to the parton level and extrapolated
to the full phase space. Some of the laboratory frame distributions are additionally unfolded
to the particle level in the ﬁducial phase space of the ATLAS detector. The spin correlation
measurements are used to search for new physics in the form of a light top squark or an
anomalous top quark chromo-magnetic dipole moment, and stringent constraints are placed
in both cases.

1

Introduction

The large mass of the top quark and its corresponding strong coupling to the Higgs boson suggest
a connection between the top quark and the mechanism of electroweak symmetry breaking. New
physics in this mechanism is likely to modify the spin properties of top quark pair (tt̄) events
from the standard model (SM) expectations, either via underlying direct production modes or
from interference eﬀects from new physics at higher mass scales 1 . Furthermore, the top quark is
the only quark that decays before hadronising, so the information about its spin is transferred
to its decay products undiluted by non-perturbative eﬀects. The charged lepton in top quark
decay is a perfect spin analyser 2 , meaning its angular distribution retains the maximum amount
of information about the top quark spin. Top quark spin measurements in dilepton tt̄ events
therefore provide an ideal laboratory to test perturbative QCD and probe for new physics.
At the LHC tt̄ production proceeds primarily via the strong interaction (mostly gg → tt̄),
which at the leading order (LO) produces unpolarised top quarks. A small top quark polarisation, measured relative to the direction of the recoiling top quark, arises when including
electroweak corrections, while a small polarisation transverse to the scattering plane arises from
absorptive terms at one loop (both < 1% 3 ). However, the spins of the top quarks and antiquarks are strongly correlated. The SM predicts a rich structure of spin correlations, where
the conﬁguration of quark-antiquark spins is dependent on both the initial state and the top
quark production kinematics 4 . The analysed LHC pp collision data corresponds to an integrated
√
luminosity of 36 fb−1 at s = 13 TeV collected at both the ATLAS 5 and CMS 6 detectors.
2

Indirect measurements of spin correlations

The correlation between the top quark and antiquark spins induces a tendency towards alignment
of the decay angles of the daughter leptons. This correlation is most strongly observed in the

41

1.0

0.8

1.08
1.06

0.6

Sherpa
Powheg Pythia6
PowPy8 rad. down

Theory
Data

Stat.

ll

1

0.96

0

0.3
Data
Powheg+Pythia8
PP8 scale up/down
NLO QCD+EW (μ R/F =mt)
NLO QCD+EW scale up/down
MCFM
NNLO
NNLO scale up/down

0.2

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
-

0.2

0.4
0.6
0.8
Parton-level Δφ(l +, l −)/π [rad/π]

35.9 fb-1 (13 TeV)

Preliminary

Unfolded Data
NLO, SM
POWHEGV2 + PYTHIA8
NLO, uncorrelated
MG5_aMC@NLO + PYTHIA8 [FxFx]

0.4

0.92

0.95

0.5

1.02

Total

1.00

-1

s = 13 TeV, 36.1 fb

0.94
1.05

ATLAS

1.04

0.98
Data
Powheg Pythia8
Powheg Herwig7
MG5 aMC@NLO Pythia8

CMS
Inclusive

1 dσ
σ d|Δφ |

ATLAS
√
s = 13 TeV, 36.1 fb−1

1

Parton level Δφ(l+,l )/π [rad/π]

Theory
Data

Ratio to Powheg+Pythia8

1
dσ
[1/(rad/π)]
·
σ dΔφ(l +, l −)/π

1.2

1.05

Stat

Stat ⊕ Syst

1
0.95

0

π/6

π/3

π/2

2π/3

5π/6

π

|Δφ |
ll

Figure 1 – Parton-level |Δφ | distributions measured by ATLAS 7 (left) and CMS 8 (right), compared with various
predictions. In the centre, the ATLAS measurement is compared with ﬁxed-order calculations 3,11 .

transverse plane, and is retained in the separation in azimuthal angle of the two leptons in
the laboratory frame (|Δφ |). The approximately back-to-back conﬁguration of the parent top
quark and antiquark results in preference for large |Δφ |, while the spin correlations generate
a relative enhancement of ≈ 15% at low |Δφ | (see Fig. 1, right). The |Δφ | distribution can
be very precisely reconstructed, owing to the excellent experimental angular resolution of the
lepton measurements, and it is therefore an important probe of deviations from the SM.
The results from ATLAS 7 and CMS 8 , unfolded to the parton level and extrapolated to
the full phase space, are shown in Fig. 1, along with various predictions from simulation 9,10
and ﬁxed-order calculations 3,11 . There is a clear preference of the data for the predictions
including spin correlations, and the ATLAS experiment uses the predictions of the next-to-LO
(NLO) Powhegv2 generator 9 to ﬁt the strength of the spin correlations as a fraction of the SM
prediction, fSM (Fig. 2, left). The result is fSM = 1.25 ± 0.02 (stat) ± 0.06 (syst) ± 0.04 (theo),
where the combined uncertainty is ±0.08, suggesting that the observed spin correlations are 3.2σ
stronger than those predicted by the SM. The dominant source of systematic uncertainty is the
choice of renormalisation and factorisation scales (μR and μF ) and the amount of initial- and
ﬁnal-state radiation (ISR and FSR) in the generated tt̄ events. The discrepancy remains when
ATLAS repeats the measurement, limiting the extrapolation of the measured distribution to the
ﬁducial phase space of the detector, and a similar discrepancy is observed in the |Δφ | disribution
measured by CMS in the full phase space (Fig. 1, right). A possible resolution appeared recently
in the ﬁrst full next-to-NLO (NNLO) QCD calculations of the |Δφ | distribution 11 . The
corrections are found to be small in the full phase space, but in a ﬁducial phase space similar to
that of the ATLAS and CMS detectors they are large enough to account for much of the observed
discrepancy (Fig. 2, centre). Since the ratio of the full and ﬁducial phase space diﬀerential cross
sections is used in the extrapolation of the measured distribution to the full phase space, this
eﬀect can account for the observed discrepancy in the full phase space as well.
3

Direct measurements of spin correlations

Using the lepton directions measured in their parent top quark rest frames as proxies for the top
quark spins, all of the spin-dependent parts of the tt̄ production density matrix can be probed 3 :
1 dσ
1
=
1 + B1 · ˆ1 + B2 · ˆ2 − ˆ1 · C · ˆ2 ,
σ dΩ1 dΩ2
(4π)2

(1)

where B1,2 are three-dimensional vectors that characterise the degree of top quark or antiquark
polarisation in each direction, and C is a 3 × 3 matrix that characterises the correlation between
the top quark and antiquark spins. The spin is measured using a basis, illustrated in Fig. 3,
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i
chosen such that the B1,2
and Cij coeﬃcients (the elements of the B1 and B2 vectors and of
the C matrix) have deﬁnite properties with respect to discrete symmetries such as C and P 3 .
Each coeﬃcient is probed by the CMS experiment by measuring 8 a one-dimensional angular
distribution derived from Eq. 1, which for each coeﬃcient has the form

1 dσ
1
= (1 + Coeﬃcient × x) f (x).
σ dx
2

(2)

These distributions are sensitive only to the top quark spin (independent of the top quark kinematics), and the measurements are therefore less aﬀected by theoretial uncertainties. However,
compared to the indirect measurements the statistical precision of the measurements is diluted
by the poor resolution of the top quark momentum reconstruction, caused largely by the presence of two neutrinos and ambiguities in the assignments of measured jets to the b quarks from
top quark decay. The measured normalised diﬀerential cross sections are unfolded to the parton
level and extrapolated to the full phase space. The known functional forms of Eq. 2, which are
unaﬀected by new physics in tt̄ production, are used to construct an unbiased regularisation of
the unfolding. In addition to full statistical and systematic covariance matrices for each measured distribution, matrices are calculated for the set of all measured bins, allowing constraints
to be placed using several measured distributions simultaneously (an example can be seen in
Fig. 6). A selection of results for distributions probing the C matrix is shown in Fig. 3.
From each measured normalised diﬀerential cross section CMS extracts the corresponding
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spin correlation coeﬃcient, and the results are shown in Fig. 4. The top quark polarisation
is also measured with respect to each reference axis, but the measurements are all consistent
with zero and not sensitive to the small level of top quark polarisation predicted in the SM.
The systematic and statistical uncertainties are of comparable size for most of the measured
coeﬃcients, and the dominant sources of systematic uncertainty are typically in the jet energy
scale and b quark fragmentation (which aﬀect the reconstruction of the top quark rest frame),
the background subtraction, and the tt̄ simulation modelling (ISR and FSR, μR and μF , and
top quark pT ).
The measured coeﬃcients are converted into values of fSM using theoretical predictions at
NLO in QCD with EW corrections 3 (all coeﬃcients are zero in the absence of spin correlations),
and the results are shown in Fig. 5 (right). The most precise measurement of spin correlations
comes from the distribution of the opening angle between the lepton directions ˆ1 and ˆ2 measured in their parent top quark rest frames, 1 dσ = 1 (1 − D cos ϕ), where cos ϕ = ˆ1 · ˆ2
σ d cos ϕ

2

and D = −tr(C)/3. The measured cos ϕ distribution is shown in Fig. 5 (left). From the D
coeﬃcient, CMS measures fSM = 0.97 ± 0.05. This is the most precise measurement of fSM
to date, indicating that the eﬀect of the worse experimental resolution of cos ϕ compared to
|Δφ | is outweighed by the reduced theoretical uncertainties and the stronger dependence on
spin correlations of the direct observable.
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4
4.1

Interpretation
Anomalous chromomagnetic dipole moment

The chromomagnetic dipole moment (CMDM) of a colour-charged particle in colour ﬁelds can
be deﬁned by analogy to the magnetic dipole moment of an electrically charged particle. In the
SM, the intrinsic spin of the top quark and its colour charge give it a small CMDM 3 . Several
beyond-the-SM models such as two-Higgs-doublet models (e.g., supersymmetry), technicolor,
and top quark compositeness models 1 , predict an anomalous CMDM, leading to modiﬁcations
of the tt̄ production rates and spin structure.
The measurement of the tt̄ production spin density matrix is a powerful probe of the top
quark CMDM. Using the measured distributions and covariance matrices 8 , and their predicted
dependence 1 on the Wilson coeﬃcient of the CMDM operator divided by the square of the new
physics scale, CtG /Λ2 , CMS performs a χ2 ﬁt. The resulting constraints at 95% CL, illustrated
in Fig. 6, are −0.07 < CtG /Λ2 < 0.16 TeV−2 , the strongest constraints on CtG /Λ2 to date.
4.2

“Top corridor” SUSY

Light top squarks (t̃) are favoured in natural supersymmetry (SUSY), and in many scenarios
could decay to a top quark and the lightest SUSY particle (LSP), which would not interact
with SM particles and would therefore escape the detector without producing a signal. When
the SUSY particle masses are such that the daughter top quark is produced almost at rest
(Δm = mt̃ − mLSP = mt ), pair-produced t̃t˜∗ events can be diﬃcult to distinguish from tt̄ events.
Unlike in direct SUSY searches that rely on the presence of missing transverse momentum
from the undetected LSP, in this scenario the main distinguishing characteristics are the spin
correlations, which are absent in the scalar case, and the typically more central production
kinematics of scalars, which translate to the separation in psuedorapidity of the leptons (|Δη|) 12 .
Using measured double-diﬀerential distributions in |Δφ | and |Δη| along with the total rate 7 ,
ATLAS sets exclusion limits at 95% CL (Fig. 7, left). These results push the exclusion beyond
those of existing direct searches in the region close to Δm = mt . The |Δη| information makes
a greater contribution to the overall sensitivity than the |Δφ | information (see Fig. 7, right).
The ATLAS analysis also unfolds the |Δη| distribution to the parton level (Fig. 2, right).
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Figure 7 – Left: observed and expected 95% CL exclusion in the plane of mt̃ and mLSP 7 . Right: limits on the
t̃t˜∗ cross section at 95% CL as a function of mt̃ , assuming mLSP = 0.5 GeV. The expected limits when using the
|Δφ | and |Δη| distributions alone are shown by the magenta and blue dashed lines, respectively 7 .

5

Summary

Both ATLAS and CMS have presented measurements of tt̄ spin correlations using LHC pp
√
collision data corresponding to an integrated luminosity of 36 fb−1 at s = 13 TeV. The
signiﬁcant tension observed between the |Δφ | distributions measured by the ATLAS and CMS
experiments and the SM predictions is likely explained by missing higher order corrections to the
top quark kinematics, which become more important in the ﬁducial phase space accessible to the
experiments. The direct measurements of spin correlations are in good agreement with the SM
predictions, and all spin-dependent coeﬃcients of the tt̄ production density matrix have been
√
probed for the ﬁrst time at s = 13 TeV. The spin correlation measurements are used to search
for new physics in the form of a light top squark or an anomalous top quark chromo-magnetic
dipole moment, and stringent constraints are placed in both cases.
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POLARISATION AT NLO IN W Z PRODUCTION AT THE LHC
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The pair production of a W and a Z boson at the LHC is an important process to study the
triple-gauge boson couplings as well as to probe new physics that could arise in the gauge
sector. In particular the leptonic channel pp → W ± Z → 3 + ν + X is considered by ATLAS
and CMS collaborations. Polarisation observables can help pinning down new physics and give
information on the spin of the gauge bosons. Measuring them requires high statistics as well as
precise theoretical predictions. We deﬁne in this contribution ﬁducial polarisation observables
for the W and Z bosons and we present theoretical predictions in the Standard Model at nextto-leading order (NLO) including QCD as well as NLO electroweak corrections, the latter in
the double-pole approximation. We also show that this approximation works remarkably well
for W ± Z production at the LHC by comparing to the full results.

1

Introduction

The production of a W Z pair at the LHC, in the fully leptonic channel pp → W ± Z → 3 +ν +X,
is an important part of the Large Hadron Collider (LHC) programme to test the electroweak
(EW) sector of the Standard Model (SM). In particular, this process is sensitive already at
leading order (LO) to the triple-gauge-boson couplings that can be modiﬁed by new physics.
High statistics than can be collected at the LHC allows for precise measurements even in complex
observables such as kinematical distributions and polarisation observables. This also requires
precise predictions from the theory side. The next-to-leading order (NLO) QCD corrections
were calculated for the ﬁrst time in the nineties 1,2 , while the next-to-next-to-leading order QCD
corrections became available recently, including oﬀ-shell eﬀects 3,4 . The NLO EW corrections to
the on-shell W Z production were ﬁrst calculated in Refs. 5,6 and the full NLO EW corrections
to the process pp → 3 + ν + X have been recently computed providing results for various
kinematical distributions 7 .
Even if the initial proton beams at the LHC are unpolarised, the fundamental asymmetry
in the Z and W boson couplings to left- and right-handed quarks means that the gauge bosons
are produced in polarised states. This polarisation is reﬂected in angular asymmetries in the
ﬁnal-state-lepton distributions. First measurements of these polarisation observables at the 13
TeV LHC have been presented by ATLAS in 2019 8 .
We will present in the following polarisation observables built out from the polar-azimuthal
angular distributions, that can be deﬁned in the ﬁducial phase-space and that reﬂect the underlying spin structure of the W and Z bosons. These ﬁducial polarisation observables allow
a
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for direct comparisons with the experiment, without using template ﬁtting. They will be calculated at NLO in QCD and also at NLO EW in the double-pole approximation. We will also
show that the DPA for the EW corrections works remarkably well in this process and is a good
approximation to perform the NLO calculation of polarisation. All the details of the analysis
can be found in the original publication 9 .
2

EW corrections in the double-pole approximation

We calculate the cross section and the kinematical distributions, in particular the ﬁducial distribution dσ/(σdcos θdφ), at LO and NLO QCD using the full matrix elements. We use the
VBFNLO program 10,11 to generate the LO and NLO QCD results. The NLO EW corrections are
obtained using the double pole approximation (DPA) in which the on-shell W ± Z production
and the on-shell decays W → eνe , Z → μ+ μ− are combined. At LO, the partonic amplitude in
the DPA for the process ab → eνe μ+ μ− reads
Z→eνe μ
Aab→W
LO, DPA

+ μ−

=

+ −


λ1 ,λ2

2
(qW
∗

Z AW →eνe AZ→μ μ
Aab→W
LO
LO
LO
,
2
− MW + iMW ΓW )(qZ2 ∗ − MZ2 + iMZ ΓZ )

(1)

where qW ∗ and qZ ∗ are the intermediate oﬀ-shell W and Z momenta, λ1 and λ2 are the helicities
of the intermediate on-shell W and Z bosons, respectively. At NLO EW we take over the
corrections to the production part from Ref. 6 and we calculate the NLO EW corrections to the
decay parts. When compared to the full calculation of the EW corrections 7 , the virtual and
real corrections of the production and of the decays parts are included, in particular the quarkphoton induced qγ → W ± Zq  → eνe μ+ μ− q  channel, while the non-factorisable contributions as
well as the oﬀ-shell eﬀects are neglected. A great advantage of the DPA is also the lesser time
spent in the calculation, as we avoid calculating six-point integrals.
We display in Fig. 1 a comparison of our results in the DPA with the calculation of the full
EW corrections, at the 13 TeV LHC using ATLAS ﬁducial cuts 12 , using the pT distribution
of the positron in the W + Z channel as an illustrative example. The agreement is very good,
signalling that the DPA is an excellent approximation that is suitable for the calculation of the
polarisation observables.
3

Fiducial polarisation observables

At LO in the DPA it is possible to parameterise the diﬀerential cross section as
1
DPA
σLO

DPA
dσLO
1
3
=
(1 + cos2 θ) + A0 (1 − 3 cos2 θ) + A1 sin(2θ) cos φ
dcos θdφ
16π
2
1
2
+ A2 sin θ cos(2φ) + A3 sin θ cos φ + A4 cos θ
2

+ A5 sin2 θ sin(2φ) + A6 sin(2θ) sin φ + A7 sin θ sin φ ,

(2)

where θ and φ are the angular variables of one of the ﬁnal-state lepton in the gauge-boson
rest frame, and Ai are called the angular coeﬃcients. To study the W ± boson the electron (or
positron) is taken, to study the Z boson we chose the μ− lepton.
A polarised on-shell massive gauge boson can be described by a 3 × 3 spin-density matrix
ρij . This matrix is Hermitian and satisﬁes the normalisation condition of Tr(ρ) = 1, hence it can
be parameterised by 8 real parameters that characterise the spin nature of the massive gauge
boson. At LO in the DPA, the link between the angular coeﬃcients and the spin-density matrix
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Figure 1 – Transverse momentum distributions of the positron in the process pp → e+ νe μ+ μ− + X at the 13 TeV
LHC using ATLAS ﬁducial cuts. Left: Our calculation 9 including full NLO QCD corrections only (in red) and
their combination with EW corrections in the DPA (in blue) in the main panel, as well as the percent corrections
of the EW corrections in the lower sub-panel. Right: The full NLO EW calculation taken from Ref. 7 .

is given by 13,14
1
A0 = 2ρ00 , A1 = √ (ρ+0 − ρ−0 + ρ0+ − ρ0− ),
2
√
A2 = 2(ρ+− + ρ−+ ), A3 = 2b(ρ+0 + ρ−0 + ρ0+ + ρ0− ),
1
A4 = 2b(ρ++ − ρ−− ), A5 = (ρ−+ − ρ+− ),
i
√
1
2b
(ρ0+ − ρ0− − ρ+0 + ρ−0 ),
A6 = − √ (ρ+0 + ρ−0 − ρ0+ − ρ0− ), A7 =
i
i 2

(3)

with b = 1 for the W ± bosons and b = −c for the Z boson, and
c=

2
1 − 4s2W
gL2 − gR
2 = 1 − 4s2 + 8s4 ,
gL2 + gR
W
W

s2W = 1 −

2
MW
.
MZ2

(4)

When looking at Eq. (3) it is expected that the coeﬃcients A5,6,7 are small as they are related to
Z
the imaginary part of the spin-density matrix. Furthermore, AZ
3 and A4 are proportional to the
coeﬃcient c and are thus directly related to the left-right asymmetry in the decay Z ∗ → μ+ μ− .
It is possible to relate the angular coeﬃcients to the angular projections of the two-dimensional
DPA /dcos θdφ 15,16 ,
distribution dσLO
A0 = 4 − 10 cos2 θ, A1 = 5 sin 2θ cos φ, A2 = 10 sin2 θ cos 2φ, A3 = 4 sin θ cos φ,
A4 = 4 cos θ, A5 = 5 sin2 θ sin 2φ, A6 = 5 sin 2θ sin φ, A7 = 4 sin θ sin φ,
with the following deﬁnition for angular projections
 1
 2π
dσ
1
g(θ, φ) =
dcos θ
dφg(θ, φ)
.
σ
dcos
θdφ
−1
0

(5)

(6)

If oﬀ-shell and radiation eﬀects as well as cuts on the individual leptons are considered, as
in the full NLO calculation in the ﬁducial region, the parameterisation in Eq. (2) is not valid
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anymore: It only contains information on the Z and W bosons and the eight coeﬃcients Ai
cannot reconstruct the full diﬀerential cross section anymore. The problem gets worse when
considering the same-ﬂavour ﬁnal states of ν + − , where interference eﬀects occur. Nevertheless it is always possible to use the two-dimensional distribution and the deﬁnitions given
in Eq. (5). In this equation it is even possible to replace the cross section σ by a diﬀerential
distribution such as dσ/dpT,W/Z 16 . In this way we can deﬁne what we call ﬁducial polarisation
observables that are totally equivalent to the inclusive polarisation observable in the DPA limit
in the inclusive phase-space. The ﬁducial polarisation observables are calculated using the full
matrix elements including oﬀ-shell, interference, and higher-order eﬀects as well as arbitrary cuts
on the individual ﬁnal-state leptons, and they do contain the spin information of the underlying
W and Z bosons. The ﬁducial polarisation observables are measurable and they do not require
a template ﬁt method, contrary to what is done in Ref. 8 .
It is also possible to deﬁne polarisation fractions as
1
1
5
5
fLV = − + dcos θ + cos2 θ, fRV = − − dcos θ + cos2 θ, f0V = 2 − 5cos2 θ,
2
2
2
2

(7)

with d = ∓1, θ = θe for V = W ± and d = 1/c, θ = θμ− for V = Z. The fractions fulﬁl the
relation fL + fR + f0 = 1. Their value as well as the value of the angular coeﬃcients Ai depend
on the reference frame and on the coordinate system. Our study is made in the rest frame
of the massive gauge boson under study, using either the helicity coordinate system (HE) 15 in
which the z-direction is aligned with the gauge boson momentum in the laboratory frame, or the
Collins-Soper coordinate system (CS) 17 in which the z-direction is the bisection of the momenta
of the colliding protons in the gauge boson rest frame, see Ref. 9 for more details.
4

Results

We now present the results for the angular coeﬃcients for the W + and Z bosons at the 13
TeV LHC with the ATLAS ﬁducial cuts 12 . The study in Ref. 9 contains also results for the
polarisation fractions and a study of the CMS cuts as well as a complete study for the W − Z
process.
Table 1: (W boson) Fiducial angular coeﬃcients of the e+ distribution for the process pp → e+ νe μ+ μ− +X

at the 13 TeV LHC with the ATLAS ﬁducial cuts. Results are presented in the helicity (HE) and
Collins-Soper (CS) coordinates systems, at NLO QCD and NLO QCD+EW. The PDF uncertainties (in
parenthesis) and the scale uncertainties are also provided on the last digit of the central prediction.
Method
HE NLOQCD

A0

A1

A2

A3

A4

A5

A6

A7

+2
+10
+2
+11
+0.1
+3
+1
1.016(1)+3
−4 −0.326(2)−3 −1.413(2)−12 −0.229(1)−1 −0.295(7)−11 −0.001(1)−0.2 −0.0002(6)−2 0.003(1)−0.5

HE NLOQCDEW

1.017

−0.326

−1.420

−0.229

−0.287

−0.002

−0.002

0.007

CS NLOQCD

1.513(3)+7
−7

0.192(1)+2
−2

−0.918(3)+2
−2

0.061(4)+4
−4

−0.469(6)+10
−10

−0.0001(11)+0
−3

0.001(0.5)+0.3
−0.2

−0.003(0.4)+1
−1

CS NLOQCDEW

1.518

0.189

−0.921

0.065

−0.463

0.0004

0.003

−0.007

The angular coeﬃcients of the W + boson AW
i are presented in Table 1 and those of the Z
boson AZ
i are in Table 2. The results are given in both the HE and CS coordinate systems. As
expected from the analysis in Section 3 for the inclusive polarisation observables (see Eq. (3)) the
coeﬃcients A5,6,7 are very small and can be neglected in the SM. However, they could serve as a
probe for new physics as any sizeable non-zero values for these coeﬃcients constitute a striking
signal for physics beyond the SM. The parton distribution function and the scale uncertainties
are found to be very small in both coordinate systems and for both sets of angular coeﬃcients,
signalling an observable under very good theoretical control.
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Table 2: Same as in Table 1 but for the (Z boson) ﬁducial angular coeﬃcients of the μ− distribution.
Method
HE NLOQCD

A0

A1

A2

A3

A4

A5

A6

A7

+4
+2
+2
+1
+0.3
+0.3
+0.2
0.985(2)+5
−6 −0.306(1)−3 −0.734(1)−2 0.031(1)−2 0.003(1)−1 −0.004(1)−0.4 −0.004(1)−0.2 0.003(1)−0

HE NLOQCDEW

0.986

−0.308

−0.742

0.023

0.001

−0.004

−0.004

0.003

CS NLOQCD

1.267(2)+4
−4

0.221(1)+1
−1

−0.455(2)+2
−2

−0.021(1)+3
−3

0.023(1)+1
−1

0.0004(6)+2
−2

0.006(0.5)+0.2
−0.4

−0.003(1)+0
−0.1

CS NLOQCDEW

1.273

0.218

−0.457

−0.016

0.016

0.001

0.007

−0.003

The NLO EW corrections are found negligible for all W coeﬃcients in both coordinate
Z
systems, while they are signiﬁcant for AZ
3 and A4 . A more detailed study of the diﬀerent DPA
contributions to the EW corrections performed in the original study 9 shows that these large
EW corrections originate from the radiative corrections to the Z → μ− μ+ decay, aligning with
Z
the remark in Section 3 about the proportionality of AZ
3 and A4 to the left-right asymmetry in
+
−
the Z → μ μ decay.
We also display in Fig. 2 the pT,W distribution of the W + ﬁducial polarisation fractions calculated from Eq. (7), in the HE (left) and CS (right) coordinate systems. The two distributions
have a very diﬀerent behaviour: in the CS system the fraction fR is negative at low pT,W and the
longitudinal fraction fL does not decrease at high pT,W , while all fractions are positive in the HE
coordinate system and the longitudinal fraction does decrease at high transverse momentum, in
line with the equivalence theorem and closer to the behaviour of inclusive polarisation fractions.
The same remark can be made for the Z polarisation observables 9 .

Figure 2 – Transverse momentum distributions of the W + boson ﬁducial polarisation fractions. The left-hand-side
plot is for the helicity coordinate system, while the right-hand-side plot is for the Collins-Soper coordinate system.
The bands include PDF and scale uncertainties calculated at NLO QCD using a linear summation. The K factors
in the small panels are the ratios of the NLO results over the LO ones.

5

Conclusion

We have presented in this contribution our calculation of the W ± and Z bosons polarisation
observables, inclusively and at the diﬀerential level, in the process pp → e± νe μ+ μ− + X at the
13 TeV LHC including full NLO QCD corrections and NLO EW corrections calculated in the
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double-pole approximation. This approximation has been found to be in a very good agreement
with the calculation of the full EW corrections, while being much faster and easier to calculate.
We have proposed the study of ﬁducial polarisation observables that can be directly measured
without using template ﬁt methods and give information about the underlying spin structure
of the W and Z bosons. The helicity coordinate system seems to be more suitable than the
Collins-Soper coordinate system as the polarisation fractions are positive and decrease at high
Z
energies. EW corrections are found to be important especially for the coeﬃcients AZ
3 and A4
that are related to the Z boson radiative decay. We highly encourage the ATLAS and CMS
experiment to perform the measurement of these ﬁducial observables.
Acknowledgments
JB acknowledges the support from the Carl-Zeiss foundation and Moriond 2019 committee. This
research is funded by the Vietnam National Foundation for Science and Technology Development
(NAFOSTED) under grant number 103.01-2017.78. JB would like to thank the organisers of
the 54th Rencontres de Moriond EW session for the invitation and the very fruitful atmosphere.
References
1. J. Ohnemus, “An Order αs calculation of hadronic W ± Z production”,
Phys. Rev. D44, 3477 (1991).
2. S. Frixione, P. Nason and G. Ridolﬁ, “Strong corrections to W Z production at hadron colliders”,
Nucl. Phys. B383, 3 (1992).
3. M. Grazzini, S. Kallweit, D. Rathlev and M. Wiesemann, “W ± Z production at hadron colliders
in NNLO QCD”, Phys. Lett. B761, 179 (2016), arxiv:1604.08576.
4. M. Grazzini, S. Kallweit, D. Rathlev and M. Wiesemann, “W ± Z production at the LHC: ﬁducial
cross sections and distributions in NNLO QCD”, JHEP 1705, 139 (2017), arxiv:1703.09065.
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Higgs couplings in ATLAS at Run2
H.M. Gray on behalf of the ATLAS Collaboration
Department of Physics, University of California, Berkeley, 425 Le Conte Hall, Berkeley, CA 94720
Since the discovery of the Higgs boson in summer 2012, the understanding of its properties
has been a high priority of the ATLAS physics program. Measurements of Higgs boson
properties sensitive to its production processes, decay modes, kinematics, mass, and spin/CP
properties based on pp collision data recorded at 13 TeV are presented. The analyses of several
production processes and decay channels will be described, including recent highlights as the
direct observation of the couplings to top and beauty quarks, and an updated combination of
all measurements.

1

Introduction

It is now ten years after the ﬁrst beam from the Large Hadron Collider (LHC) was observed in
the ATLAS experiment and seven years from the discovery of the Higgs boson by the ATLAS
and CMS experiments in 2012 1,2 . However, the current dataset is only 5% of the total dataset
expected from the upgraded LHC, the high-luminosity LHC (HL-LHC), which is expected to
start delivering data in seven years.
Over the seven years since it was discovered, many properties of the Higgs boson have been
established. The mass has been measured using a combination of the Run-1 and Run-2 data
to be 124.97 ± 0.24 GeV, reaching a precision of 0.2% 3 . The width has been constrained to
be less than 14.4 MeV (15.2 MeV expected) via a measurement of oﬀ-shell ZZ production 4 .
Measurements of the spin and parity have been found to be consisted with the value expected
from the Standard Model: J P C = 0++ 5 . This article will review the current status of the
measurements by the ATLAS experiment of the couplings of the Higgs boson to the particles of
the Standard Model. The measurements discussed either use the dataset collected by ATLAS
during 2015 and 2016 with an integrated luminosity of 36 fb−1 or also include the data collected
during 2017 with a total integrated luminosity of 80 fb−1 .
2

Probing Higgs Couplings at the LHC

There are four main production modes for Higgs boson production at the LHC. The dominant
production channel is gluon-gluon fusion, which typically proceeds via a loop containing top
quarks. The vector boson fusion (VBF) production channel is characterised by two forward jets
and little central hadronic activity. Higgs boson production in association with a vector boson
(VH) is identiﬁed by tagging the W or Z boson. Finally, production of the Higgs boson in
association with top quarks is identiﬁed by tagging the two top quarks. The cross-sections and
the number of Higgs bosons produced during Run-2 of the LHC are summarised in Table 1. There
are ﬁve key decay channels at the LHC ordered by decreasing branching ratio: b-quarks (58%),
W -bosons (21%), τ -leptons (6.3%), Z-bosons (2.6%), and photons (0.23%) 6 . Conveniently for
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Table 1: Main production modes for the Higgs boson at the LHC. The cross-section at a centre-of-mass energy
of 13 TeV is shown in the second column. The number of Higgs bosons produced in each channel during Run-2
at the LHC is shown in the third column. From Heinemeyer et al. 6 and references therein.

Name
Gluon-gluon fusion (ggF)
Vector boson fusion (VBF)
Vector-boson associated production (VH)
Top-quark associated production (ttH)

Cross-section [pb]
49
3.8
2.3
0.5

#Higgs bosons
6.9M
520k
320k
70k

experimentalists, the mass of the Higgs boson happens have the value for which the largest
number of decay modes can be probed experimentally.
3

Coupling of the Higgs to Bosons

Measurements of the discovery channels, H → γγ 7 and H → ZZ → 4l 8 , have been performed
using 80 fb−1 of data. As shown in Figure 1, the current results probe the cross-sections of the
individual production modes with precision reaching 15%. At present, both the experimental
and theoretical systematic uncertainties play a key role.
In the H → W W channel, cross-section measurements have been made for both ggF and
+1.2
VBF production 9 . For ggF production, the observed cross-section is 11.4 +1.2
−1.1 (stat.) −1.1 (theo syst.)
+1.4
−1.3 (exp syst.) pb. This is in good agreement with the SM theoretical prediction of 10.4±0.6 pb.
+0.12
Similarly, for VBF production, the observed cross-section is 0.5 +0.24
−0.22 (stat.) ± 0.10 (theo syst.) −0.13
(exp syst.) pb. This is in good agreement with the SM theoretical prediction of 0.81 ± 0.02 pb.
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Figure 1 – The measured cross-sections for diﬀerent Higgs boson production modes as measured by ATLAS in
the H → γγ 7 (left) and H → ZZ∗ → 41 8 (right) channels.

4

Observation of the coupling of the Higgs to fermions

The ﬁrst observation of the coupling of the Higgs boson to fermions was made in the combination of the ATLAS and CMS Run-1 results 10 reaching an observed (expected) signiﬁcance of
5.5(5.0)σ. ATLAS has achieved an observed (expected) signiﬁcance of 6.4(5.4)σ of the decay of
the Higgs boson to τ ’s by combining the Run-1 results with a Run-2 analysis using 36 fb−1 11 .
In addition, the production cross-sections for ggF and VBF have been measured for the H → τ τ
decay channel. For ggF production, the observed cross-section is 3.1 ±0.1 (stat.) +1.6
−1.3 (syst.) pb,
which in in good agreement with the SM theoretical prediction of 3.05 ± 0.13 pb. Similarly, for
VBF production, the observed cross-section is 0.28 ± 0.09 (stat.) +0.11
−0.9
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ttH analysis ordered by log10 (S/B) 13 (right).

(exp syst.) pb. This is in good agreement with the SM theoretical prediction of 0.237±0.006 pb.
This shows that the H → τ τ channel is a particularly sensitive channel for probing VBF production.
A physics highlight at the LHC during 2018 was the observation of the coupling of the Higgs
boson to b-quarks 12 . Despite the large branching ratio of 58% it is a diﬃcult channel due to
large backgrounds. The most sensitive production mode is VH production, but ATLAS has
also performed searches targetting ggF, VBF and ttH production. Through the combination of
all these production modes and using both Run-1 and Run-2 data, ATLAS observed the decay
of the Higgs boson to b-quarks with an observed (expected) signiﬁcance of 5.4(5.5)σ. The VH
analysis strategy was cross-checked by the observation of V Z(bb) production. Figure 2 (left)
shows the mbb distribution obtained in the VH analysis of the Run-2 data with contribution
from H → bb shown in red and Z → bb in grey. The V H(bb) channel is also the most sensitive
channel for VH production.
Another highlight during 2018 was the observation of the coupling of the Higgs boson to top
quarks 13 . ttH production is particularly interesting because it provides a direct probe of the coupling of the Higgs boson to top quarks, which means that in combination with ggF production,
it probes potential new physics contributions within the ggF loop. Through the combination of
all major decay modes, ATLAS observed ttH production with an observed (expected) signiﬁcance of 6.3(5.1)σ. Figure 2 (right) shows the analysis bins used in the combination ordered by
increasing signal over background. The expected contribution from SM ttH production is shown
in orange and the observed contribution in red.
5

Rare and Invisible Higgs Decays

The growing dataset at the LHC has allowed ATLAS to set limits at the 95% CL on channels
targeting decays of the Higgs boson in addition to the ﬁve key decay channels. One example
is the rare decay of the Higgs boson to a Z-boson and a photon, in which ATLAS has set an
observed (expected) limit of 6.4 (4.4) times the SM prediction 14 . A key target is probing the
coupling of the Higgs boson to fermions outside the third generation. Here, the most powerful
channel is H → μμ in which ATLAS has set an observed (expected) limit of 2.1 (2.0) times the
SM prediction 15 . Two analyses have probed the coupling of the Higgs boson to charm quarks:
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ZH production with the Z boson decaying to leptons and the Higgs boson to charm quarks
with a limit 110 times the SM prediction 16 and H → J/Ψγ with a limit 120 times the SM
prediction 17 . Limits have also been set on Hφγ at 200 times the SM prediction and on H → ργ
at 50 times the SM prediction 18 .
Indirect constraints have been set on the decay of the Higgs boson to invisible particles
from ﬁts to the combined Higgs coupling results. Direct constraints have been obtained from
three ATLAS searches: production in association with a W or Z boson decaying to hadrons;
production in association with a Z decaying to leptons and VBF production. In the combination
of the three channels, ATLAS set a limit on the branching ratio of the Higgs boson to invisible
particles of 26% at the 95% CL 19 . This is slightly weaker than expected from the SM of 17+0.07
−0.05 %.
6

Higgs Combination

ATLAS has performed a new combination 20 to extract the properties of the Higgs boson from
these results. When the ﬁt is performed to extract a single signal strength parameter, the
following value is obtained:
+0.05
+0.05
+0.03
μ = 1.11+0.09
−0.08 = 1.11 ± 0.05(stat.)−0.04 (exp.)−0.04 (sig.th.)−0.03 (bkg.th.)

(1)

In this combination, signiﬁcances in excess of 5σ are obtained for the ggF (not quoted),
VBF (6.5σ), VH (5.3σ) and ttH (5.8σ) production modes when assuming SM branching ratios.
Low correlations between the diﬀerent production modes are observed in the ﬁt. Figure 4 (left)
shows the cross-sections normalized to the SM values for each production mode. The results are
consistent with the predictions from the SM.
The combination is also performed to simultaneously extract the product of each major
production and decay mode. The production and decay modes with low sensitivity are ﬁxed
to the SM values. Again, no signiﬁcant deviations from the SM predictions are observed. The
results are interpreted within the κ-framework to extract the couplings of the Higgs boson to
diﬀerent SM particles. In this ﬁt, it is assumed that there are no contributions from physics
beyond the SM to the total width. Figure 4 (right) shows the extracted couplings as a function
of particle mass. Good agreement is observed for the couplings of all particles with respect to
the predictions from the SM.
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To probe potential BSM contributions, ﬁts have been performed using three diﬀerent assumptions on the total width of the Higgs boson. The ﬁrst assumes that the branching ratio
to BSM particles is zero. The second constrains the coupling for vector bosons, κV , to be less
than one. The third assumes that the on-shell and oﬀ-shell values for κ are identical. In all
cases, the measured scale factors are found to be compatible with the predictions from the SM.
In the second scenario, an observed (expected) limit of the branching ratio of the Higgs boson
to invisible particles of 30% (18%) and an observed (expected) limit of the branching ratio of
the Higgs boson to undetected particles of 22% (38%). In the third scenario and largely due to
the oﬀ-shell H → ZZ → 4l measurement, an observed (expected) limit on the branching ratio
of the Higgs boson to BSM particles of 47% (57%) is set 20 .
7

Probing the Higgs Self-Coupling

The measurement of the Higgs self-coupling is an important physics target for the (HL)-LHC.
In addition to direct searches looking for diHiggs production, constraints can be set from single
Higgs production cross-sections. Following Degrassi et al. 21 and Maltoni et al. 22 , ATLAS starts
from the Higgs potential in the following form:
1
1
V (H) = m2H + λ3 νH 3 + λ4 H 3 + O(H 5 )
2
4

(2)

and consider the following modiﬁcations: λ3 = κλ λSM
3 , where κλ scales the strength of the Higgs
self-coupling with respect to the prediction from the SM.
This results in a modiﬁed Higgs boson production cross-section:
μi (κλ , κi ) =
BSM (κ ) =
where ZH
λ

1
1−(κ2λ −1)δZH

μf (κλ , κf ) =



σ BSM
(κλ − 1)C1i
BSM
= ZH
(κλ ) κ2i +
i
SM
σ
KEW

(3)

with δZh = −1.536 × 10−3 and modiﬁed branching fractions:
BRfBSM
BRfSM

κ2f + (κλ − 1)C1f

=
j
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BRjSM κ2j + (κλ − 1)C1j

(4)

This parametrization was applied to the production cross-sections and branching fractions
and the full Higgs combination ﬁt including the simpliﬁed template cross-section results was
performed 23 . The following value for κλ was obtained:
+1.3
+1.3
+0.8
κλ = 4.0+3.7
−3.6 (stat.)−1.5 (exp.)−0.9 (sig.th.)−0.9 (bkg.th.)

(5)

Alternately, when a limit is set at the 95% conﬁdence level, it is found to lie in the following
interval: −3.2 < κλ < 11.9.
8

Conclusion

The status of the current results from the ATLAS experiment for the measurement of the
coupling of the Higgs boson using the Run-2 dataset has been presented. Highlights since
Moriond 2018 include the observation of the coupling of the Higgs to bottom quarks, observation
of the coupling of the Higgs to top quarks and a new combination with the observation of all
main Higgs production modes at the LHC. So far, the results seem to agree to a remarkable
degree to the predictions from the Standard Model. However, there is more data and many
more results still to come.
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Higgs couplings in CMS in Run-2
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The latest results on Higgs boson couplings using Run-2 data collected by the CMS experiment
are presented. These recent developments include the conﬁrmation of what had been the two
remaining third generation Yukawa couplings yet to be observed, the top quark and bottom
quark couplings. Next, the latest search for the rare Higgs boson decay to a muon-antimuon
pair is presented, which should soon give access to the ﬁrst measurement of a second generation
Yukawa coupling. The most stringent limit to date is then shown for the branching fraction of
the Higgs boson to undetectable invisible signatures. Finally, the ﬁrst search for the extremely
rare decay of the Higgs boson to quarkonia is shown.

1

Introduction

Enormous progress has been made in measuring the properties of the Higgs boson since its
discovery in 2012 1,2,3 , including measurement of the Higgs boson mass to nearly per-mille
precision and measurement of the Higgs boson couplings in the bosonic as well as multiple
fermionic channels. All measurements so far are consistent with the standard model (SM)
expectation within uncertainties. It is, however, just the beginning of an era of precision and
rare coupling measurements with the Higgs boson. These measurements will further shed light
on whether there are any deviations from the SM in the Higgs sector.
The measurement of Higgs boson couplings to third generation fermions has in particular
advanced greatly over the past year. The observation of Higgs boson production in association
with a top quark-antiquark pair (ttH), achieved by the CMS Collaboration 4 last spring, established the ﬁrst direct conﬁrmation of the Yukawa coupling to the top quark 5,6 . The observation
of Higgs boson decay to a bottom quark-antiquark pair last summer subsequently conﬁrmed the
Yukawa coupling to the bottom quark 7,8 . The third generation Yukawa couplings have thus
been directly established, with the observation of Higgs boson decay to tau leptons having been
earlier achieved from the combination of ATLAS and CMS Run-1 measurements 9 .
The second generation Yukawa couplings will soon be measurable through the very rare
decay of the Higgs boson to a muon-antimuon pair, with a branching fraction of 0.022%. The
latest result from CMS using 2016 data demonstrates that the measurement of this coupling
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√
is nearing experimental reach 10 , with an additional more than 100 fb−1 of s = 13 TeV data
already recorded and a doubling in dataset expected from Run-3 of the LHC.
These measurements of the Higgs boson couplings to SM particles are an important test of
the SM description of the Higgs sector. It is however also important to perform complementary
direct searches for potential Higgs boson couplings to beyond the SM particles. In particular,
the latest direct constraints on the Higgs boson branching fraction to particles which do not
leave any trace in the CMS detector (H→invisible) are presented. This result, including the
combination with similar Run-1 measurements, yields the most stringent constraint to date on
the branching fraction for H→invisible 11 . The result is further interpreted in terms of Higgsportal models, yielding the most stringent dark matter-nucleon cross section limits to date for
low-mass dark matter scenarios.
Finally, a novel search by CMS is presented for Higgs boson decay to quarkonia (J/ΨJ/Ψ,
ΥΥ) in the four-muon ﬁnal state 12 . An excess in data in this very clean and nearly backgroundfree search would be a clear indication of beyond the SM physics.
2

H→bb̄

With a predicted branching fraction of about 58%, the Higgs boson decay to a bottom quarkantiquark pair is by far the dominant Higgs boson decay mode. Inclusive H→bb̄ searches at
hadron colliders are, however, extremely challenging due to the overwhelming production of ﬁnal
states with multiple b jets via strong interactions. The most sensitive H→bb̄ search strategy at
the LHC is to consider the production of the Higgs boson in association with a W or Z boson
(VH). By requiring the presence of a leptonically W or Z boson in the event, the enormous
multiple b-jet backgrounds are highly reduced.
√
The most recent VH, H→bb̄ result from CMS uses 41.3 fb−1 of s = 13 TeV data collected
7
in 2017 . This analysis includes several important improvements with respect to previous VH,
H→bb̄ searches. The latest machine learning technology (deep neural networks) have been
integrated to perform b-jet identiﬁcation, estimate the b-jet energy, and to diﬀerentiate the
signal among various large backgrounds. In addition, a kinematic ﬁt is now performed in the
Z→
channel which takes advantage of the inherent lack of missing energy in the event from
neutrinos under the signal hypothesis to better constrain the Higgs boson candidate mass.
This result has been combined with previous VH, H→bb̄ searches using 2016 and Run-1
data. Figure 1 (left) visualizes the combined result, with events grouped based on the predicted
signal-to-background ratio. In addition, a complementary analysis is performed by extracting
the H→bb̄ signal from a direct ﬁt of the Higgs boson candidate invariant mass rather than
the output of a multivariate discriminant. Figure 1 (right) shows the resulting combined Higgs
boson candidate mass distrbiution with nonresonant backgrounds subtracted.
H→bb̄ searches performed by CMS in the less sensitive primary Higgs boson production
modes (gluon fusion, ttH, and vector boson fusion) are additionally included in the combination,
yielding an excess in the data incompatible with the SM background-only hypothesis with an
observed (expected) signiﬁcance of 5.6σ (5.5σ). The measured signal strength relative to the
σ
SM prediction for the Higgs boson with mass mH = 125.09 GeV is μ = σSM
= 1.04 ± 0.20.
This constitutes the observation of Higgs boson decay to bottom quarks and therefore direct
conﬁrmation of the Yukawa coupling to the bottom quark.
3

H→ μ+ μ−

The Higgs boson decay to a muon-antimuon pair provides a very well reconstructed experimental
signature, but is statistically limited with the currently available datasets and subject to a large
Z/γ ∗ → background. A boosted decision tree (BDT) is trained to select the kinematic regions
with the highest signal to background ratio based on event-level and kinematic observables. A
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Figure 1 – Left: combination of VH, H→bb̄ searches with events merged into a single distribution based on the
expected signal to background ratio. Right: Higgs boson candidate invariant mass distribution with nonresonant
backgrounds subtracted for the combination of 2016 and 2017 data 7 .

ﬁt is then performed to the dimuon invariant mass spectrum with events categorized based on
BDT score and muon η. Figure 2 (left) shows the combined dimuon invariant mass distribution
with each category assigned a weight according to the expected signal to signal plus background
ratio. This latest result using 2016 data is then combined with similar Run-1 searches and
interpreted in terms of 95% conﬁdence level upper limits on the product of the cross section and
branching fraction with respect to the SM expectation as a function of mH (Fig. 2, right). An
excess in the data over the SM background is observed (expected) with a signiﬁcance of 0.9σ
(1.0σ), with a corresponding signal strength of μ = 1.0 ± 1.0(stat.) ± 0.1(syst.).
This analysis in particular beneﬁts from the excellent muon resolution achieved by the CMS
detector. Although more data are needed in order to exclude the background-only hypothesis,
with the large 140 fb−1 dataset already recorded during Run-2 as well as the similar dataset
expected from Run-3 it should be possible to make the ﬁrst measurements of a second generation
Yukawa coupling via H→ μ+ μ− .
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Figure 2 – Left: dimuon invariant mass distribution combined over all categories, with each category assigned
a weight based on the signal to signal plus background ratio. Right: 95% conﬁdence level upper limits on the
product of the cross section and branching ratio as a function of Higgs boson candidate mass, for the combination
of 2016 and Run-1 data 10 .
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4

ttH

Direct conﬁrmation of the Yukawa coupling to the top quark was achieved last spring with the
observation of ttH production by the CMS Collaboration 5 . This result combined searches for
ttH production in multiple channels targeting diﬀerent Higgs boson decay modes, namely the
diphoton, bb̄, and multilepton (WW∗ , ZZ∗ , and τ τ ) decay channels, using the combination of
2016 and Run-1 data. Since the ttH observation, ttH measurements in the multilepton and
diphoton channels have been performed on the 2017 data. These latest results not only double
√
the s = 13 TeV dataset, but also incorporate important improvements in preparation for
achieving the best possible precision on measurements with the full Run-2 dataset of more than
140 fb−1 .
4.1

Multilepton channel

The ttH multilepton analysis splits events into many categories based on lepton multiplicity,
ﬂavor, and charge. In each category a BDT is trained to diﬀerentiate signal from background
and the BDT distribution is ﬁt to extract the signal. New for the analysis on 2017 data is the
inclusion in the signal extraction ﬁt of signal-depleted control regions enhanced in the dominant
ttW and ttZ backgrounds. This strategy better constrains the background prediction in the
signal region. A new category was also included targeting two electrons or muons in the ﬁnal
state in addition to two hadronically decaying tau leptons. The observed (expected) signiﬁcance
is 1.7σ (2.9σ) with 2017 data alone and 3.2σ (4.0σ) when combined with the previous result on
2016 data 13 . The corresponding signal strength is μ = 0.96+0.34
−0.31 .
4.2

Diphoton channel

The H → γγ decay channel yields a very clean experimental signature but is statistically limited
due to the small branching fraction as well as the relatively small ttH production cross section
(∼ 0.5 pb). The analysis strategy is similar to H→ μ+ μ− , with events categorized based on
BDT score and the signal extracted via a simultaneous ﬁt to the diphoton invariant mass in
all categories. Many input observables were added to the BDT training for the 2017 analysis
and a larger number of categories were introduced in order to maximize sensitivity. Figure 3
shows the diphoton invariant mass distribution combined over all channels for the analysis on
2017 data combined with the previous measurement on 2016 data 14 . The observed (expected)
excess in data over the SM backgrounds is 4.1σ (2.7σ), with a signal strength of μ = 1.7+0.6
−0.5 .
The uncertainty on the measurement is dominated by the statistical uncertainty of the data.
As the recorded LHC collision datasets largely increase in size over the next years, the diphoton
channel will progressively become the dominant channel for measuring ttH production.
5

H→invisible

Neutrinos produced in LHC collisions do not interact with the detector material and their
presence can only be inferred from a momentum imbalance in the event. Some beyond the SM
particles, for example dark matter, may similarly not leave any detectable signature other than
the presence of missing energy in the event. The SM predicted branching fraction for the Higgs
boson decay to neutrinos is only 0.1%, via H→ZZ→ 4ν. If the Higgs boson interacts with beyond
the SM particles, however, the Higgs to invisible branching fraction can be highly enhanced.
The most sensitive search channel for H→invisible at the LHC is via the vector boson production mode, where the presence of two quark jets in the ﬁnal state with characteristically large
dijet invariant mass allows for a crucial supression of large SM backgrounds. A signal region is
selected by requiring two jets with intermediate dijet invariant mass and a large missing transverse energy (at least 250 GeV). A ﬁt is then performed of the dijet invariant mass distribution
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Figure 3 – Diphoton invariant mass distribution combined over all categories for the ttH, H → γγ analysis on
2017 data combined with the previous measurement on 2016 data. Each category is assigned a weight according
to the ratio of the signal to signal plus background expectation 14 .

in the signal region, shown in Figure 4 (left). The dominant background contributions from
Z(νν)+jets and W( ν)+jets production are constrained by separate control regions enriched in
each background.
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Figure 4 – Left: dijet invariant mass in the vector boson fusion H→invisible search with 2016 data. Right:
90% conﬁdence level upper limits on the dark matter-nucleon scattering amplitude as a function of dark matter
candidate mass, from the combination of H→invisible searches in all production modes with 2015, 2016, and
Run-1 data 11 .

The absence of a signiﬁcant excess in the data at large dijet invariant mass values is used to
constrain the branching fraction for H→invisible by assuming the SM production cross section.
The result is combined with other direct H→invisible searches performed by CMS in the less
sensitive gluon fusion and VH production modes on 2015, 2016, and Run-1 data, yielding a
95% conﬁdence level upper limit on the branching fraction for H→invisible of 19% 11 . This
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constitutes the most stringent limit to date. The result is also interpreted in the context of
Higgs-portal models of dark matter interactions, where the Higgs boson serves as a mediator
between dark matter and SM particles. The resulting observed upper limits on the dark matternucleon scattering cross section are shown in Figure 4 (right) compared with limits from direct
detection dark matter experiments. The CMS result yields the most stringent limits for dark
matter candidate mass less than 18 (7) GeV under the fermion (scalar) spin hypotheses.
6

H→J/ΨJ/Ψ, ΥΥ

The ﬁrst search for extremely rare decays of the Higgs boson to quarkonia is presented. The SM
predicted branching fractions for H→J/ΨJ/Ψ and H→ ΥΥ are inaccessible at the LHC by many
orders of magnitude. Couplings of the Higgs boson to particles beyond the SM or a deviation in
the Higgs boson coupling to quarks could however yield large enhancements. The four-muon ﬁnal
state is considered, which beneﬁts from excellent mass resolution and very few events expected
from SM backgrounds. An excess of even a few events in data at the Higgs boson mass would
be a clear indication of beyond the SM physics. No excess in data is observed, allowing for 95%
conﬁdence level upper limits on the branching fraction for H→J/ΨJ/Ψ and H→ ΥΥ to be set
at 1.4 x 10−3 and 1.8 x 10−3 , respectively 12 .
7

Summary

The latest measurements from CMS of the Higgs boson couplings using Run-2 data are presented.
The direct conﬁrmation of all third generation Yukawa couplings has now been achieved, with
the observation of ttH production and the observation of Higgs boson decay to bottom quarks
accomplished over this past year. Two of the primary ttH channels have now been performed
on the 2017 data, more than doubling the Run-2 dataset used for the ttH observation and
incorporating signiﬁcant analysis improvements.
A promising result on the rare Higgs boson decay to a muon-antimuon pair using 2016 data
demonstrates the possibility to measure a second generation Yukawa coupling in the next years.
The most stringent limit to date on the branching fraction of the Higgs boson to invisible detector
signatures is also presented. Finally, a novel search for Higgs boson decays to quarkonia is shown.
√
With more than 140 fb−1 of s = 13 TeV Run-2 data now recorded, signiﬁcant developments
in these measurements are expected in the near future.
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Feeble Interactions
Martin Bauer
Institute for Particle Physics Phenomenology, Durham University, South Road,
Durham DH1 3LE UK

The large hadron collider and other collider experiments are designed to discover hypothetical
new particles with prompt decays. Almost stable and very long-lived particles are constrained
by cosmological and astrophysical observables. In between these two extremes is a sensitivity
gap for particles with moderate lifetimes. The focus of the talk is on diﬀerent mechanisms
which can lead to particles that are hard to detect and ideas to search for them and close the
gap.

1

Introduction

Feeble interactions is a colloquial name for interactions that are not necessarily weak on a
fundamental level, but lead to suppressed production or decays of hypothetical new particles at
colliders. One class of feebly interacting particles are particles with long lifetimes. The detectors
at the Large Hadron Collider (LHC) are designed to reconstruct particles that decay promptly.
If the lifetime of a new particle is macroscopic, it is challenging to reconstruct the corresponding
event at the LHC. Because of the large center-of-mass energy this can be the case even if the
mean lifetime of a particle is not particularly large. Muons with a lifetime of τμ ≈ 2.2 μs for
example are stable on collider scales and would be very diﬃcult to detect if they were electrically
neutral.
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Very long-lived particles on the other hand are constrained by beam-dump searches and
astrophysical constraints. This concerns particles with lifetimes large enough to penetrate the
shielding in the case of beam-dump experiments or travel far enough to transport energy from
a star, leading to cooling. A range of possible masses and couplings to SM particles leading to
intermediate lifetimes of hypothetical new particles are practically unconstrained. In Figure 1,
this parameter space is between the two contours of constant lifetime, illustrated for the case
of a hidden photon and an axion-like particle (ALP) with a coupling to photons. Searching for
these particles requires new and innovative experimental ideas. In this talk I will illustrate some
of these ideas that have been proposed in recent years.
The lifetime of a particle is long if its couplings and mass, which typically enter the decay widths,
are small. From a theory perspective, models in which a small coupling to SM particles is related
to a small mass are therefore particularly interesting. Based on the examples of pseudo-Nambu
Goldstone bosons (PNGBs) or ALPs and hidden photons, I will discuss how such a mechanism
can not only explain why a light new state would be feebly interacting, but also how the discovery
of such a new particle could reveal details of a New Physics sector which is otherwise out of
reach of current and future experiments.
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Figure 1 – Exclusion contours from a variety of measurements constraining hidden photons (left 1 ) and axion-like
particles coupled to photons (right 2 ). Contours of constant lifetime are shown in black.

2

Goldstone bosons

A spontaneously broken, continuous global symmetry implies the existence of Goldstone bosons.
In the simplest example of a scalar potential which leads to the spontaneous breaking of a U (1)
symmetry,
V (φ) = μ2 φ† φ + λ(φ† φ)2

and

μ2 < 0 ,

(1)

these spin-0 ﬁelds can be identiﬁed with the phase of the complex scalar ﬁeld,


φ(x) = f + s(x) eia(x)/f .

(2)

Here, the vacuum expectation value is denoted by φ = f . From (1) follows that this ﬁeld
is massless ma = 0, and it remains massless if all terms in the Lagrangian respect the shift
symmetry a(x) → a(x) + c. As a consequence, couplings between the Goldstone boson and SM
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3
fermions ψF , gauge bosons Bμ , WμA and GA
μ and the Higgs boson H are of derivative nature ,

Lint =

 cψ ∂ μ a
ψ

+

2 f

ψ̄ γμ γ5 ψ+cG

gs2 a A μν,A
g 2 a A μν,A
g 2 a
+cW
+cB
G G̃
W W̃
Bμν B̃ μν
16π 2 f μν
16π 2 f μν
16π 2 f

cah
cZh
(∂μ a)(∂ μ a)H † H + 3 (∂ μ a) H † iDμ H + h.c. + . . . ,
f2
f

(3)
where the Higgs couplings are of higher order in an expansion in 1/f , but the operator with
the Wilson coeﬃcient cZh can be generated at dimension 5 if the New Physics is chiral. 4
μν,A
Famously, the coupling of a Goldstone boson to the gluon ﬁeld strength tensors GA
μν G̃
breaks the shift symmetry due to the QCD anomaly of the Peccei-Quinn symmetry. 5 Any such
non-renormalizable breaking of the shift symmetry induces a mass term for the Goldstone boson,
ma = m2 /f , where m is the explicit breaking term. The spin-0 ﬁeld a(x) is called pseudo-Nambu
Goldstone boson or axion-like particle in this case. The couplings of a PNGB to SM ﬁelds and
its mass term are suppressed by the new physics scale,
gaψψ = cψ

mψ
,
f

ma =

m2
,
f

(4)

and PNGBs can therefore be signiﬁcantly lighter than the scale of new physics if m
f . The
prime example of PNGBs are pions and the coupling between pions and nucleons and the pion
mass term are given by
gπN N = gA

2mN
,
fπ

m2π =

mu + md
q q̄ .
fπ2

(5)

In the case of the pions mπ ≈ fπ , and the next lightest QCD resonances are 5-10 times heavier
than the pions. This is an accident caused by the size of the chiral symmetry breaking parameters
mu and md . If the light quark masses were of the order of neutrino masses, pions would be 5
orders of magnitudes lighter than the next lightest QCD state. By measuring the number
and properties of hypothetical new PNGBs one would therefore obtain information about the
underlying symmetry and the spectrum of particles expected at a potentially very large scale f .
3

Hidden photons

A new physics sector with a gauged U (1)X symmetry gives rise to a new gauge boson with ﬁeld
strength tensor Xμν which mixes with the SM hypercharge gauge boson
1

1
L = − Bμν B μν − Bμν X μν − Dμ SDμ S ,
4
2
2

(6)

and the last term includes a coupling between a complex scalar ﬁeld S charged under the U (1)X
that can generate a mass term for the new gauge boson upon acquiring a vacuum expectation
value. If the kinetic mixing is generated by integrating out new degrees of freedom charged
under both U (1)X and U (1)Y , it is proportional to the U (1)X gauge coupling
=

Λ2
gX g 
log 2 ,
8π 2
m

(7)

where m is the mass of the heavy state in the loop and Λ is the cut-oﬀ scale of the theory. In
this case both the mass and the interaction strength of the new gauge boson A are proportional
to the gauge coupling gX
gA ψψ = g   =

gX g 2
Λ2
log 2 ,
8π 2
m
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mA = gX S ,

(8)

and a light new gauge boson mA
S is expected to interact very weakly with SM particles
and a potential discovery would again allow to access the details of a sector of new heavy physics
at the scale S. The phenomenology of new gauge bosons changes signiﬁcantly if SM ﬁelds are
charged under the U (1)X . Anomaly cancellation puts strong constraints on such models, which
can address the anomalous magnetic moment of the muon and can provide a mediator to dark
matter (see e.g. 6 ) .
4

Oﬀ-shell decays

A long lifetime must not be associated with small masses or small couplings. Very oﬀ-shell propagators can result in a suppressed width. In the case of B meson decays a typical contribution
to the width
Γ(B → Xc ν) =

g 4 |Vcb |2 m5b
4 ,
128π 3 2 MW

(9)

4 ) ≈ 7.3 × 10−6 , which leads to a decay length of
is suppressed by the factor (m4b /MW
B =
γβ/ΓB ≈ 7 mm for B mesons produced at the LHCb. 7 New Physics could have the same
property. LHC searches suggest that if supersymmetry is realised in nature at least some superpartners are heavy with respect to the electroweak scale. If there is a large mass splitting
between the sfermions and gauginos, the decay width of a gluino is suppressed
5

Γ(g̃ → q q̃χ) =

ααs Mg̃
192πs2w m̃4

(10)

which can induce a decay length of g̃ = O(m) = O(km) for Mg̃ = 1 TeV and m̃ = 103 − 104
TeV in such a split SUSY scenario. 8 An additional suppression can occur if the decay is also
chirally suppressed. An example are leptonic decays of B mesons
Γ(B − →

−

ν̄) =

m2 M B
g4
|Vub |2 fB2 +  4 .
16π 2
MW

(11)

A dark sector with a conﬁning force can produce dark mesons whose decay into two fermions is
similarly chirally suppressed 9
¯ =
Γ(πd → dd)

4
gX
d

32π

Nc fπ2d

m2d mπd
,
5
MX
d

(12)

where Xd mediates interactions between the dark sector and the SM. This type of decays leads
to emerging jets that can be displaced by πd ≈ 1 m even if there is a moderate mass splitting
between the dark meson and the mediator, mπd = 1 GeV and mXd = 1 TeV and the interaction
is strong gXd = 1. An additional suppression can also occur for the decay of nearly degenerate
states, so-called squeezed spectra. In the SM, the lifetime of the neutron is inversely proportional
to the mass diﬀerence MN − MP ≈ 1.3 MeV. In new physics models with small mass splittings
the lifetime of new particles can be similarly enhanced. One example is stealth supersymmetry
in which the decay of a scalar particle X̃ into its superpartner X and a gravitino is suppressed
by the mass splitting of the X supermultiplet Γ(X̃ → X G̃) ∝ (mX̃ − mX )4 . 10
5

Current and future searches for feebly interacting particles

Strategies to search for feebly interacting particles depend on the coupling structure of the new
particles. Due to the limited time of this talk I will illustrate some of the new and innovative
ideas based on a few examples. There are many techniques such as searches for disappearing
tracks, charged tracks from long-lived charged particles, beamdump experiments, etc., which are
not discussed here, but are no less relevant.
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Figure 2 – Projected sensitivity region for future searches for a secluded hidden photon compared to existing
constraints (shown in gray). Figure adapted from 1 .

5.1

High statistics

The production of feebly interacting particles can be strongly suppressed by the small couplings.
Current limits can be improved by searches with high statistics. The Mu3e experiment, on
track to begin data taking in 2020, will produce 1015 muons during phase one. 11 This provides
unprecedented sensitivity to light hidden photons coupled to charged leptons which can be
produced in the process μ+ → A e+ νe ν̄μ → e+ e− e+ νe ν̄μ . 12 The sensitivity can be further
improved by searching for the e+ e− pair from a displaced vertex. 13 The projected sensitivity
reach is shown in yellow in Fig. 2. In a similar way, LHCb can exploit the large number of
exited D∗ mesons produced, which decay dominantly into ﬁnal states with photons Br(D∗ →
Dπ) + Br(D∗ → Dγ) ≈ 1. 14 A search for hidden photons from D∗ decays would be sensitive to
the parameter space shown in pink in Fig. 2.
Axion-like particles with dominant couplings to photons can be produced in the photon-fusion
process in proton-proton collisions pp → a → γγ at the LHC. 15 The parameter space excluded
by these searches is shown by the light orange region in Fig. 3. The authors of 16 observed that
the photon-fusion production cross section in ion collisions is enhanced by a factor Z 4 , which
for heavy ions like lead (Z = 82) corresponds to an enhancement factor of 45 × 106 over the
pp-induced production cross section. Searches in ion collisions at the LHC are sensitive to the
parameter space indicated by the light green region in Fig. 3 labeled Pb. 17,18
5.2

(Very) displaced vertices

The sensitivity of the LHC to long-lived particles depends strongly on the mass and dominant
decay modes of the feebly interacting particles. 19 In particular for light, long-lived particles it is
challenging to trigger and reconstruct the corresponding events with the LHC detectors. In the
last few years, a series of new proposals for dedicated experiments has been proposed to search
for these particles produced at the LHC that would otherwise escape detection. The overarching
idea is to build a detector shielded from LHC backgrounds and search for displaced decays of
feebly interacting particles decaying in the detector volume. MATHUSLA is a detector with a
large decay volume to be build overground, about ∼ 100 m above the ATLAS or CMS interaction
point. 20 The Codex-b proposal is to build a smaller detector 25 m from the LHCb interaction
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Figure 3 – Projected sensitivity region for future searches for an ALP with couplings to photons. Figure adapted
from 2 and 24 .

point. 21 FASER, which has recently been approved by CERN, involves a small detector volume
several hundred meters downstream from ATLAS or CMS along the beam axis and is particularly
sensitive to forward scattered, long-lived particles. 22 These new detectors have complimentary
reach and sensitivity. 19 For the example of ALPs that couple only to hypercharge gauge bosons
or light, secluded, hidden photons, experiments like MATHUSLA and FASER compete with
future beam dump experiments, such as ShiP. 23 In Figure 2, the sensitivity reach of Ship and
FASER is shown by the turquoise and green contours, respectively. In Figure 3, the sensitivity
reach for MATHUSLA is red, for SHiP it is shown in blue and for FASER in yellow. 24 In both
cases SHiP is projected to provide better limits. Searches with LHC based detectors however
have the advantage that they are also sensitive to Higgs decays which will be discussed in the
next section.
5.3

Exotic Higgs and Z boson decays

The discovery of the Higgs boson has opened the door for searches for feebly interacting particles
in Higgs decays. This is particularly well motivated for renormalizable Higgs portal couplings,
but even in the case of the Higgs portal to ALPs, which is suppressed because of the derivative
ALP couplings, the LHC could discover ALPs with lifetimes orders of magnitude larger compared
to the sensitivity reach for ALPs produced in the photon-fusion process. Besides the Higgs portal
decay h → aa, searches for the decay h → Za are particularly interesting, because this process
is sensitive to the chiral structure of the underlying theory. The partial width for the decay
h → Za is given by
Γ(h → Za) =



m3h eﬀ 2 3/2 m2Z m2a
,
|c
|
λ
,
Zh
16πf 2
m2h m2h

(13)

5
2
2
where we have deﬁned the Wilson coeﬃcient ceﬀ
Zh = cZh + 2cZh v /f . In Figure 3 we show
the sensitivity reach of LHC searches for this decay with the subsequent decays a → γγ and
Z → + − and for a coeﬃcient ceﬀ
Zh = 0.015, and branching ratios Br(h → Za) < 0.001 and
Br(a → γγ) = 1 in green. 2 The sensitivity region is triangle-shaped, because ALPs with smaller
masses and couplings are too long-lived to decay before the ECAL of ATLAS or CMS. For
diﬀerent values of Br(a → γγ) = 1 and Higgs decay branching ratios the sensitivity reach varies,
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and similar results can be achieved for searches for ALPs in the decay h → aa and in exotic
Z boson decays Z → aγ. 25 2 This shows the remarkable improvement that can be achieved
by searching for ALPs or other feebly interacting particles in exotic Higgs decays. Note that
the projections for the exotic Higgs decay h → aZ diﬀer from all the other bounds shown in
Figure 3, because it assumes another Wilson coeﬃcient besides cγγ .
6

Conclusions

Feebly interacting particles with moderate lifetimes are theoretically well motivated and can be
the harbinger of a new physics sector that is otherwise inaccessible by current collider searches.
In this talk I have discussed general theoretical mechanisms that can lead to long lifetimes for
small or large fundamental couplings. Based on the examples of hidden photons and ALPs, I
have discussed new ideas to search for such particles. Utilising the high statistics of the LHC or
future muon experiments and dedicated detectors searching for the decay of long-lived particles
produced at the LHC can help to close the sensitivity gap for moderate lifetimes. Substantial
progress can be made for non-minimal model in searches for exotic Higgs boson or Z decays at
ATLAS, CMS and future detectors.
There are many topics not mentioned in this inaugural talk of this new session which will
hopefully be part of this session this year or in the future. Just to name a few: models for
neutrino masses can predict feebly interacting, sterile neutrinos, there is a natural link to dark
matter through the freeze-in mechanism which requires small couplings, and modern ideas to
address the hierarchy problem such as twin Higgs models, the relaxion or N naturalness predict
very light new particles that interact feebly with the SM. There is a rich phenomenology to
explore and we should not leave any stone unturned.
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TECHNIQUES AND RESULTS OF NEUTRAL LONG-LIVED PARTICLE
SEARCHES IN ATLAS AND CMS IN LHC RUN 2
CLAUDIA-ELISABETH WULZ, for the ATLAS and CMS Collaborations
Institute of High Energy Physics of the Austrian Academy of Sciences,
Nikolsdorfergasse 18, 1050 Vienna, Austria

Selected results of searches for neutral long-lived particles with displaced and delayed jets,
trackless jets and emerging jets, as well as displaced muons, obtained with data recorded at a
centre-of-mass energy of 13 TeV by the ATLAS and CMS Collaboration during LHC’s Run 2
are presented, as well as challenges and techniques.

1

Introduction

The standard model (SM) of particle physics includes a number of uncharged long-lived particles
(LLP) such as neutrinos, neutrons or neutral B, D, and K mesons. Exotic, but so far undetected long-lived particles emerge in many theories extending the standard model. We focus on
detecting such neutral particles and present selected recent results of searches by the ATLAS
and CMS collaborations 1,2 at the LHC in proton-proton collisions at a centre-of-mass energy of
√
s = 13 TeV. In the context of these searches LLP’s are deﬁned as particles that do not decay
instantly at the interaction point, where they are produced, but at some measurable distance
within the detector. They may also remain stable within the detector volume.
A plethora of models predict long-lived particles. Supersymmetry (SUSY) in various incarnations, dark matter scenarios, or portal interactions between a hidden sector and the SM are
sources of LLP’s. Among the SUSY models are R-parity violating SUSY, gauge- and anomalymediated SUSY breaking scenarios, split SUSY, or stealth SUSY. In gauge-mediated scenarios
the gravitino is the lightest supersymmetric particle (LSP). The striking feature of split supersymmetry is that the gluino is a quasi-stable particle with a lifetime that could be up to a
hundred seconds long. Scalars except the Higgs boson are ultra-heavy. In stealth SUSY R-parity
is preserved, but missing energy signatures are lacking. This becomes possible through a new
hidden sector of particles at the weak scale. Since SUSY breaking is small, the fermion and
boson pairs will be almost degenerate in mass. In hidden valley scenarios particles of the hidden
Copyright 2019 CERN for the beneﬁt of the ATLAS and CMS Collaborations. CC-BY-4.0 license.
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sector such as long-lived dark photons or dark hadrons may decay to standard model particles. Left-right symmetric models predict heavy right-handed neutrinos. Axions or axion-like
particles are also expected to have long lifetimes.
A particle’s proper lifetime is inversely proportional to its mass, and proportional to the
squared matrix element for the decay into its daughter particles and the phase space for the
decay. Heavy particles normally decay quickly into lighter ones, unless their decay is suppressed
by some mechanism. Suppression can occur if couplings are small, if the decaying particle and
the decay products are almost degenerate in mass, or if the decay is mediated by very heavy
virtual exchange particles.
2

Challenges and techniques

Searches for particles with proper lifetimes cτ > 1 mm have been ongoing for many years at the
ATLAS and CMS experiments, even though the detectors were a priori designed and optimised
for promptly produced particles. However, no signals have been observed so far. Therefore
preparations for Run 3 of the LHC and the corresponding detector upgrades have a strong
focus on LLP’s. In parallel with new theoretical developments clever ideas for triggering, data
acquisition, event reconstruction and analysis have been and are being worked out, exploiting
the detectors in ways they were not necessarily designed for.
Several challenges have to be overcome. The ﬁrst challenge comes from physics itself. Unusual or unexpected signatures of long-lived particles may arise. For example, decays could
occur outside the usual, dedicated detectors. Monte-Carlo generators need to be developed in
accord with theoretical progress, and therefore samples with simulated data may not be readily
available. In order to be as model-independent as possible, searches are usually signature-driven.
One looks for displaced or delayed decays, or even particles trapped in detector material. The
MoEDAL experiment 3 at CERN, for example, will search for magnetic monopoles in sections
of an old CMS beam pipe. Displaced decays with respect to the primary interaction vertex can
manifest themselves in a number of ways, for instance as displaced multi-track vertices, photons,
dileptons or lepton-jets. Displaced jets may have particular properties. Jets with multi-track
vertices may appear not only in the inner tracking system, but also in the muon chambers.
The characteristic signature of emerging jets 4 are displaced tracks and many diﬀerent vertices
inside the jet cone. Trackless jets, on the other hand, have a low fraction of electromagnetic
energy besides no tracks in the inner tracking detector. Figure 1 shows a sketch of the diﬀerent
displaced decays in a collider detector. Another signature for LLP’s are delayed decays, which
require out-of-time detection.

photons

multitrack vertices

emerging
jets

dileptons, lepton-jets

trackless,
low-EMF jets

multitrack vertices
in muon system

Figure 1 – Displaced decays in a collider detector (adapted from Heather Russell, with permission)

Trigger, reconstruction and data analysis pose further challenges. Events with LLP’s may
be lost due to inadequate triggers or triggers with low eﬃciency. A possible solution is to relax
requirements, taking care not to exceed trigger rate limits. Another method is to trigger on
prompt particles produced in association with long-lived ones. For particles with very long
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lifetimes one can also investigate bunch crossings subsequent to the collision of interest. A few
special runs with triggers during gaps in LHC bunch trains have already been taken. Most
subdetectors do not provide timing information, or their time resolution is not good enough.
CMS, for example, will therefore implement a novel muon timing detector (MTD) with a time
resolution of 30 ps 5 . Standard event records will have to be expanded to add timing information,
where available. Novel ideas for data acquisition that have already been used by the LHC
experiments can particularly beneﬁt the search for LLP’s. These are data parking and data
scouting, also called trigger-level analysis. Parking means that full raw data are stored, but not
immediately processed. Scouting on the other hand means that only a reduced event information
is stored, but at rates that can be much higher than the usual bandwidth allocations would
permit. For example, searches for dimuon resonances with scouting data could thus be expanded
to displaced dimuon searches.
The standard physics object reconstruction is often inadequate for long-lived particles, and
systematic uncertainties, relevant for the data analysis, have to be specially calculated. Initial
basic requirements need to be revisited in order to avoid that events get rejected at early stages
of the reconstruction. The interaction point constraint in triggering or reconstruction is not
usable. Track ﬁnding is generally optimised for prompt particles, therefore dedicated tracking
algorithms need to be developed. Secondary vertex ﬁnding is usually tailored to b hadrons, so
the b tagging algorithms have to be extended to work also for impact parameters larger than
a few millimetres. The particle ﬂow algorithm 6 that CMS is using needs to be adapted, since
by design it uses and combines all available event information from the subdetectors, under
the assumption of promptly produced particles. For all experiments, the reconstruction of nonpromptly produced electrons and taus needs particular future development eﬀorts. Instrumental
eﬀects, where possible, should be estimated from data.
Last but not least, the treatment of backgrounds is very challenging. Standard model particles such as KL or b hadrons may contribute. Both in-time and out-of-time pileup have to be
considered as well. While in-time pileup – additional proton-proton collisions occurring in the
same bunch crossing as the collision of interest – is also a background in the detection of prompt
particles, out-of-time pileup occurring in adjacent bunch crossings is of particular concern in the
search for particles with very long lifetimes. But one can actually also use in-time pileup events
to search for LLP’s 7 , for example by studying displaced particles with low transverse momenta,
¯ sexaquarks 8 scattering in detector material or the beam pipe.
which could arise from uūddss̄
While it is practically impossible to trigger on such particles directly, they could be present in
pileup interactions that are anyway recorded along with a primary interaction that was triggered
by a standard algorithm. The added beneﬁt is that there is nearly no selection bias. Cosmic rays
are of course a major background in LLP searches, since they can easily lead to false displaced
decay vertices. Accelerator backgrounds are also relevant, although they are usually well under
control. Examples of these are beam halo remnants or satellite bunches. The ﬁrst come from
protons scattered oﬀ LHC collimators upstream of the experiments, and the latter originate
from collisions of low-luminosity bunches resulting from the bucket structure generated by the
accelerator’s radio frequency cavities. Interactions with detector material and electronic noise
can also be sources of background. Care must be taken for instance that genuine decays in
calorimeters are not mistaken for noise. Special mitigation procedures for anomalous detector
signals, for example spike-cleaning algorithms in the electromagnetic calorimeter of CMS, must
be checked and adapted in order to avoid rejecting interesting long-lived particle signatures.

3

Results

The following section presents selected results on displaced and delayed jets, trackless jets and
emerging jets, as well as displaced muons, obtained with data recorded at a centre-of-mass
energy of 13 TeV.
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3.1

Displaced jets
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CMS has performed a search for long-lived particles decaying into jets 9 , testing a GMSB SUSY
model with a long-lived gluino decaying to a gluon and a gravitino, and the so-called Jet-Jet
model, where long-lived scalar neutral particles X are pair-produced through a 2 → 2 scattering
process, mediated by an oﬀ-shell Z boson propagator. Each LLP can have a decay vertex
displaced from the production vertex by up to 55 cm in the plane transverse to the LHC beams.
The jets were reconstructed from energy deposits in the calorimeter towers. The data sample
corresponds to an integrated luminosity of 35.9 fb−1 , collected with a dedicated displaced jettrigger, which required HT to be larger than 350 GeV, with HT deﬁned as the scalar sum of
the transverse momenta (pT ) of all jets satisfying pT > 40 GeV and |η| < 2.5. The online
event selection also required at least two jets with pT > 40 GeV within |η| < 2.0, at most
two associated prompt tracks with transverse impact parameters with respect to the leading
primary vertex smaller than 1 mm, and at least one associated displaced track with a transverse
impact parameter larger than 0.5 mm, and an impact parameter signiﬁcance larger than 5. The
main background comes from QCD jets, which are suppressed using a likelihood discriminant
based on three variables based on track, jet and vertex information. Figure 2 (left) shows the
likelihood discriminants for data, simulated QCD multijet events, and simulated signal events.
The cutoﬀ value of 0.9993 for the event selection was determined by optimising the signal
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Figure 2 – Likelihood discriminant for data, simulated QCD multijet events, and simulated signal events (left),
expected and observed 95% CL upper limits on the pair production cross section of the long-lived particle X,
assuming a 100% branching fraction for X to decay to a quark-antiquark pair, shown at diﬀerent X masses and
proper decay lengths for the Jet-Jet model (centre), and expected and observed 95% CL limits for the long-lived
gluino model in the mass-lifetime plane, assuming a 100% branching fraction for g̃ → g G̃ decays (right) 9

sensitivity for the Jet-Jet model across proper decay lengths from 1 to 1000 mm and X masses
from 100 to 1000 GeV. Figure 2 (centre) shows the expected and observed 95% conﬁdence level
(CL) upper limits on the pair production cross section of the long-lived particle X, assuming
X to decay exclusively to a quark-antiquark pair, for diﬀerent particle masses mX and proper
decay lengths for the Jet-Jet model, while Fig. 2 (right) depicts the corresponding limits for
the GMSB SUSY model, assuming a 100% branching fraction for g̃ → g G̃ decays. The solid
(dashed) lines represent the observed (median expected) limits. The shaded bands represent the
regions containing 68% of the distributions of the expected limits under the background-only
hypothesis. For the Jet-Jet model the limits are most stringent for proper decay lengths between
3 and 100 mm. For smaller decay lengths, the limits become less restrictive because of the vetoes
on prompt activity. Since the tracking eﬃciency decreases with larger displacement, the limits
also become less stringent for larger decay lengths. For the GMSB model gluino masses up to
2300 GeV are excluded for proper decay lengths between 20 and 110 mm.
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3.2

Delayed jets

CMS has also searched for delayed jets resulting from displaced decays of long-lived particles in
the electromagnetic calorimeter (ECAL) 11 . The delay is expected to be a few nanoseconds for
a TeV scale particle which travels a distance of the order of 1 m before decaying. Events with
such particles would escape reconstruction in a tracker-based search because of the inability
to reconstruct tracks for decay points separated from the primary vertex by more than about
50 cm in the plane perpendicular to the beam axis. A similar GMSB benchmark model as
in the previous subsection was used as a benchmark. This model contains pairs of long-lived
gluinos that each decay into a gluon, which forms a jet, and a gravitino, which escapes the
detector causing signiﬁcant missing energy in the event. The analysis exploits the full Run 3
dataset of 137 fb−1 . Its speciﬁcity is the use of timing information, which leads to a signiﬁcant
gain in sensitivity 10 . It is provided by the lead tungstate crystal calorimeter in the barrel
detector region, read out by silicon avalanche photodiodes (APD) and yielding a time resolution
of 200 ps. The online trigger required missing energy larger than 120 GeV. Particle ﬂow was
not used for the delayed jet reconstruction due to the non-standard tracker component, only
calorimeter clustering. In addition to missing energy, the signal selection required jets to have
a delay tjet > 3 ns. Crystal cells within a distance ΔR < 0.4 with respect to the jet axis have
been taken into account, where tjet is given by the median cell time, and t = 0 ns is deﬁned as
the arrival time of a particle travelling from the origin to a cell with velocity c.
It was possible to perform the analysis of the full LHC Run 2 dataset at this time, because
no Monte Carlo simulations of the backgrounds had been necessary. They were estimated solely
from control regions with data. Backgrounds include ECAL resolution tails, direct APD hits,
in-time and out-of-time pileup, cosmic muon deposits in the electromagnetic calorimeter, beam
halo and satellite bunches. The latter occur in steps of 2.5 ns. The main backgrounds are
primarily reduced by jet cleaning, applying several requirements. The number of ECAL cells in
a jet must exceed 25, to reject noise and direct APD hits. The hadronic energy fraction, deﬁned
as EECAL /(EECAL + EHCAL ), has to be larger than 0.2. The fraction of tracks associated to the
primary vertex must be less than 1/12, to reject jets with a mismeasured time or originating
from satellite bunch collisions. The spread in the time of the constituent cells of a signal jet
is required to be small, since all the component cells originate from the same delayed jet. The
good eﬃciency of the jet cleaning procedure can be seen from Fig. 3.
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Figure 3 – Jet timing distributions for 2016, 2017 and 2018 data, before (left), and after jet cleaning (right) 11

The jet timing distribution of the backgrounds in the signal region, compared to signals
predicted by the above-mentioned GMSB model for diﬀerent gluino masses and lifetimes is
depicted in Fig. 4 (left). The obtained results in Fig. 4 (right) show that the signal reach can
be signiﬁcantly extended compared to tracker-based searches by using timing information of
electromagnetic energy deposits 12, 13, 14 . The interpretation within the model yields exclusions
of gluino masses up to 2500 GeV (2150 GeV) for proper lifetimes of 1m (30 m).
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A search for pairs of neutral, long-lived scalar particles decaying to trackless jets in the calorimeter has been performed by the ATLAS Collaboration 15 . The signature consists of displaced jets
in the hadron calorimeter of the outer edge of the electromagnetic calorimeter. The analysis
probes proper decay lengths between a few centimetres and a few tens of metres. As a benchmark, a simpliﬁed model with a hidden sector that is connected to the standard model through
a heavy neutral boson Φ. It decays to two scalars s, which in turn decay to fermion-antifermion
pairs. The data consisted of two samples of 10.8 fb−1 and 33.0 fb−1 , recorded with a low- and
a high-ET trigger, respectively. The event selection required at least two trackless jets with a
low fraction of electromagnetic energy, also called CalRatio (CR) jets. To select events with
trackless jets, an event-level variable, ΔRmin (jet, tracks), is used, where ΔRmin (jet, tracks) is
deﬁned as the angular distance between the jet axis and the closest track with pT > 2 GeV,
and ΣΔRmin (jet, tracks) is calculated by summing this distance over all the clean jets with
pT > 50 GeV. Machine learning techniques have been used for the analysis, namely a neural
network to determine the jet origins, and a boosted decision tree (BDT) classiﬁer for jets. The
backgrounds, estimated with an ABCD method, consist mainly of QCD multijets and beaminduced backgrounds. Fig. 5 (left) demonstrates the eﬃciency of the selection. Limits at 95% CL

10−2

1

10
s proper decay length [m]

10−3 −1
10

1

10

102
s proper decay length [m]

Figure 5 – ΣΔRmin (jet, tracks) versus per-event BDT for a simulated signal sample after event selection for the
high-ET sample (left); observed cross section times branching fraction limits for a mediator mass of mΦ = 600 GeV
(centre); combined results for CalRatio and muon system analyses for mΦ = 600 GeV (right).15

have been set on the cross section times branching fraction σ(Φ) × B(Φ → ss̄). For mediator
masses mΦ of 400, 600, and 1000 GeV values above 0.1 pb are excluded between 12 cm and
9 m, 7 cm and 20 m, and 4 cm and 35 m respectively, depending on ms . The limit curve for
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mΦ = 600 GeV and ms = 150 GeV is shown in Fig. 5 (centre). The corresponding Run 1 curve 16
is scaled by the ratio of parton luminosities for gluon-gluon fusion between 13 and 8 TeV. The
right-hand ﬁgure shows results for this CalRatio jet analysis as well as a combination with a displaced jet analysis in the muon system (MS) 17 . For masses mΦ ≥ 600 GeV, the CR analysis is in
general more sensitive than the MS analysis. The combination provides a modest improvement
on the CR-only limit at long decay lengths.
3.4

Emerging jets

Emerging jets are characteristic for models with a composite dark sector. CMS has studied
such a model 4 , which contains a heavy mediator XDK that couples both to dark sector and
SM particles. The experimental signature consists of four high-pT jets, two from down quarks
and two from dark quarks 18 . The dark quark jets contain many displaced vertices arising from
the decays of dark pions (πDK ) produced in the dark parton shower and fragmentation.The
trigger was a simple HT trigger with a threshold of 900 GeV, and the event selection required
two jets with displaced tracks and many diﬀerent vertices within the jet cone, and two regular
jets. The main background is SM four-jet production, where jets are tagged as emerging either
because they contain long-lived B mesons or reﬂect track misreconstruction. It is estimated with
a data-driven method and depends on parton ﬂavour and track multiplicity, as can be seen from
Fig. 6 (left). The central ﬁgure shows the variable α3D , which quantiﬁes the fraction of jet pT
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Figure 6 – Misidentiﬁcation rate as a function of track multiplicity for b jets and light-quark jets (left); α3D for
background (black) and for signals with a dark mediator mass of 1 TeV and a dark pion mass of 5 GeV for dark
pion proper decay lengths ranging from 1 to 300 mm (centre); Upper limits at 95% CL on the signal cross section
and signal exclusion contours derived from theoretical cross sections for a model with a dark pion mass of 5 GeV
(right). 18

associated with prompt tracks, for ordinary QCD jets and for signal jets arising from dark pions
of mass 5 GeV with diﬀerent lifetimes. Figure refﬁg:emergingjets (right) shows upper limits at
95% CL on the signal cross section and signal exclusion contours derived from theoretical cross
sections for a model with a dark pion mass of 5 GeV in the plane of the mediator mass and the
dark pion lifetime. The solid red contour is the expected upper limit, with its one standarddeviation region enclosed in red dashed lines. The solid black contour is the observed upper
limit. The region to the left of the observed contour is excluded. Mediator masses between 400
and 1250 GeV are thus excluded for decay lengths 5 to 225 mm.
3.5

Displaced dimuons

A search for long-lived neutralinos and long-lived dark photons ZD has been studied by ATLAS 19 ,
using displaced muons as the signature. In the ﬁrst model the neutralino of a GMSB scenario
decays into a gravitino and a Z boson, which in turn decays to dimuons. In the second model two
ZD arise from the decay of a Higgs boson, with at least one of them decaying to two displaced
muons. The trigger was as inclusive as possible, requiring two opposite-sign muons with a vertex
displacement of up to 4 m from the interaction point. Both a high-mass and a low-mass trigger
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were used, with the ﬁrst one targeting the decay Z→ μ+ μ− , and the second one ZD → μ+ μ− . The
high-mass trigger required missing energy and a single muon with pT > 60 GeV, while the lowmass trigger required collimated dimuons or trimuons with lower transverse momenta, between
20 and 6 GeV. Requiring missing energy compensates the loss in single muon trigger eﬃciency,
which drops from 70% at the interaction point to 10% at a distance of 4 m. Backgrounds come
mainly from Drell-Yan, tt̄, single top and multijet production. The dimuon mass and vertex
distance distributions for the two trigger samples are shown in Fig. 7 (left). The events with the
highest masses have been identiﬁed as a Z and a cosmic ray particle, respectively. No signal has
thus been found. Exclusion contours for the two models in the cross section times branching
fraction and lifetime plane are depicted in Fig. 7 (right). Lower and upper lifetime limits of 0.3
and 2400 cm, depending on the model parameters, have been set.
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Figure 7 – Dimuon mass and distance of dimuon vertex from interaction point (left); exclusion contours for the
GMSB model and the dark photon model (right). 19

4

Conclusions

No signals for long-lived neutral particles have yet been found in the analysis of the LHC
Run 2 data analysed so far by the ATLAS and CMS collaborations. Non-standard trigger, data
acquisition and analysis strategies and techniques are being further developed, and results for
the full dataset will be published soon.
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Heavy resonances (W , Z , jets) in ATLAS and CMS in Run 2
A. Zucchetta on behalf of the ATLAS and CMS Collaborations
Universität Zürich, Physik-Institut, Winterthurerstrasse 190, 8057 Zürich

An overview of the searches for heavy resonances that decay to leptons or quarks is presented.
The results are based on the data collected by the ATLAS and CMS experiments in proton√
proton collisions at s = 13 TeV, and include for the ﬁrst time the entire LHC Run 2 data
set.

1

Introduction

New resonances are predicted by several theories addressing the open issues of the standard
model (SM). Depending on the mass and the couplings to the SM quarks and leptons of the heavy
particles, these new states could be accessible to the LHC and observable by the ATLAS 1 and
CMS 2 experiments. Spin-1 heavy resonances are predicted in minimal extensions of the SM, as in
the sequential standard model (SSM) W 3 and Z 4 . Massive spin-2 gravitons (G) may represent
the ﬁrst Kaluza-Klein excitation in Randall-Sundrum warped extra dimension models 5 . Exotic
models also include vector-like quarks (VLQ) 6 , and excited leptons in compositeness models 7 .
As the most powerful proton-proton collider currently in operation, the LHC has the possibility to make such a discovery. At the end of 2018, the LHC Run 2 has ﬁnished its operations,
and thus a large data set, accounting for approximately 140 fb−1 , is now available for analysis.
In this proceeding, the ﬁrst results based on the full Run 2 data set are presented.
2

Dilepton searches

The dilepton (ee or μμ) ﬁnal state is considered the golden channel for the discovery of a
heavy resonance, thanks to the minimal backgrounds from the SM, and the electron and muon
reconstruction eﬃciency and energy resolution. The ATLAS experiment presents the ﬁrst search
for dilepton resonances based on the full Run 2 data set 8 , which amounts to 139 fb−1 . The
CMS experiment has updated the dielectron search to 77 fb−1 collected during 2016 and 2017 9 ,
while the dimuon channel is based on the 2016 data set consisting of 36 fb−1 of data 10 .
c 2019 CERN for the beneﬁt of the ATLAS and CMS Collaborations. CC-BY-4.0 license.
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Events / 10 GeV

These searches select events with two same-ﬂavor leptons, with a large transverse momentum
(pT ), and isolated from other hadronic activity in the event. In ATLAS, the electron channel
dominates the sensitivity, because of the larger selection eﬃciency with respect to muons (70–
75% and 50–40%, respectively) and the far better dilepton resolution (a ﬂat ≈ 1% for electrons,
and 3–27% for muons). In CMS, the dielectron reconstruction eﬃciency is 70%, and the dielectron invariant mass resolution is between 1.3 and 2.0%. The dimuon selection eﬃciency is larger
at 93%, and the momentum resolution is about 7% for muons with pT of 1 TeV.
A heavy resonance would emerge as a localized excess of events above the smoothly falling
SM background processes. The SM background, represented mostly by oﬀ-shell Z bosons, is
estimated in ATLAS by performing a combined ﬁt of the signal model and a smooth power-law
function that is used to parametrize the background distribution. The signal model is composed
by a variable-width non-relativistic Breit-Wigner function modeling the natural width of the
resonance, and a sum of a Gaussian and a Crystal Ball function to describe the detector response.
The background estimation of the CMS search is instead based on Monte Carlo simulations of
the background processes. The dielectron invariant mass spectra are presented in Fig. 1.

103
102
10
1
10− 1

Δ (data-fit)/ σ

ATLAS Preliminary
s = 13 TeV, 139 fb-1

104

4
2
0
−2
−4

Data
Background-only fit
Generic signal at 1.34 TeV, Γ /m=1.2%
Generic signal at 2 TeV, Γ /m=1.2%
Generic signal at 3 TeV, Γ /m=1.2%
3

10

3×102

103

2×103

3×103
mee [GeV]

Figure 1 – Dielectron invariant mass observed by ATLAS 8 with 139 fb−1 (left) and by CMS 9 with 77 fb−1 (right).

Both experiments report no signiﬁcant excesses above the SM background expectation. The
most signiﬁcant local excess observed by ATLAS corresponding to the dielectron invariant mass
of 774 GeV amounts to 2.9 standard deviations, which become 0.1 when the look-elsewhere eﬀect
is taken into account. Upper limits at 95% conﬁdence level (CL) are set on the cross section
of heavy resonances decaying to a pair of leptons, shown in Fig. 2. The ATLAS search also
performs a scan of the resonance width up to 10% of its mass. The results reported by ATLAS
exclude a SSM Z with mass lower than 5.1 TeV, and CMS, in spite of the smaller data set, is
able to exclude up to 4.7 TeV.
3

Dilepton combination

Even though the minimal extensions of the SM predict only one heavy resonance, other theories, described in an eﬀective approach by the heavy vector triplet (HVT) model 11 , foresee the
simultaneous presence of mass-degenerate triplet of heavy resonances: one Z and two electridecays
cally charged W± . In the scenarios with SM-like couplings, the W → ν and Z →
represent the privileged channels for discovery. The ATLAS and CMS Collaborations recently
published a statistical combination of these ﬁnal states based on the 2016 data set 12 13 , which
is complemented by the W and Z decays to a pair of SM bosons in the scenarios where the
couplings to bosons are enhanced with respect to those to fermions. The dilepton and dibo-
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states. The result represent the combination of the ee and μμ channels.

σ(V') (pb)

Fermion coupling g

f

son searches provide complementary sensitivity, as dilepton searches constrain the fermionic
couplings in regions that are not accessible to diboson ﬁnal states alone, as depicted in Fig. 3.
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4

Dijet searches

Heavy resonances decaying to a pair of quarks or gluons represent one of the most natural
searches for the LHC programme, as the initial and ﬁnal states are the same. The ATLAS
experiment recently published the results for dijet resonances based on the full Run 2 data
set 14 , accounting for 139 fb−1 . This search is favored by the dijet invariant mass resolution,
which is stable between 2.4–2.9% in the 1.2–8.1 TeV range probed in this analysis. On the other
hand, the QCD multijet production background is very large; its t-channel dijet production
mode is suppressed by requiring a minimal separation in the rapidity angle between the two
jets, 12 |yj1 − yj2 | < 0.6. The SM background is estimated by parametrizing its distribution with
a power-law function with 4 free parameters, as reported in Fig. 4. The results are expressed as
upper limits on the product of the cross section, acceptance, and selection eﬃciency as a function
of the resonance mass and width, the latter varying from 3 to 15%. In the context of excited
quarks, the exclusion limit is increased by 700 GeV with respect to the previous publications.
The corresponding CMS search is based on 77 fb−1 of data 15 . In the region with dijet
invariant mass larger than 2.4 TeV, the analysis introduces a novel background estimation
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technique based on three regions deﬁned depending on the separation Δη between the two jets.
The background in the signal region (Δη < 1.1) is estimated from a control region (Δη > 1.5)
and a transfer function based on simulation. The intermediate validation region is used to derive
a further correction from the data in the signal region. This technique yields results consistent
with the previous function ﬁt method but is more robust against non-narrow resonances that are
reconstructed as broad excesses of events. Additionally, in order to increase the dijet resolution
and recover particles emitted from ﬁnal state radiation, jets are merged
to the two leading

jets if the angular separation between them is small enough (ΔR = Δη 2 + Δφ2 < 1.1). No
signiﬁcant excess is seen, as reported in Fig. 4, and upper limits are set on the cross section of
the resonances predicted by several theories beyond the SM.
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Figure 4 – Dijet invariant mass spectrum observed by ATLAS with the full Run 2 data set 14 (left); comparison
between the CMS dijet invariant mass distribution in data and the two background models 15 (center); ATLAS
exclusion limits on a graviton with a natural width comprised between 3 and 15% (right).

5

Low mass dijet searches

The sensitivity of high-mass dijet searches is inferiorly limited by the trigger thresholds, which
prevent the exploration of the sub-TeV regime. This limitation can be overcome by requiring
more complex ﬁnal states involving additional particles, such as an initial state radiation (ISR)
jet or a photon, or alternatively, if the resonance decays to b quarks, by tagging its heavy ﬂavor
content. The changes in the topology imply that the resonance recoils against the ISR particles
and is produced with a large boost.
The ATLAS Collaboration presents a search based on 80 fb−1 for light resonances decaying
to a pair of quarks or b quarks in association with a photon 16 . Two triggers based on high energy
photons are used to collect data, and two categories (ﬂavor inclusive and b tagged) enhance the
sensitivity to Z → bb̄ decays. These selections lower the probed Z masses down to 225 GeV.
Both ATLAS and CMS are looking for light resonances decaying to b quarks in region of
the phase space with large resonance boost 17 18 . Both experiments use large-cone jets (with
radius parameter 1.0 for ATLAS, and CMS uses either 0.8 or 1.5) and the investigation of the
jet substructure to simultaneously identify the two b quarks within the same jet. The events are
required to have at least one additional high-pT jet, and the exotic resonance (a Z or a scalar
Φ) is sought in the large-cone jet mass spectrum. The usage of jet substructure extends the
resonances masses down to approximately the W/Z boson masses.
A signiﬁcant improvement in this ﬁeld is presented by CMS exploring low mass resonances
decaying to a pair of light quarks 19 . The events are collected by triggering on an ISR photon,
and the dominating non-resonant background from γ+jets is estimated using a novel technique
based on the Energy Correlation Functions 20 decorrelated from the jet mass. Upper limits on
the cross section of light Z resonance or on its couplings to quarks can be set for masses as
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low as 10 GeV. The corresponding ATLAS search 21 uses a N-subjettiness τ21 tagger 22 , also
decorrelated from the jet mass, but stops at 100 GeV.
These searches allow to extend the reach of the resonance searches at LHC to masses that
would be naturally inaccessible by ATLAS and CMS, and cover the range from 10 GeV to 8 TeV,
as reported in Fig. 5. However, no convincing excess is observed.
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Figure 5 – Left: large-cone jet mass spectrum for events passing the analysis selections of the CMS search 19 .
Right: summary of the ATLAS and CMS dijet searches 23 , from 10 GeV to 8 TeV.

6

Vector-like Quarks

Vector-like quarks (VLQ) are hypothetical heavy fermions that decay to a third-generation quark
(t, b) and a SM boson (W, Z, H). The large mass of the VLQ implies that these particle have
large momenta, and can be reconstructed as single large-cone jets if they decay to quarks. Since
VLQ are produced in pairs at the LHC, there is a large multiplicity of channels with a large
number of possible ﬁnal states. The CMS search 24 is based on a novel tagger (Boosted Event
Shape Tagger, or BEST) based on a deep neural network that is able to classify W, Z, H bosons,
top and bottom quarks that decay to hadrons. Depending on the possible ﬁnal states, 126 search
regions are deﬁned according to the BEST output. In each region, a ﬁt to the scalar sum of
the pT of the jets in the event is performed. The search, based on 36 fb−1 of data, extends
the excluded mass for VLQ by approximately 100 GeV with respect to the previous analyses,
depending on the channel. The ATLAS experiment published a statistical combination of 6
diﬀerent searches looking for VLQ in both fully-hadronic, semi-leptonic, and fully-leptonic ﬁnal
states 25 , as depicted in Fig. 6. The SM backgrounds are found to be consistent with the
background expectation, and no signiﬁcant excess is found.
7

Excited leptons

Excited leptons ( ∗ ) are included in compositeness models, which postulate that leptons are not
fundamental particles. Heavy excited leptons are thus produced from qq̄ annihilation through
contact interactions with scale Λ and in association with a SM lepton. In the CMS search, which
analyzes 77 fb−1 of data, the excited lepton also decays through contact interaction to an other
SM lepton and a pair of quarks 26 . The ﬁnal state thus consists of two same-ﬂavor leptons and
to resolved jets. The main Z+jets background is estimated in the region where the Z boson is
on-shell, while the search regions considers a dilepton invariant mass larger than 500 GeV. A
ﬁt is then performed on the four-body invariant mass, shown in Fig. 6. Assuming Λ = M∗ ,
excited electrons and muon with mass smaller than 5.6 and 5.7 TeV are excluded, respectively.
8

Summary

The data set provided by the LHC in the past four years of running is now being analyzed, and the
ﬁrst analyses looking for heavy dijet and dilepton resonances and exploiting the full integrated
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Figure 6 – Left: ATLAS combination of VLQ searches 25 . Right: four-body invariant mass spectrum of the CMS
excited muon search 26 .

luminosity have been presented at the Moriond EW conference. However, including new data is
not the only improvement from the ATLAS and CMS experiments. Searches are being reﬁned
by including more complex and robust background estimation methods, and designing bleeding
edge taggers based on the latest machine learning developments. More searches will follow in
the near future based on the new data and analysis techniques, signiﬁcantly improving the reach
of the LHC in the search for heavy resonances.
References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.

ATLAS Collaboration, JINST 3 (2008) S08003.
CMS Collaboration, JINST 3 (2008) S08004.
C. Grojean, E. Salvioni, and R. Torre, JHEP 07 (2011) 002.
E. Salvioni, G. Villadoro, and F. Zwirner, JHEP 09 (2009) 068.
L. Randall, R. Sundrum, PRL 83 (1999) 3370.
J.A.Aguilar-Saavedra, R.Benbrik, S.Heinemeyer, M.Perez-Victoria, PRD 88(2013) 094010.
J. C. Pati, A. Salam, and J. A. Strathdee, PLB 59 (1975) 265.
ATLAS Collaboration, ATLAS-CONF-2019-001, arXiv:1903.06248.
CMS Collaboration, CMS-PAS-EXO-18-006, https://cds.cern.ch/record/2308270.
CMS Collaboration, JHEP 06 (2018) 120
D. Pappadopulo, A. Thamm, R. Torre, and A. Wulzer, JHEP 09 (2014) 60.
ATLAS Collaboration, PRD 98 (2018) 052008.
CMS Collaboration, CMS-PAS-B2G-18-006, https://cds.cern.ch/record/2667220.
ATLAS Collaboration, ATLAS-CONF-2019-007, https://cds.cern.ch/record/2668385.
CMS Collaboration, CMS-PAS-EXO-17-026, https://cds.cern.ch/record/2637847.
ATLAS Collaboration, EXOT-2018-05, arXiv:1901.10917.
ATLAS Collaboration, ATLAS-CONF-2018-052, https://cds.cern.ch/record/2649081.
CMS Collaboration, EXO-17-024, PRD 99 (2019) 012005.
CMS Collaboration, CMS-PAS-EXO-17-027, https://cds.cern.ch/record/2667276.
A. J. Larkoski, G. P. Salam, J. Thaler, JHEP 06 (2013) 108.
ATLAS Collaboration, EXOT-2017-01, PLB 788 (2019) 316.
J. Thaler and K. Van Tilburg, JHEP 03 (2011) 015.
ATLAS and CMS Collaborations,
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV.
24. CMS Collaboration, CMS-PAS-B2G-18-005, https://cds.cern.ch/record/2667230.
25. ATLAS Collaboration, EXOT-2017-17, PRL 121 (2018) 211801.
26. CMS Collaboration, CMS-PAS-EXO-18-013, https://cds.cern.ch/record/2667479.

90

Diboson searches including HH in ATLAS and CMS in LHC Run 2
Savanna Shaw
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University of Manchester, School of Physics and Astronomy, Oxford Road,
Manchester M13 9PL, United Kingdom
Many models for physics beyond the Standard Model, such as an extended Higgs sector,
Heavy Vector triplets (W  and Z  ), or exited states of of gravitons, predict a heavy resonance
that decays to a pair of bosons (W , Z, H). Recent results for diboson resonance searches
in a variety of ﬁnal states from the ATLAS and CMS collaborations are presented, based on
√
s=13 TeV proton-proton LHC Run 2 collision data.

1

Introduction

The Standard Model (SM) of particle physics is a very successful theory, with a wide array
of experimental results agreeing with the SM predictions. However, the SM is known to be
incomplete, and there are many theories that extend beyond the SM which predict new, heavy
particles which can decay to dibosons. These models include two-Higgs-doublet models (2HDM)
which predict a heavy spin-0 Higgs boson (H) 1 , a heavy vector triplet (HVT) model 2, 3 which
includes a triplet of heavier versions of the SM vector bosons (W  , Z  ), and models with warped
extra dimensions that predict spin-2 Kaluza-Klein excitations of the graviton (GKK ) 4 .
The ATLAS 5 and CMS 6 experiments performed a variety of searches for diboson resonances
√
using s=13 TeV proton-proton collision data from the LHC. These searches were performed in
a wide variety of ﬁnal states including varying numbers of leptons, jets, and b-jets. A complete
list of all available results can be found for ATLAS in 7, 8, 9 and for CMS in 10, 11 . This document
reviews a few of the more recent results for vector boson pair, V V (V V =W W , W Z, or ZZ),
and Higgs boson pair, HH, searches, as well as the results of combinations of searches.
2

Searches for resonances decaying to vector boson pairs

The ATLAS and CMS collaborations have searched for heavy resonances decaying to a pair of
vector bosons (W W , W Z, and ZZ) in the fully hadronic, semi-leptonic, or fully leptonic ﬁnal
√
states using 35.9-139 fb−1 of s=13 TeV proton-proton collision data.
For the fully hadronic decays of the vector bosons 12, 13 , the ﬁnal state under consideration
was two large radius (R=1.0 for ATLAS and R=0.8 for CMS) anti-kt 14 jets. To suppress the
contribution to the background from multijet events, the jets were required to be tagged as
having originated from either a W or Z boson. The boson tagging was done by requiring the jet
mass to be consistent with the W or Z mass, and by cutting on jet substructure quantities (D2 15
and the number of tracks associated to the jet for ATLAS, and τ21 16 for CMS). The dominant
multijet background was estimated by ﬁtting the dijet invariant mass spectrum in data. The
Copyright 2019 CERN for the beneﬁt of the ATLAS and CMS Collaborations. CC-BY-4.0 license.
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Figure 1 – The invariant mass of the dijet system for the data (points), background ﬁt to ATLAS data 12 (red line),
and 2 and 3.5 TeV V  signal masses (green and blue dashed lines). The shaded band represents the uncertainty
on the background expectation.

Figure 2 – Upper limits on the cross section times branching ratio as a function of the HVT resonance mass for
ATLAS 12 (left) and CMS 13 (right). The dashed black lines indicate the expected limits, the solid black lines
indicate the observed limits, the green and yellow bands indicate the ± 1 and 2 σ uncertainties respectively, and
the red lines indicate the cross section times branching ratio for benchmark HVT parameters.

invariant mass of the dijet system, shown in Figure 1, was used as the ﬁnal analysis discriminant.
No signiﬁcant excess of events was observed above the SM expectations, and upper limits at
95% conﬁdence level were set for resonant masses up to 5 TeV. Figure 2 shows the upper limits
on the cross section times branching ratio as a function of the HVT mass.
The fully leptonic decays of W Z and ZZ were considered 17, 18 by including ﬁnal states
with two or three leptons plus missing transverse energy. In the case of W Z, with Z → and
W → ν, the invariant mass of the W Z system was reconstructed by estimating the longitudinal component of the neutrino momentum using the mass of the W boson as a constraint. For
resonances decaying to ZZ with one Z decaying to charged leptons and the other decaying to
neutrinos, the invariant mass of the ZZ system is not fully reconstructable. Instead the transverse mass was used. No signiﬁcant excess was observed, and limits were set on the production

of a HVT W (ATLAS) and a KK graviton (CMS). Figure 3 shows the upper cross section limits

as a function of the resonance mass. Graviton masses below 800 GeV (for κ̃=0.5) and W masses
below 2.3 TeV were excluded at 95% conﬁdence level.
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Figure 3 – Upper limits on the cross section times branching ratio as a function of the HVT W resonance mass
for ATLAS 17 (left) and graviton mass for CMS 18 (right). The dashed black lines indicate the expected limit, the
solid black lines indicate the observed limits, the green and yellow bands indicate the ± 1 and 2 σ uncertainties
respectively, and the red and blue lines indicate the cross section times branching ratio for various benchmark
signal models.

Figure 4 – Upper limits on the cross section times branching ratio as a function of the resonance mass for a spin-0
scalar (ATLAS 19 , left) and spin-0 radion (CMS 20 , right). The dashed black lines indicate the expected limit, the
solid black lines indicate the observed limits, the green and yellow bands indicate the ± 1 and 2 σ uncertainties
respectively, and the red line (right plot) indicates the theoretical cross section times branching ratio for a Radion
signal.

3

Searches for resonances decaying to Higgs boson pairs

Searches for resonances decaying to a pair of Higgs bosons were also carried out in a wide variety
of ﬁnal states. This document covers two signatures: both Higgs bosons decaying to a pair of bquarks, and one Higgs boson decaying to a pair of b-quarks and the second Higgs boson decaying
to a pair of W bosons.
For searches involving both Higgs bosons decaying to a pair of b-quarks 19, 20 , the ﬁnal state
of interest in ATLAS was four small radius jets or two large radius jets. In CMS, two small
radius and one large radius jet, or two large radius jets were considered. In both experiments,
the jets were tagged as having originated from a b-quark (or for the large radius jets, as being
consistent with having originated from two b-quarks). The b-tagging was done using multivariate
discriminants which were trained to identify jets from b-quarks over jets from light quarks. The
invariant mass of the di-Higgs system was reconstructed from the jets, and since no signiﬁcant
excess was observed, limits were set. The upper limit on the production times branching ratio
for a spin-0 scalar (ATLAS) was set over the mass range of 0.3-3 TeV, and for a spin-0 radion
(CMS) over the mass range 0.8-3 TeV as shown in Figure 4.
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Figure 5 – Upper limits on the cross section times branching ratio as a function of the resonance mass for a spin-2
graviton for ATLAS 21 (left), and CMS 22 (right). The left plot shows the expected (dotted lines) and observed
limits (solid and dashed lines) for diﬀerent values of c = κ/MP l . The right plot shows the expected (dashed blue
line) and observed limit (solid black line) along with signal expectations (red line) for diﬀerent values of κ/MP l .
The green and yellow bands indicate ± 1 and 2 σ uncertainties respectively.

For the search for di-Higgs resonances where one Higgs boson decays to a pair of b-quarks
and the other Higgs boson decays to a pair of W bosons 21, 22 events where one W boson decays
hadronically and the other decays leptonically were considered. Thus the ﬁnal state studied
was 1 lepton and missing transverse energy and either 4 small radius jets, two of which are
b-tagged (ATLAS); 1 large radius jet and 2 small radius jets that are b-tagged (ATLAS); or 2
large radius jets, 1 of which is b-tagged (CMS). The di-Higgs mass was used in ATLAS as the
ﬁnal discriminant, while in CMS, events were binned in the 2D plane of the di-Higgs and di-b-jet
mass. Upper limits on the cross section for production of a graviton are shown in Figure 5
covering graviton masses up to 3.5 TeV.
4

Combination of searches

The combination of di-Higgs searches 23, 24 includes the results from the HH to bbbb, bbτ τ , bbγγ,
and (for CMS only) bbV V . The CMS combination was performed over the mass range from 250
to 3000 GeV, under the hypothesis of a narrow mass resonance, considering a spin-0 or spin-2
resonance. The combination of ATLAS results was performed over the mass range of 260 to 1000
GeV, and also considered either a spin-0 scalar or a spin-2 graviton as the resonant particle. No
signiﬁcant excess was observed over the mass ranges under consideration, and upper limits on
the cross section for resonant di-Higgs production can be seen in Figure 6 for a spin-2 resonance.
Searches for resonances decaying into a pair of vector bosons, a vector boson and a Higgs
boson, or directly to leptons were also combined 25, 26 . The ﬁnal states from the bosonic decays
considered in the combination were qqqq, ννqq, νqq, ν ,
(ATLAS only), qqbb, ννbb, νbb,
bb, and qqτ τ (CMS only). Limits on the cross section times branching ratio were set as a


function of the resonance mass for both the HVT model with degenerate W and Z masses, and

the graviton. Figure 7 shows the upper limit on the cross section as a function of the V mass for
the individual analysis channels from CMS along with the combined result. Masses below 5(5.5)
TeV are excluded by CMS (ATLAS). Additionally, two-dimensional limits were set in the plane
of the fermion vs. Higgs and vector boson couplings. The result of this two-dimensional limit

can be seen for ATLAS in Figure 7 for V masses of 3, 4, and 5 TeV, where areas outside the
curves are excluded. The constraints from precision electroweak measurements are also included
in the shaded areas.
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Figure 6 – Upper limits on the cross section for resonant di-Higgs production as a function of the resonance mass
for a spin-2 graviton for ATLAS 23 (left), and CMS 24 (right). The dashed black line (left) and dashed blue line
(right) indicate the expected limit, the solid black lines indicate the observed limits, and the green and yellow
bands indicate the ± 1 and 2 σ uncertainties respectively. The purple line (left plot) indicates the expectation
from a benchmark graviton signal. The individual limits from the ATLAS bbbb and bbτ τ analyses are also shown
in the left plot in the red and blue curves.



Figure 7 – Upper limits on the cross section for resonant V V production as a function of the HVT V mass for
CMS 26 (left). The dashed coloured lines indicate the expected limits from the individual analyses, the black
dashed and solid lines indicate the expected and observed limits for the combination, and the green and yellow
bands indicate the ± 1 and 2 σ uncertainties respectively. The grey line indicates the prediction for a given
benchmark signal model. The two-dimensional limit in the fermion vs. Higgs and vector boson coupling plane

(right) from ATLAS 25 . The lines indicate the limits for V masses of 3, 4, or 5 TeV, and the area outside of the
lines is excluded. The shaded regions show the constraints from precision electroweak measurements.
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5

Summary

Searches for physics beyond the Standard Model are an active area for the ATLAS and CMS
collaborations. Searches for new resonances decaying to diboson (including di-Higgs) were performed in a wide variety of ﬁnal states. No signiﬁcant excess has been observed, and limits on
several models were set, extending the exclusion regions from previous searches. Many of the
results shown here use only a fraction of the full Run 2 dataset and, in many cases, extending
the searches to use the full dataset is underway.
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SEARCHES FOR STRONG SUSY AT ATLAS AND CMS AT THE LHC RUN 2
MARIO MASCIOVECCHIO, ON BEHALF OF THE ATLAS AND CMS COLLABORATIONS
University of California, San Diego,
La Jolla, California, United States of America

A review of the latest searches for strongly produced supersymmetry performed using protonproton collision data collected with the ATLAS and CMS experiments during the CERN LHC
Run 2 is presented. The datasets correpond to integrated luminosities of 79.8, or 137 fb−1 .
With respect to previous searches, analysis techniques are reﬁned, and new signatures, such
as disappearing tracks, are exploited. No evidence for supersymmetry is found, and the most
stringent exclusion limits to date are obtained on the production of squarks and gluinos.

1

Introduction

The standard model (SM) of particle physics has been proven with undeniable success and
precision over the last decades. However, unanswered questions remain that suggest the presence
of physics beyond the standard model (BSM). Supersymmetry (SUSY) is a theory of BSM
physics, where for each SM particle a supersymmetric partner exists, that diﬀers only in the
spin from its SM counterpart. A R-parity quantum number, R ≡ (−1)3B+L+2s , is introduced
to distinguish SUSY particles from their SM counterparts, with B being the baryon number, L
the lepton number, and s the spin of the particle. The theory cross section for the production
of SUSY particles of a given mass is largest for strongly produced SUSY. Extensive programs
of searches for strongly produced SUSY are conducted by the ATLAS and CMS Collaborations.
Here, only a number of the latest results are summarized, that use proton-proton collision
√
data collected with the ATLAS 1 and CMS 2 experiments during the LHC Run 2, at s =
−1
13 TeV, correponding to integrated luminosities of 79.8 and 137 fb , respectively. Larger
datasets, reﬁned analysis techniques, and new signatures, such as disappearing tracks, allow to
signiﬁcantly extend the sensitivity of these searches with respect to previous similar results.
2

Searches for strong SUSY production: event kinematics

In models of SUSY where R-parity is conserved, SUSY particles are produced in pairs, and the
lightest supersymmetric particle (LSP) is the lightest neutralino, which is stable and escapes
detection, leading to genuine missing transverse momentum (pmiss
T ) in the event. In R-parity
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violation (RPV) scenarios, instead, the nature of the LSP may diﬀer, and genuine pmiss
may be
T
null. In both cases, SUSY ﬁnal states are characterized by hadronic activity, and possibly by
the presence of low energy leptons.
In the searches described in this document, the hadronic activity of an event is measured as

jet
the scalar sum of the transverse momenta (pT ) of the jets: HT = i≤Njets pT i . Other kinematic
variables are also exploited by strong SUSY searches in order to suppress the SM background:
• eﬀective mass: meﬀ =



jet

i≤Njets

pT i +



leptonj

j≤Nleptons

pT

+ pmiss
T ;



• total jet mass: MJΣ = i≤NJ mJ,i , exploited in searches for SUSY with top squarks, and
relying on the reclustering of jets deﬁned with distance parameter R = 0.4 into large radius
(R = 0.8) jets, each with a mass mJ,i ;
• minimum transverse
mass of an object X (with X=b-tagged jet, or lepton) and pTmiss :
X(i)
X(i)
X
2pT pmiss
1 − cos Δφ pT , pTmiss
;
mT,min = mini≤NX
T
(1)

(2)

• Stransverse mass: MT2 = minp miss X(1) +p miss X(2) =p miss max mT , mT
T

T

T

pTmiss ,

, where pTmiss X(i)

(i)
mT

(i = 1, 2) are trial vectors obtained by decomposing
and
are the transverse
masses obtained by pairing either of the trial vectors with one of the two pseudo-jets that
identify the event hemispheres, in events with Njets ≥ 2.
3
3.1

Searches for strong SUSY at ATLAS and CMS at the LHC Run 2
Search in hadronic ﬁnal states with MT2 , with or without disappearing tracks, at CMS

An inclusive search for BSM physics in hadronic ﬁnal states 4 has been carried out by the CMS
Collaboration, using a dataset of proton-proton collisions collected with the CMS experiment
during the LHC Run 2 (2016–2018), corresponding to an integrated luminosity of 137 fb−1 .
Events are selected with no leptons, at least one jet, and large pTmiss . In events with Njets ≥ 2, the
MT2 variable is used to suppress multijet background events. The selected events are categorized
according to Njets , Nb−tags , HT , and MT2 (if Njets ≥ 2). Events with Njets = 1 are categorized
according to jet pT and Nb−tags . The main SM backgrounds consist of: Z+jets events, with
Z → ν ν̄; events, mostly W+jets and tt̄+jets events, where a W boson undergoes a leptonic
decay, and the lepton is either out of acceptance, not reconstructed, not identiﬁed, or not
isolated; multijet events. All the SM backgrounds are estimated from control regions in data.
The observed data yields in the search regions are found in agreement with the predicted SM
backgrounds, as shown in Fig. 1, and results are interpreted in terms of exclusion limits on
simpliﬁed models of SUSY, as shown in Fig. 2.
An extension of this search has been carried out in events with Njets ≥ 2 and large MT2 ,
targeting models of BSM physics with potential new long-lived charged particles that decay
within the volume of the CMS tracker, and appear as disappearing tracks 4 . Requiring the
presence of a disappearing track allows to further suppress the SM background, with respect to
the inclusive search described in this section, extending its sensitivity towards compressed mass
spectrum SUSY scenarios. The selected disappearing tracks are categorized according to length
and pT , and events are categorized according to Njets and HT . The residual SM background is
estimated from data, and the observed data yields are found in agreement with the background
predictions, as shown in Fig. 3 (left). Results are interpreted in terms of exclusion limits on
simpliﬁed models of SUSY, with long-lived χ̃±
1 , as shown in Fig. 3 (right).
3.2

Search in multilepton ﬁnal states, at CMS

A search for strongly produced SUSY in multilepton ﬁnal states 5 has been carried out by
the CMS Collaboration, using a dataset of proton-proton collisions collected with the CMS
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Figure 1 – Comparison of estimated background and observed data yields, for the CMS inclusive search for BSM
physics with MT2 4 .

Figure 2 – Exclusion limits at 95% CL obtained from the CMS inclusive search for BSM physics with MT2 4
for gluino-mediated light-ﬂavor (u,d,s,c) squark pair production (upper left), gluino-mediated bottom squark
production (upper center), gluino-mediated top squark pair production (upper right), direct light-ﬂavor squark
pair production (lower left), direct bottom squark pair production (lower center), and direct top squark pair
production (lower right).

experiment during the LHC Run 2 (2016–2018), corresponding to an integrated luminosity of
137 fb−1 . Events are selected with at least two jets, and either two same-charge leptons, or at
least three leptons. The variable mleptons
T,min is exploited to suppress the SM background. Events
are categorized according to Nleptons , Njets , Nb−tags , HT , and pTmiss . Three main sources of SM
background are identiﬁed: genuine same-charge dilepton events; non-prompt (fake) same-charge
dilepton events; charge ﬂip in opposite-charge dilepton events. The backgrounds are estimated
from data, with the exception of the background from genuine same-charge dilepton events,
which is rare and is taken directly from simulation. The observed data yields in the search
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Figure 3 – Comparison of estimated background and observed data yields in the 2017–2018 search regions (SR) of
the search for BSM physics with MT2 and disappearing tracks 4 (left), and exclusion limits at 95% CL obtained
for gluino-mediated light-ﬂavor (u,d,s,c) squark pair production, where gluinos can decay via a long-lived χ̃±
1 .

regions are found in agreement with the predicted backgrounds, as shown in Fig. 4, and the
results are interpreted in terms of exclusion limits on simpliﬁed models of SUSY (Fig. 5).

Figure 4 – Comparison of estimated background and observed data yields in a subset of search regions, for the
CMS search for SUSY in multilepton ﬁnal states 5 .

5
Figure 5 – Exclusion limits at 95% CL obtained from the CMS search
  for SUSY
 in multilepton ﬁnal states for
direct top squark t̃2 pair production, with t̃2 → t̃1 V (V = h, Z), m t̃2 − m χ̃01 = 175 GeV, and decay branching


fraction BR t̃2 → t̃1 Z = 0 (left), or 1 (center left), and for for RPV models of gluino-mediated light-ﬂavor
(u,d,s,c) squark pair production, with g̃ → q̃q̄, q̃ → qχ̃01 , and χ̃01 → qq̄ l, where l = e, μ, τ (center right), or with
g̃ → tbs (right).
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3.3

Search in ﬁnal states with many jets and many b-tagged jets, at ATLAS

Events

A search for SUSY in ﬁnal states with many jets and many b-tagged jets 3 has been carried out by
the ATLAS Collaboration, using a dataset of proton-proton collisions collected with the ATLAS
experiment during the LHC Run 2 (2015–2017), corresponding to an integrated luminosity of
79.8 fb−1 . Events are selected with at least four jets, at least three b-tagged jets, either no or one
b−jets
and MJΣ are also exploited to suppress
lepton, large pTmiss , and large meﬀ . The variables mT,min
the SM background. Events are categorized according to Njets and meﬀ . Two main sources
of SM background are identiﬁed: tt̄+jets events, and multijet events. These backgrounds are
estimated from data. Other rarer SM backgrounds are taken from simulation. The observed
data yields in the search regions are found in agreement with the predicted backgrounds, as
shown in Fig. 6, and the results are interpreted in terms of exclusion limits on simpliﬁed models
of SUSY (Fig. 7).
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Figure 6 – Comparison of estimated background and observed data yields in a subset of search regions, for the
ATLAS search for SUSY in ﬁnal states with many jets and many b-tagged jets 3 .
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Figure 7 – Exclusion limits at 95% CL obtained from the ATLAS search for SUSY in ﬁnal states with many
jets and many b-tagged jets 3 for gluino-mediated bottom squark pair production (left), and gluino-mediated top
squark pair production (right).

3.4

Search in ﬁnal states with b-tagged jets and Higgs bosons, at ATLAS

A search for SUSY in hadronic ﬁnal states with b-tagged jets and Higgs bosons 6 has been
carried out by the ATLAS Collaboration, using a dataset of proton-proton collisions collected
with the ATLAS experiment during the LHC Run 2 (2015–2017), corresponding to an integrated
luminosity of 79.8 fb−1 . Events are selected with at least four jets, at least three b-tagged jets, no
lepton, and large pTmiss . The variables meﬀ and mh→bb are also exploited to further suppress the
SM background. Event categories are deﬁned to target diﬀerent mass hierarchy scenarios. Such
categories are not mutually exclusive: for each SUSY benchmark model under test, the category
with the best sensitivity is chosen. Two main sources of SM background are identiﬁed: tt̄+jets
events, and Z+(b-tagged) jets events, with Z → ν ν̄;. These backgrounds are estimated from
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backgrounds, as shown in Fig. 8 together with the exclusion limits on simpliﬁed models of SUSY
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Figure 8 – Comparison of estimated background and observed data yields in a subset of search regions, for the
ATLAS search for SUSY in ﬁnal states with b-tagged jets and Higgs bosons 6 (left), and exclusion limits at 95%
CL obtained for direct bottom squark pair production, where b̃ → bχ̃01 , with mχ̃0 = 60 GeV (center), and with

 

 

1

m χ̃02 − m χ̃01 = 130 GeV (right).

4

Summary

A number of the latest searches for strongly produced SUSY performed by the ATLAS and CMS
√
Collaborations have been described. The searches used proton-proton collision data at s =
13 TeV, collected by the ATLAS and CMS experiments during the LHC Run 2, correponding to
integrated luminosities of 79.8 and 137 fb−1 , respectively. Observed data are found in agreement
with the predicted SM background, and results are interpreted in terms of exclusion limits on
the production cross section of strongly produced SUSY particles. Gluinos and squarks are
probed up to masses of about 2.4 TeV and 1.8 TeV, respectively.
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IMPACT OF MISSING TRANSVERSE MOMENTUM SIGNIFICANCE IN
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miss
Missing transverse momentum, ET
, is commonly used to study the production of weakly
interacting particles. The missing transverse momentum signiﬁcance, S, helps to separate
miss
events in which the reconstructed ET
originates from weakly interacting particles, from
miss
those in which ET
is consistent with contributions coming from particle measurement, resolutions and ineﬃciencies. A new deﬁnition of an object-based missing transverse momentum
signiﬁcance variable is presented and its performance is studied in Z → ee and ZZ → eeνν
events. Finally, the impact of the S varaible is presented for two physics analyses using Run
2 data: Search for dark matter in association with a Higgs decaying into b-quarks Search for
miss
bottom squark production in ﬁnal states containing Higgs bosons, b-jets and ET
and the
search for direct chargino pair production with W -boson mediated decays in events with two
miss
leptons and ET
.

1

Introduction

In collider experiments like ATLAS, conservation of momentum in the plane transverse to the
beam axis implies that the vectorial sum of the transverse momentum of all the collision bymiss , and
products should be zero. Any imbalance is known as missing transverse momentum, ET
may be indicative of weakly interacting, stable particles in the ﬁnal state, such as neutrinos.
There are also prospects for such particles in theories beyond the Standard Model, such as dark
miss an important variable in searches
matter particles or neutralinos, making the 2-vector ET
miss can arise from interacting particles which escape the
for new physics. However, fake ET
acceptance of the detector, are inaccurately reconstructed, or fail to be reconstructed altogether.
miss is consistent with momentum resolution and
The degree to which the reconstructed ET
miss signiﬁcance, S.
particle identiﬁcation eﬃciencies can be identiﬁed by evaluating the ET
miss
ATLAS have previously deﬁned an event-based ET signiﬁcance S as:
E miss
S = √T ,
HT
miss is the reconstructed magnitude of the missing transverse momentum, and
where ET
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(1)


ET

miss resolution, deﬁned as the scalar sum of the
is an event-based approximations to the total ET
miss calculation. This deﬁnition is based on
momenta from all the objects considered in the ET
miss is purely calculated using calorimeter signals. The use of meathe assumption that the ET
surements from all the ATLAS sub-detectors to improve the performance of the reconstructed
objects requires to reconsider this approch. To go beyond these deﬁnitions, an object-based
miss signiﬁcance variable was developed, that is calculated event by event considering the exET
miss
pected resolutions and likelihood of mismeasurement of all the objects that enter the ET
reconstruction, taking into account directional correlations between measurements 1 .

2

Missing transverse momentum Overview

miss in ATLAS is characterised by two main
The reconstructed missing transverse momentum ET
2
contributions . The ﬁrst one comes from the hard objects comprising fully reconstructed and
calibrated objects: muons, electrons, photons, τ -leptons, and jets. The second one is from the
soft term, consisting of additional signals which are not associated with any of the reconstructed
miss is calculated as the negative vectorial sum of selected and calibrated
hard objects. The ET
hard objects, and the soft term:
⎛
⎞






miss
= −⎝
pT i +
pT i +
pT i +
pT i +
pT i +
pT i ⎠
ET
i∈muons

i∈electrons

i∈photons

i∈hadronic τ

i∈jets

i∈Soft Term

(2)
The soft term is reconstructed from detector signals not associated with any hard object passing
the selection cuts. These can be ID tracks, from which the track-based soft term (TST) is built,
or topoclusters, from which the calorimeter-based soft term (CST) is built. For the studies
presented here, only the track-based soft term is considered, which is the standard soft term for
physics analyses due to a smaller residual dependence on pile-up.
3

Deﬁnition of the missing transverse momentum signiﬁcance

miss signiﬁcance is deﬁned to test the hypothesis that the total transverse momentum
The ET
carried by invisible particles (named pinv
T in the following) is equal to zero against the hypothesis
miss inv
that pinv
T is diﬀerent from zero. If L(ET |pT ) is the likelihood function of the 2D parameter
miss , the log-likelihood ratio and a signiﬁcance S are deﬁned
pinv
for
a
given
value
of
measured
E
T
T
as:


miss |pinv )
maxpinv =0 L(ET
T
T
.
(3)
S 2 = 2 ln
miss |pinv )
maxpinv =0 L(ET
T
T

where numerator and denominator are calculated maximising on the parameters of the likeinv
lihood with the constraints pinv
T = 0 and pT = 0, respectively. The likelihood function depends
on the multiplicities, types, and kinematics of the objects measured in each event.
An event-by-event likelihood function is calculated assuming that: the measurement of each
reconstructed object i is independent from others; for each object the probability distribution
of measuring pT i given the true transverse momentum value associated with the hard physics
process πT i has the form f (pT i −πT i ), and in particular it has a Gaussian probability distribution
with
matrix Vi ; thanks to the conservation of the momentum in the x-y plane,
 covariance
i = −pinv . Under these assumptions, the likelihood function has the form of a two
π
i T
T
dimensional Gaussian, and the log-likelihood ratio becomes a chi square variable, χ2 , with two
degrees of freedom:

−1

miss |E miss ) 
 miss   i
 miss 
L(ET
2
T
= ET
V
ET
,
(4)
S = 2 ln
miss |0)
L(ET
i
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miss calculation and
where the sub-index i indicates each reconstructed objects that enters the ET
Vi is the corresponding covariance matrix.
This χ2 deﬁnition of the missing transverse momentum signiﬁcance S in Eq. 4 stresses the
miss
in the total
dependencies between
 thei reconstructed ET and the resolution eﬀects propagated
miss is fake, or
V
.
If
S
has
small
values it is more likely that the ET
covariance matrix
i
consistent with resolution eﬀects, whereas a large value of S indicates that it is likely to be real
miss .
ET
For each of the hard objects, the covariance matrix, Vi , can be deﬁned in a natural coi
i
system having
ordinate
 one axis aligned with the measured pT of each object, with pT ≡
pT i cos φi , pT i sin φi :


σp2T i
0
i
V =
,
(5)
2
0
pT i σφ2 i

where the measurements of the transverse energy pT i and the azimuthal angle φi are considered
uncorrelated.
An additional covariance matrix of signals associated to the soft term, Vsoft , is also considered. It is deﬁned as

 2
0
σsoft
,
(6)
Vsoft =
2
0
σsoft
without correlation between parallel and transverse measurements.
miss signiﬁcance deﬁnition in Eq. 4 can be written in a synthetic form in which
Finally, the ET
the x-y coordinate system is rotated parallel (L) and perpendicular (T ) to the direction of the
miss :
total ET
 miss 2
E

S = 2  T 2 .
σL 1 − ρLT
2

(7)

miss and ρ
where σL2 is the total variances in the longitudinal direction to the ET
LT is the correlation
miss signiﬁcance
factor of the longitudinal L and transverse T measurements. This form of the ET
miss is in
illustrates the essential meaning of a signiﬁcance, in which the measured variable, ET
the numerator, and the information of the variance is embedded in the denominator. Also,
this deﬁnition has a close relationship
with
deﬁnition of the
 the previously used approximated
miss signiﬁcance, where
miss resolution
ET is an approximation of the ET
event-based ET

4

Object resolution

miss signiﬁcance deﬁnition is the momentum resolution in
An important ingredient for the ET
miss calculation. For each hard object, one
the transverse plane for the objects entering the ET
can deﬁne a transverse momentum resolution parallel to the direction of the object, σpT , and
a transverse momentum resolution perpendicular to the direction of the object. The latter can
be estimated as the angular resolution on the transverse plane σφ , multiplied by the pT of the
miss signiﬁcance are parametrized using
object, pT · σφ . The resolutions used to calculate the ET
Monte Carlo (MC) simulations, which are well reproducing the resolutions measured on data.
The relative resolutions are shown as a function of pT in Fig. 1(a).
miss
A ﬁrst estimation of the track-based soft term resolution can be extracted from the ET
distribution in a Z → μμ sample with a jet veto. Apart from sub-leading contributions from
hadronic decays involving neutrinos (as in the semileptonic decays of heavy ﬂavor hadrons), no
miss is expected in this sample. The distribution of the E miss projected onto the x- or
real ET
T
y-axis resembles a Gaussian distribution, but with larger tails. The width of this distribution,
estimated by the RMS, is mostly due to the soft term resolution, with a negligible contribution
from the muon resolution. Therefore the resolution of the soft term is set equal to the RMS of
miss projected on the x- or y-axis in this ﬁnal state with a jet veto. The distribution of
the ET
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Figure 1: (a) Resolutions for jets, combined muons (CB μ), electrons, photons not converted to electron-positron pairs (N.C. γ), and hadronically decaying τ -leptons (Hadr.τ ).
The curves for jets include the contribution from pile-up, which is in bins of pT and is not
smoothed/interpolated, and gives the staggered shape for |η| = 4.5. (b) Components of the
miss (E miss , E miss ), in the Z → μμ Monte Carlo simulation with a jet veto selection.
ET
x
y
this projection is shown in Fig. 1(b), and the RMS extracted is 8.9 GeV. This value is used in
miss signiﬁcance calculation as estimate of the soft term resolution, independently of the
the ET
axis of projection.

5

Performance of the missing transverse momentun signiﬁcance

miss signiﬁcance performance is evaluated using Standard Model processes with ﬁnal states
The ET
 ν
inv
pT ). Diwith pinv
T = 0 and with real missing transverse momentum from neutrinos (pT =
leptonic event selection is designed to capture the leptonic Z boson decays (Z →
+ X) in
the electron channel. They produce samples dominated by the Z → ee + jets process, for which
processes including the diboson production
pinv
T ∼ 0. This sample contain other sub-dominant
 ν
=
p
.
For
this reason, the di-leptonic event selection
process ZZ → eeνν for which pinv
T
T
miss signiﬁcance distribution between data and Monte
is used to study the agreement of the ET
Carlo simulations, and the performance in separating Z → + jets events from ZZ → νν
events.

5.1

Comparison of distributions in data and Monte Carlo simulation

miss distribution, shown in Fig. 2(a), is dominated by events with low value of E miss
The ET
T
miss , events are mostly produced by
produced by Z → ee + jets process. At higher values of ET
miss , such as tt or diboson processes. Despite this transition, the plot shows
processes with real ET
the capability of the Monte Carlo simulation to reproduce the distribution observed in data, with
the data/MC ratio being covered by the statistical and experimental systematic uncertainties
miss corresponds to the numerator of the
of the Monte Carlo expectation (band in gray). The ET
miss signiﬁcances of Equations (1) and (7), respectively.
event-based and object-based ET
miss signiﬁcance distribution, shown in Fig. 2(b), is dominated by events
The object-based ET
with low signiﬁcance values, as expected from the Z → ee + jets process. For values above 6,
miss . The Monte Carlo simulation reproduces
events are mostly produced by processes with real ET
the distributions observed in data collected during the full Run 2, corresponging to 140 f b−1 ,
miss signiﬁcance.
with a very good matching for the object-based ET
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miss distributions in data compared to MC predictions including all relevant backFigure 2: ET
grounds for events satisfying the Z → ee selection. The ratio between data and MC predictions
is shown below the distribution, with the shaded band which corresponds to the combined experimental systematic and MC statistical uncertainties. The last bin of the distribution includes
overﬂows.

5.2

Separation power

miss signiﬁcance variable into the selection
The potential gain of introducing the object-based ET
criteria for Z → ee events is examined. These events provide an ideal ﬁnal state for evaluating
miss signiﬁcance performance, since they can be selected with high signal to background
the ET
ratio and because Z-boson kinematics can be measured with high precision.
miss signiﬁcance variable can be used to separate events with genuine E miss in ZZ →
The ET
T
miss as
eeνν coming from the neutrinos with respect to events with only resolution-induced ET
the ones present in Z → ee . Because of this, ZZ → eeνν sample is considered as signal and
Z → ee as background in the current performance study.
miss signiﬁcance, we comIn order to estimate the potential gain with the object-based ET
pared the signal eﬃciency and background rejection in Fig. 3, where increasing thresholds are
miss , object-based E miss signiﬁcance, and event-based E miss signiﬁcance,
placed 
in
the value of ET
T
T
miss /
ET . The plots in Fig. 3 have diﬀerent pre-selection thresholds on the total reconET
miss and or the jet multiplicity: 50 GeV with exactly one jet, and 100 GeV. Fig. 3
structed ET
miss signiﬁcance with respect to the event-based
shows a clear improvement of the object-based ET
miss
ET signiﬁcance.

6

miss signiﬁcance in Mono-h dark matter search
Impact of the object-based ET

miss signiﬁcance, S, was the search for
The ﬁrst Run 2 analysis that used the object-based ET
dark matter produced in association with a Higgs boson decaying to b quarks using 79.8 f b−1 of
collision data recorded with the ATLAS detector 3 . The signature left in the detector is that
of the Higgs boson decaying to b-jets recoiling oﬀ the invisible dark matter particles, resulting
miss , this searh
in a large momentum imbalance in the form of missing transverse momentum ET
is called “Mono-h”. Selected collision events comprise large missing transverse momentum and
either two b-tagged small radius jets, in the resolved regime, or a single large radius jet containing
two b-tagged subjets, in the merged regime.
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Figure 3: Background rejection versus signal eﬃciency in simulated Z → ee and 
ZZ
 → eeνν
miss , E miss /
ET and
samples with a Z → ee selection. The performance is shown for ET
T
miss signiﬁcance as discriminants for (a) all the E miss range, (b) event-based
object-based ET
T
miss signiﬁcance E miss > 50 GeV and (c) E miss > 100 GeV. The lower panel of the ﬁgures
ET
T
T
miss
shows the ratio of other deﬁnitions/event-based ET signiﬁcance.
miss , a background that is diﬃcult to model arises from multijet events
In events with low ET
miss coming from miswhich are originated from strong interactions, and introduces fake ET
miss
measured jet momenta. The object-based ET signiﬁcance can help to identify and separate
multijet background with respect to the standard model electroweak background and dark matter signals.
miss associated to multijet events mainly comes from jet resolutions, i.e. fake E miss ,
Since the ET
T
miss signiﬁcance compared to other
these events are more likely to have lower values of the ET
miss . Such processes with real E miss are not only the dark matter signals,
processes with real ET
T
but also the dominant backgrounds of the mono-h(bb) analysis as tt production, Z(νν)+jets and
W ( ν)+jets.
miss caused by neutrinos
Even though a fraction of the multijet events comes with real ET
originated from heavy ﬂavour hadron decays, this is a second order eﬀect, and multijet events
miss (this analysis has a E miss > 150 GeV preselection) do not occur
with considerable high ET
T
very often since substantial ﬂuctuations in calorimeter jet energy measurements are the root
cause. Therefore, multijet events are expected to contribute in the resolved regime, in the low
miss categories of the analysis. Since E miss in multijet events arises mostly from ﬂuctuations
ET
T
of poorly reconstructed jets, multijet events are expected to have low S values. Jet energy
miss variance, as can
resolutions corresponds to the highest source of ﬂuctuation in the total ET
miss signiﬁcance values at a ﬁxed E miss . The
be seen in Figure 1, which again translates to low ET
T
miss signiﬁcance in terms of background rejection and signal
performance of the object-based ET
eﬃciency is studied using simulated event samples. For the background, dijet events are used.
The signal eﬃciency is determined for a simulation with mZ  = 400 GeV and mA = 300 GeV,
miss , and therefore more challenging to discriminate against multijet
resulting in relatively low ET
background.
miss signiﬁcance, is shown in Fig. 4(a). More
The separation power of the object-based ET
than 95% of dijet events can be rejected by introducing a requirement of S > 16, while retaining
a signal eﬃciency close to 90%.
After the introduction of a S > 16 requirement in the resolved selection, the multijet back-
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Figure 4: (a) Performance of the object-based ET
and background rejection as estimated from a signal and a dijet simulation in comparison to the
miss signiﬁcance and E miss itself. (b) Comparison of data to the SM expectation
event-based ET
T
miss . The
before (dashed lines) and after the ﬁt (solid histograms) with no signal included for ET
lower panels display the ratio of data to SM expectations after the background-only ﬁt, with its
systematic uncertainty.

ground was found to be negligible with a data-driven estimation. Therefore, this background
was not considered and was neglected in the combined ﬁt of the analysis.
miss without considering
Fig. 4(b) shows the data and MC simulation distributions for the ET
the multijet background contributions, while showing a good modelling. For this analysis with
79.8 f b−1 , the observed data are in agreement with the Standard Model predictions. The results
were interpreted in the context of a simpliﬁed model (Z  -2HDM) which describes the interaction
of dark matter and Standard Model particles via new heavy mediator particles. Masses of the
Z  are excluded up to 2.8 TeVdepending on the choices for other model parameters 3 .
7

miss signiﬁcance in bottom squark search
Impact of the object-based ET

The search for bottom-squark pair production in ﬁnal states containing Higgs bosons, b-jets
and missing transverse momentum using 79.8 f b−1 of collision data also used the object-based
miss signiﬁcance 4 . In the supersymmetric scenario considered, the bottom-squarks decay to
ET
a b-quark and the second lightest neutralino, b˜1 → b + χ̃02 . The χ̃02 is assumed to subsequently
decay to the Standard-Model-like Higgs boson h and the lightest neutralino: χ̃02 → hχ̃01 . The
χ̃01 is assumed to be the lightest supersymmetric particle (LSP) and is stable. Therefore, the
ﬁnal states considered contain zero leptons, three or more b-jets, and large missing transverse
momentum.
Diﬀerent signal regions were deﬁned and optimised for diﬀerent topologies and mass scenarios. One signal region, called SRC, targets the “compressed scenario”: The mass conﬁguration
has a LSP mass of 60 GeVand the mass splitting between the b˜1 and χ̃02 is small. The b-jets
from the bottom-squark decay are relatively soft and the visible system (b-jets from the bottommiss . In this
squark decay and Higgs decay) is produced back to back with the reconstructed ET
miss signiﬁcance, S.
region, the main discrimination variable is the object-based ET
miss signiﬁcance and
Fig. 5 shows the expected signiﬁcance comparing S, event-based ET
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miss alone. The analysis ﬁnds that S provides a much greater sensitivity to the signals under
ET
consideration.
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In the SRC for the “compressed scenario”, four overlapping SRs with incremental thresholds
miss signiﬁcance are deﬁned. Fig. 6(a) shows the comparison between the
on object-based ET
observed data and the SM predictions for S before speciﬁc requirements are applied on the
variable. The S variable is eﬀective in rejecting the SM background arising from associated
production of a Z boson decaying to neutrinos and heavy-ﬂavour jets.
No signiﬁcant excess of events over the Standard Model background expectation is observed
in any of the signal regions considered. Limits at the 95% conﬁdence level are placed in the
simpliﬁed models considered 4 . The exclusion contourn is shown in Fig. 6(b), bottom-squarks
with mass up to 1400 GeV are excluded.
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Figure 6: (a) Distributions of S in the SRC region. (b) Exclusion contour at the 95% CL using
the SR with the best-expected sensitivity. The grey numbers denote which SR provides the best
expected sensitivity for the signal mass hierarchy considered at that point in the plane.
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AXIFLAVON-HIGGS UNIFICATION
TOMMI ALANNE, SIMONE BLASI, FLORIAN GOERTZ a
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69117 Heidelberg, Germany

In this talk, a uniﬁed model of scalar particles that addresses the ﬂavour hierarchies, solves
the strong CP problem, delivers a dark matter candidate, and radiatively triggers electroweak
symmetry breaking is discussed. The recently proposed axiﬂavon is embedded together with
an (elementary) Goldstone Higgs-sector in a single multiplet (and thereby also a model of
ﬂavour and strong CP conservation for the latter is provided). Bounds on the axion decay
constant follow from requiring a SM-like Higgs potential at low energies and are confronted
with constraints from ﬂavour physics and astrophysics. In the minimal implementation, the
axion decay constant is restricted to fa ≈ (1011 − 1012 ) GeV, while adding right-handed
neutrinos allows for a heavy-axion model at lower energies, down to fa ∼ 10 TeV.

1

Introduction

Although being very successful in describing nature in many aspects, the Standard Model (SM)
of particle physics lacks explanations for several experimental facts, such as the signiﬁcant
abundance of Dark Matter, the large hierarchies in fermion masses and mixings, and the excellent
conservation of CP symmetry in strong interactions, the latter being in tension with in principle
sizable sources of CP violation in the QCD/SM Lagrangian. Beyond that, although the SM
allows to parameterize electroweak symmetry breaking (EWSB) via the Higgs mechanism, the
origin of the Higgs potential remains unexplained.
While separate solutions to all these problems are well known in the literature, here we
entertain a uniﬁed model, simultaneously addressing all these problems at a time via a single
scalar multiplet. To this end we show that it is possible to identify a radial component of this
multiplet with a Froggatt-Nielsen-like ﬂavon, whose vacuum expectation value (vev) now breaks
an appropriate enhanced global symmetry G – including a horizontal U(1)H ﬂavour symmetry
– down to H ⊃ U(1)H . In turn, the corresponding (pseudo) Goldstone bosons of the G/H coset
can be identiﬁed with the axion and a (Goldstone-)Higgs doublet, as will be discussed in detail
below. This leads to a uniﬁed description of symmetry breaking via a single fundamental source
and unites the so-far separate scalar particles that solve the issues of massive EW gauge bosons
a
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(via radiative EWSB), of strong CP conservation, and of fermion mass + mixing hierarchies in
one multiplet.
We start discussing our setup by reviewing brieﬂy the Froggatt–Nielsen (FN) mechanism 1 .
This allows to address the fermion hierarchies by charging the chiral SM fermions diﬀerently
under a U(1)H ﬂavour symmetry. In turn, they are only allowed to interact with each other via
a chain of new vector-like fermions, ξj (the FN messengers), connected via insertions of a new
complex scalar ﬁeld Φ, the ﬂavon, carrying away the U(1)H -charge diﬀerence. After acquiring
a vev, Φ =
 0, the scalar spontaneously breaks the U(1)H symmetry, generating hierarchical
Yukawa couplings, suppressed by powers of its vev over the mass of the FN messengers, which
are assumed to be somewhat heavier and thus integrated out in the IR theory, leaving us with
eﬀective interactions between the SM-fermion chiralities (and the Higgs boson).
In fact, it has been shown already 2,3 that the angular component of Φ – the axiﬂavon – which
plays no vital role in the original FN mechanism, can be identiﬁed with the QCD axion 4,5,6 ,
thereby addressing two more issues of the SM, namely the strong CP problem and the DM
puzzle, in a uniﬁed scenario. This increases the predictivity of the axion solution, since the
couplings of the latter are now dictated by the ﬂavour structure, leading to interesting signals
in ﬂavour experiments 2 . Subsequently, it was shown that a further uniﬁcation with the Higgs
sector can be achieved 7 , as sketched above, increasing even more the predictivity of the scenario
– making this axion-like solution to the strong CP problem fully testable in the near future, while
adding a dynamics to EWSB. Before discussing this framework in detail in the following, we
ﬁnally add that, from a diﬀerent perspective, it can also be seen as naturally including a model
of ﬂavour (and strong CP conservation) in the recently proposed elementary-Goldstone-Higgs
scenario 8,9 , furnishing a compelling renormalizable alternative to partial compositeness 10 .
2

Explicit Model and Mass Hierarchies

We embed the Higgs, the axion, and the ﬂavon in a single multiplet, Σ, transforming under the
enlarged symmetry group G ⊃ U(1)H ×GEW , with GEW ≡ SU(2)L ×U(1)Y . Since the Higgs mass
shall be much smaller than the U(1)H breaking scale, setting the ﬂavon mass, we envisage both
the axion and the Higgs boson components to correspond to pseudo-Nambu–Goldstone bosons
(pNGBs), providing an example of axion-Higgs uniﬁcation 11 and allowing for dynamical EWSB
via the Coleman–Weinberg potential for the emerging Goldstone Higgs. In fact, the vanishing
of the quartic Higgs coupling in the SM around 1010 GeV, just about at the natural scale for
axiﬂavon dark matter, might hint both to a Goldstone nature of the Higgs and to a connection
between the latter and the axion.
We thus formulate a linear sigma model for the ﬁeld Σ at the scale f , featuring Yukawa
interactions with the FN messengers and the SM ﬁelds, with the (radial) ﬂavon component
Σ
developing a vev breaking G −−→ H ⊃ GEW , while the axion and the Higgs reside in the G/H
coset. A particular simple choice for a viable breaking pattern is 7
[SO(5) × U(1)H ] × U(1)X → SO(4) × U(1)X ,

(1)

where the U(1)X factor is introduced to reproduce the fermion hypercharges as Y = T3 + X.
The breaking above is obtained via a Σ ﬁeld living in the fundamental representation, 5, of
SO(5) and with U(1)H ﬂavour charge HΣ = 1, featuring a potential
V (Σ, Σ∗ ) = λ1 Σ† Σ

2

− λ2 ΣT Σ Σ† Σ∗ − μ2 Σ† Σ ,

(2)

which is bounded from below if λ1 > λ2 > 0. The EW gauge group is embedded in SO(5) via
a L,R
the usual SU(2)L × SU(2)R ∼
= SO(4) generators 7 Tij , a = 1, .., 3, i, j = 1, .., 4. The SO(4)√
preserving minimum is then given by Σ = (0, 0, 0, 0, f / 2), with μ2 = (λ1 − λ2 )f 2 .
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After the breaking of Eq. (1), the scalar sector can be parametrized as


√

â
H
√
Σ = ei( 2hâ T̂ +a)/f
,
(f + σ)/ 2

(3)

with the broken generators
i
T̂ijâ = − √ δiâ δj5 − δjâ δi5 ,
(4)
2
where â = 1, .., 4, and i, j = 1, .., 5. The physical states contained in the radial Σ-components are
 with mass m2 = 2λ2 f 2 , and a heavy ﬂavon ﬂuctuation σ around the
a heavy Higgs doublet, H,
H̃
2
vev f , with mass mσ = 2(λ1 − λ2 )f 2 , while the SM-like Higgs doublet, hâ , and the axion, a, are
instead pNGBs.
We assume that the explicit breaking of G originates from the SM sector only, namely from
the QCD anomaly, EW gauging, and via the SM fermions not ﬁlling full G representations,
while the FN messengers always enter as complete representations. The latter are denoted by
ξj , where the subscript refers to the U(1)H charge, Hξj = j. They transform in the spinorial
representation, 4, of SO(5) (which allows for a very minimal FN messenger sector 7 ) and are
non-chiral under SO(5) × U(1)H . The SM fermions, qLi , uiR , and diR (with i = 1, 2, 3), come in
incomplete SO(5) representations in the spinorial
ΨiqL = ΔTL qLi ,

ΨiuR = ΔTu uiR ,

ΨidR = ΔTd diR ,

where the spurions, ΔL,u,d , feature background values


1 0 0 0
, Δu = (0, 0, 1, 0) ,
ΔL =
0 1 0 0

Δd = (0, 0, 0, 1) ,

(5)

(6)

that parametrize the explicit SO(5) breaking (while U(1)H remains exact at the Lagrangian
level). The rows of these 2 × 4 matrices correspond to the fundamental of the weak gauge
group, while the columns label the components of 4 of SO(5). The U(1)H charge of each Ψif
is chosen such that the correct pattern of masses and mixings is reproduced – the larger the
charge diﬀerence between the left- and right-handed components of a given SM fermion, the
more suppressed is the resulting mass term, see below.
The corresponding Lagrangian includes renormalizable operators made out of Ψif , ξj , and Σ
allowed by symmetries and reads


−L =
aj ξ¯j+1 Γα Σα ξj + h.c. + mj ξ¯j ξj ,
j

+



zif Ψ̄if Γα Σα ξj̄ + z̃if ξ¯j̄+2 Γα Σα Ψif + x Ψ̄3qL Γα Σα Ψ3uR + h.c. ,

(7)

i,f =qL ,uR ,dR

Γa

are the matrices deﬁning the spinorial representation and the dimensionless coeﬃcients
where
aj , zif , z̄if , x are all assumed to be of O(1). The ﬁrst line contains the interactions of the FN
messengers with the Σ-ﬁeld and their (vector-like) mass terms, while the second line consists of
Yukawa couplings involving the SM fermions and the FN messengers, with j̄ ≡ j̄(f, i) = Hf i −1
such that the terms are U(1)H invariant, where the last term allows for an unsuppressed top mass.
It is easy to see how this Lagrangian leads to FN-like mass hierarchies. For two chiral SM
fermions ΨiqL and ΨjuR with a U(1)H charge diﬀerence of δij ≡ Hqi − Hqj , a chain of at least
L
R
|δij | − 1 FN messengers ξi together with |δij | insertions of the Σ ﬁeld is required to couple
them. After integrating out the ξi at the tree level (and suppressing O(1) factors), one ﬁnds the
corresponding eﬀective leading order Lagrangian
−Leﬀ ∼

1
Ψ̄ju (Γα Σα )|δij | ΨiqL + h.c. ,
m|δij |−1 R
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(8)

which is non-vanishing for odd |δij |, as assumed in the following, while for even |δij | it is zero
due to Γ-matrix properties.
Below the symmetry-breaking scale and after integrating out the ﬂavon and the second Higgs
doublet, the Σ-ﬁeld can be written via the Goldstone parametrization in the unitary gauge as
f
Σ = √ eia/f (0, 0, sin h/f, 0, cos h/f )T ,
2

(9)

where h represents the Higgs ﬁeld, and a is the axion. With this, we can single out the leading
contribution to the mass matrix
−Leﬀ ⊃ mij q̄Li ujR + h.c. ,

v
mij ∼ √
2



f2
2m2

 |δij2|−1
,

(10)



where v ≡ f sin(h/f ) is the EW scale. This exhibits a typical FN suppression in  ≡ f 2 /2m2 ,
which we identify with the Cabibbo angle,  = sin θC 0.23, to reproduce the ﬂavour hierarchies.
3

Higgs Potential and Constraints on the Axion Decay Constant

To calculate the Higgs potential, we consider the top sector, with a charge assignment Hq3 = 1,
L
Hu3 = 2, compatible with the top mass, and two (mass-degenerate) FN messengers, ξ0,1 coupled
R
to them. This allows for a minimal non-trivial chain of messengers and captures the leading
eﬀect 7 . The potential is then computed by matching at one loop the SM Coleman–Weinberg
potential, renormalized at the mass scale of the FN messengers m0 = m1 ≡ m, with the one
in the axiﬂavon-Higgs scenario, induced by explicit SO(5) breaking interactions involving the
ﬁelds mentioned above, see Ref. 7 for details. Requiring the quadratic term to reside at the
electroweak scale v ( f ) allows us to make a prediction for the quartic coupling at the scale m
in terms of the top Yukawa, which turns out to be very small and negative. It reads 7
λ(m) = −

Nc f 2 6
y (m)(1 + δ)6 ,
2π 2 2m2 t

(11)

0.005

0.06

0.000

0.04
(m)

(m)

where following the assumptions of the FN mechanism, all dimensionless coupling parameters
have been chosen to be of the order of the (O(1)) top Yukawa, which is explicitly realized by
replacing them with an average Yukawa coupling yt (m)(1 + δ), including a spread of |δ| < 1.
Since below the threshold of the FN messengers λ(m) is fully predicted via SM running,
Eq. (11) can be used to determine the scale m at which a successful matching is achieved. In
the left panel of Fig. 1 we show the SM running of λ(m) (including uncertainties) via the red
band and the RHS of Eq. (11) for δ = ±0.6 (light blue band), δ = ±0.3 (light gray band), and
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Figure 1 – Left: Matching of the Higgs quartic coupling at the scale m in the SM (red band) with the prediction
of Eq. (11), considering a Yukawa coupling spread of δ = ±0.6 (light blue band), δ = ±0.3 (light gray band), and
δ = 0 (dashed black line). The intersection corresponds to the allowed range for m. Right: Same plot for the low
scale model, Eq.(19). See text for details.
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δ = 0 (dashed black line). The matching is possible only for negative values of λ(m), which
selects 109 GeV  m  1014 GeV. This translates, via f 2 /2m2 0.23 and fa = f /N , with

N=
2HΨiq − HΨiu − HΨi ≈ 50,
(12)
L

R

i

dR

to a axion decay constant of
107 GeV  fa  1012 GeV.

(13)

This can be confronted with constraints due to the ﬂavour-violating couplings of our axion b .
Limits from searches for K + → π + a lead to fa  7.5 × 1010 GeV at 90% C.L. 2 , leaving a
relatively thin stripe of
(14)
fa ≈ (1011 − 1012 ) GeV ,
which will almost entirely be tested by the NA62 experiment, that just started operation 12 .
The combined exclusions from requiring a consistent matching of the Higgs potential and
satisfying ﬂavour bounds are visualized in Fig. 2 as red and blue shaded regions, respectively, which shows the axion parameter space 2 , where gaγγ is the axion-photon coupling and
ma = 5.7 μeV (1012 GeV/fa ) 13 .
We ﬁnally discuss the impact of including right-handed (RH) neutrinos NR , which enter,
together with the left-handed lepton doublet lL as SO(5) spurions (see Eq. (5))
ΨL = ΔTL lL ,

ΨN = ΔTu NR .

(15)

We assign ﬂavour charge to ΨN such that the term
1
1
−LN = √ yN Ψ̄N Σ C Ψ̄TN + h.c. = − yN f cos(h/f )N̄R C N̄RT eıa/f + h.c.
2
2

(16)

is allowed, leading to Majorana and Dirac masses (the latter via a FN-chain)
2 2
f cos2 (h/f ) ,
m2NR (h) = yN

mD ∼ mt 

|δν |−1
2

where δν = HlL − HNR . The light neutrino mass is then given by
mt
,
mν ∼ mt |δν |−1
mNR

,

(17)

(18)

which shows a double suppression, originating from the type-I seesaw and from the FN mechanism. Including the impact of three almost degenerate RH neutrinos, described by Eq. (16)
with a typical coupling parametrized as yN = (1 + δ)yt , on the Higgs potential we arrive now
(similar as before) at a positive


1
3
(1 + δ)4 yt4 (m).
(19)
λ(m) = 2 log
2
2
8π
2yt (m)(1 + δ) 
In the right panel of Fig. 1 we confront the SM running of λ(m) in red and the RHS of
Eq. (19) for δ = ±0.6 (light blue band), δ = ±0.3 (light gray band) and δ = 0 (dashed black
line). The matching is now possible for smaller values of m with respect to the case without RH
neutrinos, leading to
(20)
6 TeV  fa  2 × 106 TeV .
Although such low values of fa are excluded for the usual QCD axion, by disentangling the axion
mass and decay constant, low-fa models can become viable 14,15 . Supernova cooling and ﬂavour
constraints can then be avoided by pushing the axion mass to the GeV or TeV scale. While this
axion cannot be a dark matter candidate anymore, it still solves the strong CP problem and the
RH neutrinos can add a link to the matter-antimatter asymmetry via leptogenesis 16 .
b
Note that, for ﬁxed fa , the axion couplings to fermions and to photons remain basically unchanged compared
to the original axiﬂavon model 2 (becoming exactly equal in the limit of large U(1)H charges). For example,
due to the diﬀerent U(1)H charge assignment 7 (|δij | → 2|δij | + 1), the color anomaly, Eq. (12), changes by
N → 2N + 2 ≈ 2N . This translates (for constant fa ) into the same change in f , while also the electromagnetic
anomaly changes by approximately a factor of two, canceling in the coupling to photons.
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Figure 2 – Constraints on the axion parameter space, i.e. axion mass vs. photon coupling, in the scenario considered. The axiﬂavon prediction is depicted by the thin brown band 2 . The exclusions from various axion
experiments, summarized in the legend, are given as grey numbered regions 2 . The dashed colored lines show the
projected reach of future experiments. On the other hand, the blue shaded region corresponds to the estimated
bound from current ﬂavour experiments, while the dashed blue line gives the expected reach of NA62. Finally, the
red shaded area depicts the region that is excluded since a consistent matching of the Higgs potential is impossible
(for the minimal model), which furnishes a new constraint due to axiﬂavon-Higgs uniﬁcation.

4

Conclusions

A uniﬁed model that addresses the ﬂavour puzzle, solves the strong CP problem, provides a dark
matter candidate, and radiatively triggers electroweak symmetry breaking has been presented,
employing a single scalar multiplet which also contains the Higgs boson. The model is highly
predictive, leading to the constraints on the axion decay constant presented in Eqs. (14) and
(20) for the minimal incarnation and the model including right handed neutrinos, respectively,
with the relevant (current and projected) bounds for the former summarized in Fig. 2.
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SUSY SEARCHES WITH PHOTONS IN CMS
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I. Physikalisches Institut B, RWTH Aachen University,
Sommerfeldstrae 14, Turm 28, 52072 Aachen, Germany
Two searches and a combination of searches for supersymmetry in events with photons using
data collected by the CMS experiment during Run 2 of the LHC are presented. In stealth
supersymmetric models the gauginos couple to a stealth sector via photon emission, while
its superpartner in the stealth sector decays to two gluons. Jet substructure techniques are
used to identify the photon merged with the gluon jets. In gauge-mediated supersymmetry
breaking models, neutralinos with a large bino component predominantly decay to a photon
and a gravitino. In this context a search in ﬁnal states with two photons and a combination
of multiple searches in ﬁnal states with at least one photon are presented.

1

Introduction

The search for supersymmetry (SUSY) is a central mandate of the physics program of the
CMS and the ATLAS experiments at the LHC. Supersymmetry, which is a possible theoretical
extension of the standard model (SM) of particle physics, provides explanations for several
unsolved problems in particle physics. The searches for SUSY in events with photons presented
√
here, which are based on data collected by the CMS experiment 1 at s = 13 TeV corresponding
−1
to an integrated luminosity of 35.9 fb , are motivated by two diﬀerent SUSY models.
In stealth SUSY an additional stealth sector of particles, which has a small coupling to the
SUSY breaking mechanism, is introduced. As a result, the superpartners in the stealth sector
are nearly mass degenerate. Furthermore, it is assumed that the gauginos, either neutralinos or
charginos, couple to the stealth sector via photon emission, leading to ﬁnal states with photons.
In scenarios with gauge-mediated SUSY breaking (GMSB) the symmetry breaking is me is the lightest supersymmetric particle
diated via SM gauge interactions. The gravitino (G)
and escapes undetected, leading to missing transverse momentum (pmiss
T ). The next to lightest
supersymmetric particle (NLSP) is formed by a mixture of the SUSY partners of electroweak
gauge bosons. In case of a NLSP with a large bino component, its decay to a photon and a
gravitino is enhanced, leading to ﬁnal states with photons and pmiss
T .
2

Search with photons in boosted jets

The analysis 2 discussed here explores stealth SUSY scenarios in events with collimated photons
and gluons. A simpliﬁed stealth SUSY model, shown in Figure 1, with only one light hidden
sector superparticle pair, the singlino (
S) and the singlet (S), is used as a benchmark. Within
this model the gluinos (
g ) decay to a neutralino (
χ01 ) and a quark anti-quark pair. The neutralino
couples to the stealth sector via its decay to a photon and a singlino, which further decays to a
singlet and a gravitino. Finally, the singlet decays to a pair of gluons, leading to ﬁnal states with
photons, gravitinos, as well as quark and gluon jets. Because of the small coupling between the
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stealth sector and the SUSY breaking mechanism, the singlino and the singlet are almost mass
degenerate and the outgoing gravitino is produced with a small momentum, motivating ﬁnal
states with low pmiss
T . In case of a large mass gap between the gluino and the neutralino, the
neutralino can have a large Lorentz boost, resulting in events where the photon is not isolated
from the gluon jets. By using existing and novel jet substructure tools, this analysis focuses on
identifying photons inside gluon jets, in the following referred to as ”photon-jets”.

fraction of jets
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Figure 1 – Left ﬁgure : Diagram for a gluino (
g ) decay predicted by stealth SUSY. The neutralino (
χ1 ) couples
to the stealth sector via photon emission. The singlino (
S) decays to its superpartner (S) and a low momen Right ﬁgure 2 : Normalized distribution of the photon subject fraction (fγ ) for data, QCD
tum gravitino (G).
background, as well as three diﬀerent stealth SUSY signal points with diﬀerent neutralino and gluino masses.

Photon-jets are selected based on jets with pT > 200 GeV and |η| < 2, which are clustered
with a distance parameter of 0.8. In addition, the jet has to contain an ECAL cluster with a
photon like shower shape and pT > 20 GeV. Based on the ECAL cluster a photon is reconstructed and used to replace the cluster in the reclustering of the jet. Within the reclustered
jet the existence of three subjets with pT > 10 GeV is required. To further classify the selected
photon-jets, two photon-jet categories are deﬁned. The loose photon-jet category requires that
the jet has an N-subjetiness ratio τ3 /τ1 < 0.4. To deﬁne the tight category the photon subjet
fraction (fγ ), given by the ratio of the photon pT and the pT of the subjet it is part of, is used.
Since the photon subjet fraction for signal events, shown in the right part of Figure 1, peaks
at larger values compared to the QCD background, tight photon-jets have to fulﬁll fγ > 0.9 in
addition to the loose category requirement.
The signal region (SR) is deﬁned by events with exactly two loose photon-jets, out of which
zero, one, or two jets also match the tight requirement. To predict QCD background contributions to the SR, a background dominated region (BR) is deﬁned as the set of events with
one or less loose photon-jets. The prediction itself is performed in data evaluating loose and
tight mistag rates in the BR as a function of jet pT and |η| and throwing toys to determine the
probability for BR events to migrate to the SR. This probability is then used to weight each
data event in the BR to construct the background distribution of the hadronic activity (HT ) for
each of the three SR categories.
The search is performed separately on events with exactly three and four or more jets.
The HT distributions for the three jet category are shown in Figure 2. The observed data
is consistent with the background prediction and the results of both categories are combined
and interpret as upper cross section limit for gluino pair production according to the simpliﬁed
stealth SUSY model. The cross section limit result is shown in Figure 3. In the context of gluino
pair production gluino masses up to 1.68 TeV for a neutralino mass of 200 GeV are excluded
at a 95% conﬁdence level (CL). For the largest neutralino masses this limit is slightly reduced
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to gluino masses of around 1.6 TeV. Based on ﬁnal states with photons in boosted jets this
analysis exceeds previous limits set by searches for isolated photons 3,4 .
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Figure 3 – The 95% CL upper cross section limit for the simpliﬁed stealth SUSY model in the parameter space
of the gluino and neutralino mass. The region left from the lines is excluded. The black line respresents the
observed and the red line the expected exclusion limit. The band around the expected limit indicates the region
containing 68% of the distribution of limits expected under the background-only hypothesis. The band around
the observed limit shows the change in the observed limit due to variation of the signal cross sections within their
theoretical uncertainties.

3

Search in diphoton events

The search 5 presented in the following mainly targets GMSB models with bino-like NLSPs,
leading to ﬁnal states with two photons and large missing transverse momentum. One of the
benchmark scenarios used in this search is shown in the left part of Figure 4. In this simpliﬁed
SUSY model, which is based on gluino (
g ) pair production, two neutralinos (
χ01 ) are produced
along with additional quark anti-quark pairs from the gluino decays. Due to the large bino
component of the neutralino it is assumed that both neutralinos decay to a photon and a nearly

massless gravitino (G).
The event selection (γ γ sample) of this search is based on the presence of two photons
> 100 GeV. Motivated by the choice of the
with pT > 40 GeV and a requirement of pmiss
T
diphoton trigger used in this analysis, the invariant mass of the diphoton system has to exceed
105 GeV. In addition to these requirements, any event with a muon or an electron satisfying
pT > 25 GeV and |ημ(e) | < 2.4(2.5) is vetoed.
Based on this event selection one of the main SM background contributions arises from
QCD processes. To predict this contribution in a data driven way, a control sample with two
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Figure 4 – Left ﬁgure : Diagram showing gluino (
g ) pair production, where both gluinos decay to a neutralino
5
and a quark anti-quark pair with the neutralino further decaying to a gravitino and a photon. Right ﬁgure : The
miss
pT distribution (top panel) of the observed data (black points), the QCD (red), misidentiﬁed electron (blue)
and irreducible (green) background. The total uncertainty of the background prediction is shown in yellow. In
addition, the expected distribution of two gluino pair production signal points is displayed. The bottom panel
shows the ratio of observed events to the expected background yields, with the gray band corresponding to the
total background uncertainty.

misidentiﬁed photons, also called ”fake” photons, is deﬁned (f f sample). The ratio between γ γ
< 100 GeV and ﬁtted with an exponential
and f f events is calculated in the region of pmiss
T
function. The exponential is then used to estimate the QCD contribution to the γ γ sample
> 100 GeV by multiplying the exponential with the f f yields for individual bins in pmiss
for pmiss
T
T .
Additional background contributions arise from electrons, which are misidentiﬁed as photons.
For this background an electron-to-photon misidentiﬁcation factor, derived using the tag-andprobe method, is applied to an eγ control sample. Irreducible contributions from Zγ γ events
with the vector boson decaying to neutrinos are predicted by simulation.
distribution is presented in the right part of Figure 4, which shows a good
The ﬁnal pmiss
T
agreement between data and background prediction with the largest ﬂuctuation in the last bin.
Based on this result upper cross section limits on gluino and squark pair production, shown in
Figure 5, are derived. Gluino masses up to 1.8 TeV and squark masses up to 1.6 TeV can be
excluded at a CL of 95 %. This corresponds to an increased sensitivity of more than 300 GeV
compared to a previous iteration 6 of this search.
4

GMSB combination

In this analysis 7 a combination of four diﬀerent SUSY searches in ﬁnal states with photons is
performed. In addition to the Diphoton search 5 presented in the previous section, the combination includes a search in ﬁnal states with photons and charged leptons (Photon+Lepton) 8 ,
γ
as well two more inclusive searches based on ﬁnal states with at least one photon (Photon+ST
γ 9,10
and Photon+HT )
. While the Diphoton and the Photon+Lepton search target events with
pmiss
above
the
order
of 100 GeV , the pmiss
requirements in the two inclusive searches exceed
T
T
γ
300 GeV and new variables are deﬁned to classify selected events. In case of the Photon+ST
γ
γ
miss
search, ST is given by the sum of pT and pT of all photons, whereas in the Photon+HT search,
γ
HT corresponds to the sum of the leading photon pT and pT oﬀ all jets.
The events used in the combination are divided into four categories, where each category
is based on one of the individual searches. To enable a statistical combination of these categories, the overlap between the categories is removed as explained in the following. Events
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Figure 5 – The 95% CL exclusion limit for gluino (left) and squark (right) pair production in the parameter space
of the gluino (squark) and neutralino mass. The region left from the lines is excluded. The black line respresents
the observed and the red line the expected exclusion limit. The band around the expected limit indicates the
region containing 68% of the distribution of limits expected under the background-only hypothesis. The band
around the observed limit shows the change in the observed limit due to variation of the signal cross sections
within their theoretical uncertainties.
γ

γ

with charged leptons or two photons that are also selected in the Photon+ST or Photon+HT
category, are removed from those categories and kept in the Photon+Lepton and Diphoton catγ
egory, respectively. Events with a large hadronic activity (HT > 2 TeV) are vetoed from the
γ
γ
Photon+ST category, while events with a lower hadronic activity (HT < 2 TeV) are vetoed
γ
from the Photon+HT category. Based on these additional vetoes, four exclusive categories are
created.
The observed yields and background predictions for the search bins of all four categories with
the additional vetoes applied are shown in Figure 6. While a few bins show small ﬂuctuations
in the observed data compared to the background prediction, no signiﬁcant deviation from the
SM is observed. This result is interpreted in a full general gauge-mediation (GGM) scenario,
shown in the left part of Figure 7. Within this scenario pair production of electroweak gauginos is
probed, while gluinos and squarks are assumed to be too heavy to be produced. The right plot of
Figure 7 shows the 95% CL upper exclusion limit for the combination as well as for the individual
searches. Chargino masses up to 890(1090) GeV can be excluded by the observed (expected)
limit of the combination. This corresponds to a gain of around 100 GeV for the expected limit
compared to the individual searches.

5

Summary

In this proceeding, two searches and a combination of searches for supersymmetry in events with
√
photons based on data collected by the CMS exeriment at s = 13 TeV corresponding to an
−1
integrated luminosity of 35.9 fb have been presented. No signiﬁcant deviation from the SM
is observed in any of the analyses and exclusion limits on stealth and GMSB SUSY scenarios
are derived. Within a simpliﬁed stealth SUSY scenario gluino masses up to around 1.6 TeV can
be excluded, while for a simpliﬁed GMSB scenario this limit can be extended up to 1.8 TeV.
In addition, an upper limit of 1.6 TeV on squark masses in the context of the GMSB scenario
is derived. In a combination of four individual SUSY searches in events with photons chargino
masses up to 890 GeV are excluded for a GGM scenario based on electroweak production, where
the combination improves the expected limit by 100 GeV compared to the individual searches.

121

35.9 fb-1 (13 TeV)

Events/bin

CMS Preliminary
4

Data

Total bkg. unc.

QCD multi-jet / γ + jet

Vector-boson + γ

jet → lepton mis-ID

Rare backgrounds

e → γ mis-ID

GGM M 1 = 1000 GeV M 2 = 750 GeV

10

3

10

γ

γ

ST

Lepton ( μ γ )

HT

Lepton (e γ )

Diphoton

102

10

data-bkg.

1

30
20
10
0
− 10
− 20
− 30
5

10

15

20

25

30

35

40

45

Signal region

m∼χ (GeV)

Figure 6 – Comparions between the observed yields and the background predictions for all search bins used in the
7
combination . The hatched bands in both parts of the plot correspond to the total uncertainty in the background
prediction. The red line in the top panel represent the expected yield for one speciﬁc GGM signal point.

χ
02

p

γ/Z
χ
01

χ
±
1

1000


G

G

χ
01

p

35.9 fb (13 TeV)

±
1

Z/H

-1

CMS Preliminary

500

γ/Z

Observed ± 1 σtheo.
γ

Photon+ST
γ

Photon+HT

W±

Expected ± 1 σexp.
Photon+Lepton
Diphoton

m∼χ = m∼χ + 120 GeV
±
1

200

0
1

400

600

m∼χ (GeV)
0
1

±

7

0

Figure 7 – Left ﬁgure : Diagram of one possible GGM process based on χ
1 χ
2 production, where the gaugino
7
5
decays depend on the gaugino composition of the gauge eigenstates. Right ﬁgure : The 95% CL exclusion limits
for the GGM scenario in the parameter space of the neutralino and chargino mass. The solid lines respresent
the observed and the dotted lines the expected exclusion limits. The band around the expected limit of the
combination indicates the region containing 68% of the distribution of limits expected under the background-only
hypothesis. The band around the observed limit of the combination shows the change in the observed limit due
to variation of the signal cross sections within their theoretical uncertainties.

References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.

CMS
CMS
CMS
CMS
CMS
CMS
CMS
CMS
CMS
CMS

Collaboration,
Collaboration,
Collaboration,
Collaboration,
Collaboration,
Collaboration,
Collaboration,
Collaboration,
Collaboration,
Collaboration,

JINST 3 S08004 (2008)
CMS-PAS-B2G-18-007, https://cds.cern.ch/record/2667271
Phys. Lett. B 743 (2015)
Phys. Lett. B 719 (2013)
Submitted to: JHEP, 2019, https://arxiv.org/abs/1903.07070
Phys. Lett. B 769 (2017)
CMS-PAS-SUS-18-005, https://cds.cern.ch/record/2668332
JHEP 1901 (2019)
Phys. Lett. B 780 (2018)
JHEP 12 (2017)

122

THE LIFETIME FRONTIER: SEARCH FOR NEW PHYSICS WITH
LONG-LIVED PARTICLES
P.Q. HUNG
Department of Physics, University of Virginia, Charlottesville, VA 22904-4714, USA

The search for new physics with long-lived particles is an ongoing and thriving eﬀort in
the High Energy Physics community which necessitates new search strategies such as novel
algorithms, novel detectors, etc...For these reasons, one could perhaps add another frontier,
the Lifetime Frontier, to the standard three (Energy, Intensity and Cosmic). In this talk, I
will describe a BSM physics model whose characteristic signatures are decays of new (mirror)
fermions at displaced vertices, a domain belonging to the Lifetime Frontier. It is a model
of non-sterile right-handed neutrinos whose masses are proportional to the electroweak scale
ΛEW ∼ 246 GeV . The model proposed a solution to the strong CP problem with a surprising
connection between the sizes of the neutrino masses and the θ-angle which contributes to the
neutron electric dipole moment.

1

Introduction

The discovery of the 125-GeV scalar and the absence of any sign of new physics at the LHC have
led the high energy physics community to ponder the question whether or not there is any new
physics at all or whether one should build a bigger accelerator and hope to ﬁnd it there. It goes
without saying that the SM as it now stands is incomplete. How incomplete is it? Leaving aside
dark matter about which we have very little information apart from its gravitational eﬀects on
galactic scales, there already exists quantities that we have already measured experimentally
but whose origins are still unknown: the hierarchy of quark and lepton masses and mixings, the
nature of neutrino masses which is inferred from neutrino oscillation data, and even the 125-GeV
scalar itself (are there more scalars?).
Most searches for new physics concentrated on regions of the detector which are close to
the collision point in the beam pipe at distances < O(1mm) for prompt particle decays and
regions which are on the edge of the detector for stable particorles. The present absence of
any sign of new physics might prompt us to ask whether or not we are not looking at the right
region. Perhaps it (new physics) is hidden somewhere in regions of the detector which are not
included in the present search algorithms, e.g. at distances greater than a few millimeters? If
we are looking for new particles through their decays, this unexplored region would correspond
to typical places where long-lived particles (LLP) would decay. We shall call this region“The
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X-Files” after a very popular TV series. This is the story of FBI investigations of unusual,
paranormal phenomena which are classiﬁed in the so-called X-Files. The two FBI agents involved
in the investigations are Fox Mulder and Dana Scully. Fox Mulder believes in the existence of
extraterrestrials who are involved in these paranormal phenomena. Dana Scully tries to debunk
Mulder’s speculations. The parallelism with High Energy Physics is very suggestive: Fox Mulder
↔ Theorists; Paranormal phenomena ↔ Displaced vertices,...; Extraterrestrials ↔ New Physics;
Dana Scully ↔ Experimentalists. In the“X-Files” are speculative models such as L-R Models,
R-parity violating SUSY, Split SUSY,..., Origins of neutrino masses.
Among the various items in the aforementioned X-Files, ”neutrino masses” is underlined.
Although its origin is still unknown, the fact that neutrinos have a mass is indisputable and
this is the only evidence we have so far of physics beyond the SM (BSM). But why would it be
classiﬁed in the X-Files, the region of LLP? What aspects of neutrinos are we searching for in
that region? To answer this question, let us ask another question: How do tiny neutrino masses
come about?
There are many proposals for the existence of tiny neutrino masses with the most attractive
and popular one being the so-called seesaw mechanism. Because of space limitation, I will not
be able to do justice to all proposals on the market but will concentrate instead on the seesaw
mechanism which basically postulates the existence of right-handed neutrinos νR .
Basically the seesaw mechanism involves two mass terms: the Dirac mass term mD ν̄L νR +
T ν . It is worthwhile to repeat a well-known fact: the
H.c., and the Majorana mass term MR νR
R
aforementioned mass terms involve a mixing between left-handed and right-handed neutrinos.
MR (M ajorana), the diagonalization of a 2x2 matrix yields the
If one assumes mD (Dirac)
iconic eigenvalues: |mν | = m2D /MR ∼ O(< eV ) and MR =?. What are the physics mechanisms
behind the generation of mD and MR ? How massive are νR ’s and do they interact with the W
and Z bosons of the SM?
In standard seesaw scenarios, νR ’s are SM singlets and are thus sterile. In grand uniﬁed
models where the SM is embedded such as SO(10) for example, MR is naturally of O(ΛGU T ∼
101 6 GeV ) and νR ’s are thus inaccessible both from the point of view of production- they do not
couple to SM gauge bosons- and from the point of view of mass scale. More involved models
can lower MR signiﬁcantly but not enough for νR ’s to be produced at earth-bound accelerators.
Another class of models, the left-right symmetric model SU (3)C ×SU (2)L ×SU (2)R ×U (1)B−L 1 ,
where νR ’s are SU (2)L -singlets but are members of SU (2)R -doublets, has more potential for the
discovery of νR ’s. However, this potential is intrinsically linked to the discovery of WR , the gauge
bosons of SU (2)R . Notice that, in all of these models, mD is proportional to ΛEW ∼ 246 GeV .
It goes without saying that this brief description of νR ’s as sterile particles is very far from doing
justice to works on the subject.
WHAT IF νR ’s are non-sterile and interact with W and Z with the same strength as that of
other known SM quarks and leptons? WHAT IF MR is proportional to ΛEW ? Two remarks are
in order at this point. First, there is NO physical principle forbidding a non-sterile νR ’. Second,
this could be a TESTABLE scenario. This is the essence to the electroweak-scale non-sterile
right-handed neutrino model or simply the EW-νR model 2 .
2

The EW-νR modelwith LLPs

Below is a brief summary of the gauge and particle contents of the model 2 , as well as interactions
relevant for the discussion presented in this talk.
1. Gauge group: The same gauge group as in the SM i.e. SU (3)C × SU (2)W × U (1)Y .


2. Fermions: SM: lL =

νL
eL





; qL =

uL
dL



; e R ; uR , dR ;
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M =
Mirror: lR

M
νR
eM
R




M =
; qR

uM
R
dM
R


M
M
; eM
L ; uL , dL .

3. Scalars:
SM
Doublet Higgs ﬁelds 2,3 : (similar to 2HDM): ΦSM
1 (Y /2 = −1/2), Φ2 (Y /2 = +1/2)
M (Y /2 = −1/2), ΦM (Y /2 = +1/2) coupled to mirror
coupled to SM fermions and
Φ
1
1
√
√
√
SM
M
M
M
fermions√with ΦSM
1  = (v1 / 2, 0), Φ2  = (0, v2 / 2) and Φ1  = (v1 / 2, 0), Φ2  =
M
(0, v2 / 2) .

Triplet Higgs ﬁelds: One complex χ̃ = (χ0 , χ+ , χ++ ) and one real ξ(Y /2 = 0) = (ξ + , ξ 0 , ξ − )
which can be put in a 3x3 matrix of global SU (2)L × SU (2)R
⎛

χ0

⎜
χ = ⎝ χ−

χ−−

⎞

ξ + χ++
⎟
ξ 0 χ+ ⎠
−
0∗
ξ
χ

2 =
with χ0  = ξ 0  = vM in order to preserve Custodial Symmetry (that guarantees MW

M,2
2
2
2
2
2
MZ cos θW at tree level). Here ( i=1,2 vi + vi ) + 8vM = (246GeV ) .

Singlet Higgs ﬁelds: φS with φS  = vS
vM (to be explained below): Important scalars
connecting the SM and Mirror worlds. Crucial in the search for mirror fermions → displaced vertices. Crucial for the strong CP problem.
4. Relevant interaction Lagrangians:

M,T
M
σ2 τ2 χ̃ lR
,
L M = g M lR

(1)

giving MR = gM vM ⇒ MZ /2 < MR < O(ΛEW ∼ 246GeV ). Energetically accessible!
M
LS = −gSl ¯lL φS lR
+ H.c.,

(2)

giving mD = gSl vS . This is an interaction that is crucial in the decay of a mirror
lepton into a SM lepton plus a singlet scalar ﬁeld. Obviously accessible but where is
it? It depends on gSl ! . For the quark sector, gSl → gSq (from gSq q̄ M φS qL ).
2 /g )(v 2 /v ) ∼ O(< eV ). What does all
One now has |mν | = m2D /MR = (gSl
M
S M
this have to do with the X-Files scenarios? As can be seen above, mirror fermions
decaying into a SM fermion and a singlet scalar will have a lifetime that depends on
the Yukawa couplings gSl and gSq . It turns out, as we will show next, that these
Yukawa couplings are restricted experimentally to be very small. As a result, the
decays of the lightest mirror fermions into SM fermions will always occur at displaced
vertices. In consequence, the lightest mirror fermions are the LLPs in the EW-νR
model .

3

Experimental constraints on gSl

The contributions to the processes μ → eγ 4 , μ to e conversion 5 come from the interaction of
Eq. 2 where the muon is changed into a mirror lepton and a singlet scalar φS in the one-loop
diagrams. The results are summarized in Fig. 1 4,5 . From Fig. 1, the strongest constraint comes
from the MEG μ → eγ experiment. Typically, gSl < 10−4 .
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Figure 1 – Experimental constraints from μ → eγ, μ to e conversion

4

Experimental constraints on gSq

The constraint on gSq comes indirectly from a proposed axionless solution to the strong CP
problem. A very brief summary of that problem is in order here.
The QCD vacuum is complicated as expounded by ’t Hooft 6 and the proper way to write a

θ)|n.
gauge-invariant vacuum is to characterize it by an ”angle” θ, namely |θ = n exp(−ın

2
˜a
This has the eﬀect of changing the action as follows Sef f = Sgauge + θ (g3 /32π 2 ) dx Gμν
a Gμν .
The integrand of the second term in the aforementioned equation behaves like E.B where E
and B have opposite signs under a CP transformation. As a result, it is CP-violating. This
term contributes to the electric dipole. moment of the neutron as dn ≈ 5.2 × 10−16 θQCD e − cm.
Experimentally, |dn | < 2.9 × 10−26 e − cm leading to the constraint θ < 10−10 . Why is it so
small? That is the strong CP problem. It is made worse by the fact that in general quarks
mass matrices are complex and introduces an extra ”angle” ArgDetM , i.e. the eﬀective angle
appearing in front of the CP-violating integral is now
θ̄ = θ + ArgDetM

(3)

The most famous solution to the strong CP problem is without question the Peccei-Quinn
axion 7 . By imposing an extra chiral global symmetry U (1)P Q , Peccei and Quinn argued that a
chiral rotation by a phase σ changes the θ-vacuum to another vacuum characterized by θ−2σ with
the same energy: one has an equivalent theory for any value of θ meaning that it is ”irrelevant”
8 . One can ”rotate” away the original angle to zero and has a CP-conserving theory provided
ArgDetM = 0. This happens in the Peccei-Quinn model when the scalar has vanishing VEV.
In realistic theories, one expects ArgDetM = 0. The Peccei-Quinn solution is to replace it by
a dynamical ﬁeld ArgDetM → a(x)/f which settles to zero at the minimum of the associated
potential. Forty years after its conception, the axion is still the subject of intense experimental
(earth-bound and astrophysical) searches.
There are several axionless models for the strong CP problem. It turns out that the EW-νR
model has a built-in global symmetry U (1)SM × U (1)M F which is imposed to prevent unwanted
terms which could disturb the seesaw mechanism. This global symmetry has a chiral part which
can nicely be used to ”rotate” away θ leaving behind the extra contribution from the quark mass
matrix ArgDetM . A calculation within a toy model of one family of quarks and one family of
mirror quarks which can be generalized to the more realistic case of three families shows the
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following result 3,9 . With θ̄ ≡ θW eak = ArgDet(Mu Md )
θW eak ≈ −(ru sin(θq + θu ) + rd sin(θq + θd )),

(4)

2 )(m2 /(m M )); r = |g ||g |/g 2 )(m2 /(m M )) with m and M
where ru = (|gSq ||gSu |/gSl
u u
Sq
d
Sd
d d
D
D
Sl
denoting the SM and mirror quark masses respectively. As seen from the aforementioned results,
the non-vanishing θ̄ arises from the mixing between SM and mirror quarks through the singlet
scalar φS and the phases reside in the oﬀ-diagonal matrix elements of the mass matrices. As
noticed in ? , assuming the Yukawa couplings gSq,u,d,l = 0, mD → 0 as the VEV of φS , namely vS ,
goes to zero, i.e. θW eak → 0 (just like the P-Q scenario) when mν → 0. Since mν ∼ O(eV ) = 0,
θ̄ is small because mν is small! It does not have to be zero! This has interesting implications
on future measurements of the neutron electric dipole moment. Putting reasonable numbers
|g ||g |
|g ||g |
in Eq. 4, one gets θW eak < −10−8 {( Sqg2 Su ) sin(θq + θu ) + ( Sqg2 Sd ) sin(θq + θd )}. Without
Sl
Sl
ﬁne-tuning, this implies that

|gSq | < |gSl | < 10−4 .

(5)

Mirror quarks are long-lived too!

5
5.1

Search for long-lived mirror fermions
Long-lived mirror leptons

The signals to look for are lepton-number violating signals at high energy: Like-sign dileptons
from the decays νR νR (q q̄ → Z → νR νR ). Remember that νR s are non-sterile and Majorana!
+ followed by eM → e
One has νRi → eM
Lk + φS which occurs at displaced vertices due
Rj + W
Rj
to the smallness of gSl < 10−4 . The signals at the LHC would be q q̄ → Z → νR i + νRi →
eLk + eLl + W + + W + + φS + φS : Like-sign dileptons eLk + eLl plus 2 jets (from 2 W ) plus
missing energies (from φS ) ⇒ Lepton-number violating signals! The appearance of like-sign
dileptons (e− e− , μ− μ− , τ − τ − , e− μ− , ...) could occur at displaced vertices > 1mm or even tens
of centimeters depending on the size of gSl . One can also have ū + d → W − → eM
Rj + νR →
eL + eL + 1Jet + φS + φS . See also the discussion in 10 .
5.2

Long-lived mirror quarks

A typical decay chain of a mirror quark starts with the heaviest one which decays into a lighter
M
one plus a W, e.g. uM
i → dj + W . The lightest mirrow quark can only decay into a SM quark
plus the singlet scalar φS . Since the decay length of a ”free” lightest mirror quark (> 1mm) is
typically much larger than a hadronic length (∼ 1f ermi), the gluon fusion process ﬁrst gives
rise to a mirror meson (q̄ M q M ) which subsequently decays, at a displaced vertex, into a pair of
SM quark and antiquark. Since mirror quarks are heavy, the formation of a mirror meson can be
accomplished, to a good approximation, by a QCD Coulomb-like potential V (r) ≈ −4αs (r)/3r.
It is straightforward to compute the mirror meson wave function at the origin which will allow us
to obtain the production cross section and the decay rate (details can be found in 11 ). Basically,
the relevant process is σ(gg → η M → q q̄) where η M stands for ”mirror meson”. In η M → q q̄,
there is no missing energy in the form of φS because q M and q̄ M exchange φS and transform
into q and q̄. (For an earlier discussion, see 12 .)
From Fig. 2, one notices that mirror mesons decay well inside a typical silicon vertex detector
and beyond for a range of mass (mηM ≈ 2mqM ) and for gSq < 10−4 . The lightest mirror mesons
are long-lived! Other kinds of mesons and even ”baryons” involving one or more mirror quarks
are under study.
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Figure 2 – Production cross section and decay length of mirror mesons

6

Conclusions
The EW-νR model belongs to a class of models where characteristic signatures are Longlived particles. They are the lightest mirror fermions.
The case of whether neutrinos are of a Dirac or Majorana nature can be settled if likesign dilepton signals are discovered at displaced vertices at hadron colliders such as the
LHC. Is it a harder or ”easier” experiment as compared with 0νββ experiments? In some
sense, like-sign dilepton ”signals” at displaced vertices are the high-energy equivalence of
low-energy 0νββ ”signals”.
There seems to be a deep connection between neutrino physics and QCD in the solution
to the strong CP problem: The magnitude of θ̄ is linked to the magnitude of the neutrino
mass, namely very small.
The Lifetime Frontier promises interesting windows into physics beyond the SM.
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Searches for BSM Higgs bosons with the ATLAS and CMS detectors at
√
s = 13 TeV
Devin Taylor
on behalf of the ATLAS and CMS Collaborations
University of California, Davis, Davis, CA, United States
The LHC Run-2 presents a new, vastly larger data set at a higher center-of-mass energy,
√
s = 13 TeV, than ever before. The ATLAS and CMS collaborations have utilized this data
to explore extensions to the standard model Higgs sector. I summarize these searches and
interpret them in the context of the two-Higgs-doublet model.

1

Introduction
1,2,3

4

5

by the ATLAS and CMS collaborations during the
With the discovery of the Higgs boson
ﬁrst run of the LHC, the standard model (SM) is complete. The LHC Run-2 begins a new era
of precision measurements of the SM Higgs boson and allows probing beyond SM (BSM) models
with unprecedented reach. This proceeding summarizes the latest results from the ATLAS and
CMS collaborations exploiting this new data to explore BSM Higgs boson models.
The results shown here are interpreted in the context of the two-Higgs-doublet model
(2HDM) and its extensions. These models introduce a new Higgs doublet to the SM Higgs
doublet, resulting in four new Higgs bosons: a heavy neutral Higgs boson, H, a pseudoscalar, A,
±
and two charged Higgs bosons, H . Typically, the observed SM-like Higgs boson is interpreted
as the lightest neutral Higgs boson h. 2HDMs are further categorized by the couplings of the
quark and lepton content to the two doublets. Four such coupling relations are deﬁned: Type-I
where all quarks and leptons couple to the same doublet, Type-II where down-type quarks and
leptons couple to the same doublet, Type-III (lepton) where leptons and quarks couple to separate doublets, and Type-IV (ﬂipped) where the up-type quarks and leptons couple to the same
doublet. In particular, the minimal supersymmetric SM (MSSM), whose Higgs boson content
is that of the Type-II 2HDM, provides a convenient way to parameterize various searches for
exotic Higgs boson decays into two parameters, the ratio of the vacuum expectation values of
the neutral components of the two Higgs doublets, tan β, and the mass of the A, mA .
I ﬁrst summarize constraints on BSM Higgs bosons from SM Higgs boson coupling measurements. I then use the 2HDM to interpret searches from heavy neutral H and A searches followed
±
by charged H searches. Finally, I report results from searches targeting exotic decays of h.
2

Higgs coupling

Precision measurements of the SM Higgs boson couplings provide a strong limit on the presence
6
7
of BSM Higgs bosons. In Run-2, both ATLAS and CMS have measured the couplings of the
Higgs boson to photons, W and Z bosons, tau leptons, and b quarks. In addition, searches have
been performed for the decay of the Higgs boson to muons. The production modes studied vary
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ATLAS Preliminary

tanβ

tanβ

by decay channel but include gluon-gluon fusion, vector boson fusion (VBF), VH, and ttH.
√
−1
Results from CMS use 35.9 fb of data collected at s = 13 TeV, while ATLAS results use
−1
24.5 − 79.8 fb , depending on decay mode.
The SM Higgs boson is interpreted as the lightest CP-even scalar, h, of the 2HDM and
results are expressed in terms of the mixing angle of h and H, α, and tan β. The 2HDM Type-II
interpretation is shown in Figure 1. It should be noted that the h couplings take on their SM
values at the alignment limit where cos β − α = 0. The node of available phase space in the
high tan β region at positive cos β − α is a result of some fermion couplings taking on their SM
values, with opposite sign, at cos β + α ≈ 0. In addition, for the MSSM, an interpretation in
terms of tan β and mH , the mass of H, is provided also provided. This exclusion is valid for the
8
hMSSM where the mass of MSSM h boson has been set to that of the observed Higgs boson.
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Figure 1: Exclusions in the tan β, cos β − α plane for the Type-II 2HDM (left) and in the tan β, mH
plane for the hMSSM (right) from the ATLAS collaboration 6 . The shaded regions correspond to regions
of observed exclusion and the expected exclusions are indicated with a dashed line.

3

Neutral Higgs bosons

In general, the searches discussed in this section are model independent, requiring only that the
particular decay channel is kinematically allowed. The searches for heavy neutral Higgs bosons
will be interpreted in terms of the MSSM with results shown in the tan β, mA plane. Within
this model, lepton and down-type quark searches provide the greatest sensitivity in the high
tan β region, H → ττ being the most sensitive. Up-type quarks can probe the low tan β region.
In addition, the low to medium tan β region can be probed by decays of the heavy neutral Higgs
boson to WW, ZZ, hh, and, where allowed, Zh. It should be noted, much of the low mA is
excluded by the Higgs coupling measurements discussed in the previous section.
9
10
ATLAS and CMS also search in the H → μμ decay mode. While both collaborations use
the μμ invariant mass, mμμ , as the discriminating variable and categorize events via the presence
or absence of a b-tagged jet, they take diﬀerent approaches in the background estimation.
ATLAS uses a simulation plus estimates from data to model the background while CMS uses a
functional form to model the background distribution. These distributions are shown in Figure 2.
The searches in the μμ channel provide a clean signature but a lower predicted cross section in
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9

Figure 2: mμμ distributions from ATLAS in the b-tagged (left) and non-b-tagged (center) categories
and from CMS 10 (right) in the S/(S + B) weighted combined categories.
11,12
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Events / 100 GeV
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the comparison model, making them less sensitive than the ττ channel
in the high tan β
region.
a
13
ATLAS searches for the decay of H → tt in the all-hadronic ﬁnal state. The search is
separated into two distinct analyses, a resolved analysis targeting top quarks with pT less than
approximately 500 GeV in which the decay products of the top are reconstructed as separate
jets and a boosted analysis in which the decay products of the top are reconstructed as a single
large jet. In the resolved analysis, six jets are required, two of which must be b-tagged. In the
boosted analysis, two large jets are required, each of which must have a nearby track jet that is
b-tagged. A dedicated top-quark pair reconstruction is used in each analysis with events further
categorized based on the number of b-tagged jets. In the resolved case, each top group of jets is
also tagged as containing a W boson candidate or not while in the boosted case the τ32 quantity
is used to further separate event categories based on whether the large jet is consistent with a
three-prong structure. Two distributions of the reconstructed top-quark pair mass are shown in
Figure 3.
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Figure 3: Distributions of the top-quark pair mass in the resolved (left) and boosted (right) analyses
searching for H → tt from ATLAS 13 .
a

CMS released a search in the H → tt channel after this conference
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15

tanβ

CMS has also searched for the decay of H → bb in the b-associated Higgs production
b
mode. ATLAS and CMS have both carried out a range of additional searches in the decay of
a heavy neutral Higgs boson or pseudoscalar to vector bosons or vector bosons in association
17
18
with a Higgs boson. ATLAS has performed searches in the H → WW , H → ZZ , and
19
20
21
channels. CMS has searched in the H → ZZ , A → ZH → llbb , and
A → ZH → llbb
22 c
24
25
the A → ZH → ll ττ . In addition, both ATLAS and CMS have searched for resonant
production of H → hh.
A summary of the exclusion on a heavy pseudoscalar in the tan β, mA plane from the CMS
125
26
collaboration for the Mh scenario of the MSSM model is shown in Figure 4. This scenario
was developed to be consistent with Run-2 results from the LHC, including searches for SUSY
particles and additional Higgs bosons.
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Figure 4: Exclusions on a heavy A in the M125
scenario of the MSSM model as a function of tan β and
h
mA from the CMS collaboration. The hatched area in red shows the region in which the scenario is not
consistent with a light neutral Higgs boson with mh = 125 GeV.

4

Charged Higgs bosons
±

The search for a charged Higgs boson, H , proceeds via three major production modes. When
the mass of the charged Higgs boson, m ± , is below the top mass tt production dominates
H

while above the top mass tb associated production dominates. Near the top mass, these two
±
production modes and bbW associated production all become important. The two primary
±
+
+
channels to search for H are H → τν for the full mass range and H → tb for charged Higgs
boson masses above the top mass only.
27
28
+
ATLAS and CMS search for m ± > 200 GeV in the leptonic decay channel of H → tb.
H
Both collaborations take a similar approach of categorizing the events by one or two lepton
ﬁnal states and the number of jets and b-tagged jets. For each category, a boosted decision
tree (BDT) or, in the case of CMS in the dilepton ﬁnal state, a deep neural network (DNN)
discriminator is used as the discriminating variable.
29
30
+
ATLAS and CMS also explore the full m ± range via the H → τν channel. Both
H
collaborations use the τ h +jets and τ h + l ﬁnal states with CMS additionally using the l+jets
ﬁnal state. ATLAS uses a BDT as a discriminating variable in ﬁve m ± bins while CMS
H

b
c

ATLAS released a search in the b-associated H → bb channel after this conference
23
CMS released a search in the H → WW channel after this conference .
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categorizes events separately depending on ﬁnal state by jet and b-tagged jet multiplicity or the
Rτ helicity correlation quantity in the case of the τ h +jets ﬁnal state. A summary of the charged
Higgs boson search exclusion regions in the τν and tb decay modes is shown in Figure 5 for the
mod−
31
mh
scenario of the MSSM model .
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Figure 5: Exclusions on a heavy H in the
scenario of the MSSM model as a function of tan β
and mH ± from the ATLAS 27 (left) and CMS (right) collaborations. The hatched red line in the CMS
ﬁgure shows the region in which the scenario is not consistent with a light neutral Higgs boson with
mh = 125 GeV.
±

32

±

CMS has also, for the ﬁrst time at the LHC, performed a search in the H → W A channel. This search features a narrow dimuon resonance from the A → μμ decay as a discriminating
variable. The W boson decays leptonically and three leptons are required in the ﬁnal state. A
two dimensional scan is performed in the m ± , mA plane. Figure 6 shows the expected signal
H
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Figure 6: Dimuon invariant mass distribution (left) and observed upper limits on B(t → bH + ) (right)
for the H ± → W ± A → l μμ search channel from CMS 32 .
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h → aa

An extension to the 2HDM, in which a singlet is added to the Higgs content, provides further
phenomenologically interesting phase space to explore, including a new light pseudoscalar, a,
allowing decays of h → aa. Analogous to the 2HDM case, a next-to-MSSM (NMSSM) is similarly
used as a benchmark to interpret results in terms of the parameters tan β and ma , the mass of
the a.
The mass range of interest is 2mμ < ma < mh /2 and encompasses three major decay
channels for the a: μμ , ττ , and bb. In the NMSSM, as ma increases and new decay modes
become available at 2mτ and 2mb , the newly available decay mode dominates. This is because
the NMSSM is of Type-II and the leptons and down-type quarks couple to the same doublet.
In other types, such as Type-III and Type-IV, where the leptons and down-type quarks couple
diﬀerently, the relative power of an individual search channel depends strongly on tan β. In the
Type-III (lepton) case, the lepton decay modes will have improved sensitivity at high tan β while
in the Type-IV (inverted) case, the decays to bb will dominate, once the decay is kinematically
allowed. In Type-I there is no dependence on tan β. A further consideration is the large mass
diﬀerence between h and a in the low ma region, which gives a boosted topology requiring
dedicated techniques to reconstruct the ﬁnal state objects.
ATLAS and CMS both probe a wide variety of ﬁnal states targeting the h → aa channel.
33
34
35
36
ATLAS searches in the 4b , 2b2μ , and 4μ ﬁnal states. CMS has searches with the 2μ 2τ ,
37
38
39
40
2μ 2b , 2b2τ , 4μ , and 4τ . The 4τ ﬁnal state analysis uses a novel boosted reconstruction
technique in which two well separated same-sign muons are each required to have a nearby track.
The muons are from the muon decay of a tau lepton, while the tracks are from a single-prong
decay of a tau lepton, either an electron, muon, or charged hadron. The search looks in the two
dimensional plane of the invariant mass of each muon and track pair, mμ ,trk . Figure 7 shows a
one dimensional projection of one of the mμ ,trk distributions as well as the observed upper limits
for σ × BR(h → aa → 4τ ).
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Figure 7: mμ ,trk distribution (left) and observed upper limits on σ × BR (right) for the h → aa → 4τ
search channel from CMS 40 .
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Conclusion

√
ATLAS and CMS continue to explore extensions to the SM with the data collected at s =
13 TeV at the LHC. A wide variety of searches using diﬀerent ﬁnal states and novel analysis
techniques have been developed. Here, I have summarized some of the most recent results and
interpreted them in the context of the 2HDM and its extensions. These results primarily come
from the 2016 data taking period, which corresponds to only a quarter of the recorded data at
13 TeV. Even more data is on the way in Run-3 and beyond. It is an exciting time to hunt for
new Higgs bosons.
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Neutrinos
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Latest Results from Daya Bay
Liang Zhan
On behalf of the Daya Bay Collaboration
Institute of High Energy Physics, Chinese Academy of Sciences
Beijing, China

The Daya Bay experiment is designed to precisely measure the reactor antineutrino oscillation at a baseline around 2 km. Eight functionally identical detectors are placed at three
underground experiment halls with distances between 360 m and 1900 m from six reactors.
The Daya Bay experiment observed the reactor antineutrino disappearance at short baseline
with a signiﬁcance of 5.2σ in 2012. The Daya Bay experiment is continuously improving the
precision of the mixing angle sin2 2θ13 and eﬀective neutrino mass-squared diﬀerence |Δm2ee |
with growing statistics and better systematic uncertainties. In this talk, the latest results of
sin2 2θ13 and |Δm2ee | is reported with the 1958-day data sample of neutron-gadolinium capture
events. As an independent measurement, the oscillation analysis is also performed using the
neutron-hydrogen capture events. Besides the oscillation measurement, the progress on the
measurement of reactor antineutrino ﬂux and spectrum is also reported.

1

Introduction

The observations of neutrino oscillation from the sun, the atmosphere, reactors, and accelerators
have established that neutrinos have mass and that ﬂavor eigenstates of neutrinos are mixtures of
mass eigenstates. In the three-ﬂavor neutrino framework, the neutrino mixing can be quantiﬁed
using Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix, which can be parameterized in terms
of three mixing angles (θ12 , θ23 , θ13 ) and a CP phase (δ). The neutrino oscillation probability
also depends on two independent mass-squared diﬀerences Δm221 and Δm231 (or Δm232 ). Among
the three mixing angles, the θ13 can be measured using reactor antineutrinos at a short baseline
(∼km). The survival probability of reactor antineutrino is
Pν e →ν e = 1 − cos4 θ13 sin2 2θ12 sin2 Δ21 − sin2 2θ13 (cos2 θ12 sin2 Δ31 + sin2 θ12 sin2 Δ32 ),

(1)

L(m)
where Δji ≡ 1.267Δm2ji (eV2 ) E(MeV)
, and Δm2ji is the diﬀerence between the mass-squares of the
mass eigenstates νj and νi . Besides the mixing angle θ13 , the eﬀective mass-squared diﬀerence,
Δm231 and Δm232 , can also be determined by measurement of the energy-dependent oscillation.
The Daya Bay Reactor Neutrino Experiment was designed for precise measurement of the
neutrino mixing angle θ13 . The precision is ensured by these features:1) high statistical precision
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due to large thermal power of reactors and large target mass of detectors; 2) reduction of reactor
related uncertainties by relative Far/Near measurement of multiple detectors; 3) reduction of
detector related uncertainties by identically designed multiple detectors; 4) low backgrounds by
suﬃcient overburden and good shielding.
A detailed description of Daya Bay experiment can be found in Ref. 1 . The Daya Bay
experiment is located near three nuclear power plants (Daya Bay, Ling Ao, and Ling Ao II) in
South China. Each power plant has a pair of reactor cores. All six cores are similar pressurized
water reactors, each with a maximum of 2.9 GW thermal power. Eight identically designed
antineutrino detectors (ADs), with a 20-ton target mass each, are placed in three underground
experimental halls (EH1 and EH2 for the near sites, and EH3 for the far site), covering baselines
ranging from 360 m (EH1 to Daya Bay) to 1910 m (EH3 to Daya Bay).
The Daya Bay experiment started data-taking on September 23, 2011 with two ADs installed
in EH1. On December 24, 2011, the “6-AD” run started shortly after four more ADs were
installed in EH2 and EH3. In 2012, the Daya Bay experiment observed a non zero θ13 with a
signiﬁcance of 5.2σ 2 via a rate-only measurement with 55 days of data. This observation was
later conﬁrmed by analysis with more data 7 . Other experiments obtained consistent results 3
4 5 6 . Besides sin2 2θ , the eﬀective mass-squared diﬀerence |Δm2 | was measured for the ﬁrst
13
ee
time from a reactor neutrino experiment via the spectral analysis 8 . The “8-AD” run started
on October, 2012 after the installation of the ﬁnal two ADs in the summer of 2012. The
precisions of sin2 2θ13 and |Δm2ee | have been continuously improved by Daya Bay 9 10 11 . This
talk reports the latest oscillation analysis using neutron-gadolinium capture sample of 1958 days.
As an independent measurement, the result with the neutron-hydrogen capture events is also
reported. More details about the oscillation analysis are available in Ref. 11 . The measurement of
the reactor antineutrino ﬂux and spectrum obtained for the 6-AD data 16 conﬁrmed the “Reactor
Antineutrino Anomaly” 15 and found a spectral shape anomaly (“5-MeV bump”). Furthermore,
the Daya Bay experiment observed the evolution of the reactor antineutrino ﬂux and spectrum
as a function of the ﬁssion fractions of reactor fuel isotopes 17 . With the latest 1958 days of
data, a new measurement of the reactor antineutrino spectrum was obtained and the individual
spectra of two dominant isotopes (235 U and 239 Pu) were extracted for the ﬁrst time in commercial
reactors. More details about the reactor antineutrino ﬂux and spectrum measurement can be
found in Ref. 18 .
2

Oscillation Measurement

Reactors are a pure source of electron antineutrinos, ν̄e , which are produced by four primary
isotopes: 235 U, 238 U, 239 Pu, and 241 Pu. The antineutrinos are detected via inverse beta decay
(IBD) reactions in the gadolinium-doped liquid scintillator (GdLS) of the Daya Bay ADs. A
total of ∼3.5 million (∼0.5 million) IBD candidates for the near (far) detectors were selected
using the criteria described in 2 . The statistics were increased by ∼ 60% compared with the
previous results 10 with 1230 days of data. The ratio of expected backgrounds to IBD signal is
less than 2% in all ADs. The IBD rate as well as the prompt and delayed energy spectra show
consistency between side-by-side detectors in each experimental hall.
Two key developments were carried out to improve the energy scale calibration in this analysis. At the end of 2015, a full Flash-ADC (FADC) readout system was installed in EH1-AD1,
recording the PMT output waveforms with 1 GHz frequency and 10-bit resolution. The FADC
system and the existing readout system are taking data simultaneously, providing direct measurement of the electronics nonlinearity. The PMT readout charge was precisely measured via
the waveform information recorded by the FADC system. As a result, the electronics nonlinearity was measured with a 0.2% precision. In January 2017, a special calibration campaign was
carried out to deploy 60 Co sources with various enclosures. The shadowing eﬀects of these enclosures were precisely determined, and the reconstructed energies of these γ-rays were measured
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with a 0.5% uncertainty. The energy nonlinearity uncertainty was improved to be ∼ 0.5% from
the previous ∼ 1.0% above 2 MeV. Fig. 1 shows the best ﬁt nonlinearity model for position and
the its uncertainty. The energy nonlinearity model agrees with various gamma calibration data
well, as shown in Fig. 2.
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Figure 1 – Relationship between the reconstructed and
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Figure 2 – The estimated LS nonlinearity, and the measured values from various γ sources.

Among the ﬁve categories of backgrounds, the 9 Li/8 He correlated background dominates
the uncertainty. The 9 Li/8 He background is produced by the cosmogenic muons. Yields of the
9 Li/8 He background in three experimental halls are estimated by ﬁtting the distribution of time
interval between the IBD candidate and the preceding muons. The yield ﬁt is feasible only after
applying a prompt energy cut to the IBD candidates to enhance the 9 Li/8 He background ratio in
the IBD candidate. Thanks to the increased statistics, the prompt energy cut can be increased
to 8 MeV from the previous 3.5 MeV, resulting a cleaner selection of 9 Li/8 He background in the
IBD candidates. As a result, the 9 Li/8 He background uncertainty is reduced from 50% to 30%.
With the increased statistics and improved systematic uncertainties, the precision of the
oscillation parameter measurement was improved. To evaluate the oscillation parameters, a
χ2 is deﬁned using the approach described as Method A in Ref. 11 . We obtained sin2 2θ13 =
−3 eV2 . Consistent results are obtained using
0.0856 ± 0.0029 and |Δm2ee | = (2.522+0.068
−0.070 ) × 10
Methods B or C in Ref. 11 . Statistic uncertainty contributes 60% (50%) of the total uncertainty
in the precision of sin2 2θ13 (|Δm2ee |).
The reconstructed prompt energy spectrum observed in the EH3 is shown in Fig. 3. The
best-ﬁt prediction of EH3 spectrum based on the observed spectra in the two near halls and
best-ﬁt oscillation parameters is compared with the observed spectrum. The best-ﬁt values of
the sin2 2θ13 and |Δm2ee |, together with the 68.3%, 95.5% and 99.7% C.L. allowed regions are
shown in Fig. 4.
An independent measurement of sin2 2θ13 has been obtained via the detection of IBDs tagged
by neutron capture on hydrogen (nH) 12 . Comparable statistics as the nGd case is achieved by
the ∼15% of neutron captures in the Gd-LS region and almost all of the neutron captures in the
LS region. New analysis approaches have been developed to meet the challenges associated with
the higher background, longer neutron capture time (∼200 μs), and a lower energy (2.2 MeV)
γ ray from neutron capture for nH IBD events. The prompt candidate is required to have
E > 1.5 MeV, a longer coincidence time window of 400 μs is required, and the distance between
the prompt and delayed candidates is required to be < 0.5 m. Based on the rate deﬁcit observed
at the far-site detectors for the 6-AD period, a value of sin2 2θ13 = 0.071 ± 0.011 is extracted.
The result is shown in Fig. 5, which is consistent with the result obtained in the nGd analysis.
New analysis approaches are being developed to utilize the spectral information of nH IBD
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Figure 4 – The 68.3%, 95.5% and 99.7% C.L. allowed
regions in the sin2 2θ13 − |Δm2ee | plane. The onedimensional χ2 for sin2 2θ13 and |Δm2ee | are shown in
the top and right panels, respectively. The best-ﬁt
point and one-dimensional uncertainties are given by
the black cross.

prompt signals in the oscillation parameter analysis. The detector energy response, including
the eﬀects of energy leakage, energy non-linearity, energy resolution, are the key in the spectral
analysis. The analysis on the oscillation parameters are being carried out.
3

Measurement of Reactor Antineutrino Flux and Spectrum

The IBD event selection eﬃciencies was determined using calibration data and Monte Carlo
(MC) simulation. An extensive neutron calibration campaign was carried out in Daya Bay at
the end of 2016 to improve the uncertainty of the reactor ﬂux measurement from 2.1% to 1.5% 19 .
The time-averaged IBD yield, deﬁned as the number of antineutrinos per ﬁssion times IBD cross
section, is measured to be (5.94 ± 0.09) × 10−43 cm2 /ﬁssion. The corresponding average ﬁssion
fractions for the four major isotopes 235 U, 239 Pu, 238 U and 241 Pu are 0.564, 0.304, 0.076, 0.056,
respectively. The ratio of the measured IBD yield to the Huber-Mueller model prediction is
0.953 ± 0.014 (exp.) ±0.023 (model), consistent with the results from other experiments shown
in Fig. 6.
The predicted prompt energy spectrum is determined from the ν̄e spectrum taking into account the eﬀects of IBD kinematics, energy leakage and energy resolution. The magnitude of the
nonlinear correction is ∼10% at maximum with a 0.5% uncertainty at 3 MeV 20 , improved from
1% previously 21 . Figure 7 shows the spectrum comparison of the measurement with the HuberMueller model prediction normalized to the measured number of events. The measurement and
prediction show large discrepancy particularly near 5 MeV. With a sliding 2-MeV window scanning following Ref. 21 , the largest local discrepancy is found in 4–6 MeV, with a signiﬁcance of
6.3σ. The global discrepancy of the entire spectrum in 0.7–8 MeV has a signiﬁcance of 5.3σ.
The measured IBD yield was found to evolve as a function of ﬁssion fractions 17 . The IBD
yields of two dominant isotopes, 235 U and 239 Pu, are obtained as (6.10±0.15)×10−43 cm2 /ﬁssion
and (4.32 ± 0.25) × 10−43 cm2 /ﬁssion, respectively. The ratios to the expected IBD yield from
the Huber-Mueller model are 0.920 ± 0.023(exp.) ± 0.021(model) and 0.990 ± 0.057(exp.) ±
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Figure 5 – Top: Reconstructed prompt energy spectrum of the far hall (solid blue points) and the expectation based on the measurements of the two near halls
(empty black points). Bottom: Ratio of the Far/Near
halls and the curve representing the best-ﬁt value of
sin2 2θ13 = 0.071.

0.025(model) for 235 U and 239 Pu, respectively. The results suggest the “Reactor Antineutrino
Anomaly” is mainly induced by the 235 U.
To explore the evolution of the IBD prompt energy spectrum, the data are divided into 20
groups ordered by the 239 Pu eﬀective ﬁssion fraction in each week for each AD. The evolution
of the prompt energy spectrum is dominated by 235 U and 239 Pu, while it is less sensitive to 238 U
and 241 Pu due to smaller ﬁssion fractions. The individual spectra of the two dominant isotopes,
235 U and 239 Pu, are extracted using the evolution of the prompt spectrum as a function of the
isotope ﬁssion fractions. The top panel of Fig. 8 shows the extracted 235 U and 239 Pu spectra
together with their Huber-Mueller predictions normalized to the best-ﬁt numbers of events for
235 U (0.920) and 239 Pu (0.990), respectively. In the middle panel, the ratios of the extracted
spectra to the corresponding predicted spectra for 235 U and 239 Pu are shown. An edge around
4 MeV is found in the 239 Pu spectrum compared to the prediction. In the energy window of
4–6 MeV, a 7% (9%) excess of events is observed for 235 U (239 Pu) spectrum compared with
the normalized Huber-Mueller model prediction. A χ2 test is performed to quantify the local
discrepancy between the extracted 235 U and 239 Pu spectra and their corresponding predicted
spectra. As shown in the bottom panel of Fig. 8, the maximum local discrepancy is 4.0σ for the
235 U spectrum, and only 1.2σ for the 239 Pu spectrum because of larger uncertainties. Thus, the
Daya Bay data indicates an incorrect prediction of the 235 U spectrum, but such a conclusion
cannot be drawn for the other primary ﬁssion isotopes.
4

Summary

New measurements of sin2 2θ13 and |Δm2ee | using 1958-day data sample of neutron-gadolinium
capture events are reported. We obtained sin2 2θ13 = 0.0856±0.0029 and |Δm2ee | = (2.522+0.068
−0.070 )×
10−3 eV2 , which is the most precise results in the measurement of sin2 2θ13 . Independent measurement with the neutron-hydrogen capture events is being carried out. The Daya Bay experiment is scheduled to continue data-taking until 2020 at least, when the precision on both
parameters is expected to reach ∼3%. Besides the oscillation measurement, the progress on the
measurement of reactor antineutrino ﬂux and spectrum is also reported. With the latest 1958
days of data, new measurements of the reactor antineutrino ﬂux and spectrum are obtained and
the individual spectra of two dominant isotopes (235 U and 239 Pu) are extracted for the ﬁrst time
in commercial reactors.
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BARYON ASYMMETRY, DM AND NEUTRINO MASSES
L. COVI
Institute for theoretical physics, Georg-August-University Goettingen
Friedrich-Hund-Platz 1, D-37077 Goettingen, Germany

We will discuss a relatively minimal model for neutrino masses with only two heavy Right
Handed neutrinos that can also produce an asymmetric Dark Matter (DM) component, at the
same time as the baryon asymmetry of the Universe. The necessary sources for CP violation
are in both sectors the complex neutrino Yukawa couplings, which can be even chosen purely
real and imaginary for each of the RH neutrinos in order to reduce the number of parameters.
Then the CP asymmetries in both DM and leptons are naturally of the same order and the
correct DM density is obtained for a DM mass in the GeV range. We predict in this model
a possible signal in DM direct detection via exchange of the SM Higgs and the additional
Higgs in the Dark sector and the neutrinoless double-beta decay eﬀective mass in the range
1, 5 − 3, 7 meV.

1

Asymmetric Dark Matter

A very attractive mechanism for producing the Dark Matter density of the Universe relies on the
same mechanism used to produce the baryon (or lepton) asymmetry, giving rise to an asymmetric
Dark Matter component 3 . In that case both densities can be produced at the same time and
can be easily be comparable. Indeed we observe in nature an intriguing factor ∼ 5 between the
DM and the baryon energy densities 1 , which is not so simple to explain if they arise in diﬀerent
epoch of the history of the universe and from very diﬀerent sources.
In order to produce a particle-antiparticle asymmetry from a symmetric initial state, the
Sakharov conditions have to be fulﬁlled 2 , in particular there must be a violation of C and CP
symmetry and a deviation from thermal equilibrium. Such conditions can be easily realised in
the out-of-equilibrium decay of a heavy particle into ﬁnal states with diﬀerent baryon number.
Long time ago, it was realised that also a net lepton number can be reprocessed into a nonvanishing baryon number and so the production of the baryon asymmetry can be connected to
the presence of right-handed neutrinos with a heavy Majorana mass in the leptogenesis scenario 4 .
In our model 5 , we exploit leptogenesis with two RH neutrinos both to give rise to a lepton
asymmetry and a DM asymmetry as ﬁrst discussed in 6 . The heavy RH neutrino couples both
to the SM leptons and Higgs and to the DM fermion and Dark inert Higgs through Yukawa
couplings of similar order. We expect therefore that it decays in both sectors as shown in
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Figure 1 – Decay channels of the lighter RH neutrino N1 are open in both the SM and the DM sectors.

Figure 1.
In order for the decay to happen out-of-equilibrium, the decay rate of the RH neutrino has
to be suﬃciently smaller than the expansion rate of the universe and the branching ratios should
be comparable so that a suﬃcient asymmetry in both sectors is produced in the decay, i.e.
ΓN1 →H =

(y † y)11
α2
M1 ∼ ΓN1 →ψη = 1 M1
8π
8π

H(M1 )

(1)

The slight twist with respect to the general scenario is that we can obtain the main contribution (and only contribution in the DM sector) to the CP asymmetries from the complex
neutrino Yukawa couplings, since the couplings of the DM particle can be always chosen to be
real. Indeed as in the SM, in presence of a single generation of DM particles, no CP violation
can arise and all the phases can be absorbed without loss of generality in the fermion and scalar
ﬁelds.
The one-loop diagrams contributing to the CP asymmetry in both sectors are shown in
Figure 2. For the decay into leptons, the ﬁrst two diagrams are the usual vertex and wavefunction diagrams in leptogenesis computed ﬁrst in 7 , while the third diagram is the wavefunction contribution from a loop of DM particles. In the DM sector, all the Yukawa couplings
can be chosen real and so the ﬁrst two pure DM contributions to D vanish exactly and the only
source of CP violation is due to the last mixed diagram, with a loop of SM particles, containing
the neutrino Yukawa couplings.
We have therefore that the ratio of the two CP asymmetry parameters are simply given by
!
 ((y † y)∗12 )2

=1+
.
(2)
D
2α1 α2  [(y † y)∗12 ]
We see from this expression that the CP violation in the leptonic sector tends to be larger than
in the DM sector due to the additional contributions, as long as no cancellation takes place.
But in the limit of large α2 coupling or in case of real neutrino Yukawa combination (y † y)212 ,
the ratio is one. The latter case is realised very easily when (y † y)12 is purely imaginary, which
happens when one columns of the matrix is purely real and one is purely imaginary. We will see
in the following discussion that this is also the case of reduced number of parameters and can
fulﬁl all the neutrino data with a single Majorana CP violating phase.
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Figure 2 – One-loop diagrams contributing to the CP asymmetry parameters for the decay of the RH neutrino
into the leptonic sector and into the DM sector. The blue lines are SM particles, LH leptons and Higgs, while the
red lines indicate Dark sector particles, i.e. DM fermion and inert scalar. Due to the presence of only one DM
state, both its Yukawa couplings can be chosen real by redeﬁnition of the ﬁelds and so the only non-vanishing
contribution to D is due to the last diagram. The two diagrams in the box together with the corresponding
tree-level decays are proportional exactly to the same product of couplings and give an identical contribution to
both  and D .

2

The model

The particle content of our simple model is given in Table 1. In the Dark Sector we include a
broken SU (2) gauge symmetry, which is vital to give a suﬃciently large annihilation of the DM
symmetric component. Due to the constraints to avoid the Witten anomaly we must therefore
include a second Dark doublet, but in order to distinguish between the two we add two discrete
symmetries Z3 × Z2 . In this way we reduce the number of couplings among the ﬁelds and have
no mixing among the Dark sector doublets, moreover the Dark Matter particle is stable.
Note that the Dark Higgs φD that breaks the SU (2) symmetry can mix with the SM Higgs
via portal interaction, after both of them have acquired a non-vanishing v.e.v., so that due to
this mixing the Dark Sector couples to the SM Higgs and via the Higgs to all the SM ﬁelds. So
the heavy RH neutrino is not the only mediator between the SM and Dark sectors.

Table 1: List of hidden sector particles and connector particles and their corresponding charges under various
symmetry groups. All the particles listed above have zero hypercharge except SM Higgs doublet φh which has
hypercharge Y = 1/2.

Gauge
Group
SU(3)c
SU(2)L
SU(2)D
Z3 × Z2

(ψ1 , ψ2 )TL
1
1
2
(ω, 1)

ψ1 R
1
1
1
(ω, 1)

Fermion Fields
ψ2 R (ψ3 , ψ4 )TL
1
1
1
1
1
2
(ω, 1) (ω 2 , −1)

ψ3 R
1
1
1
(ω 2 , −1)
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ψ4 R
1
1
1
(ω 2 , −1)

Scalar Fields
Ni
φh
φD
ηD
1
1
1
1
1
2
1
1
1
1
2
2
(1, 1) (1, 1) (1, 1) (ω, 1)

2.1

Neutrino masses

The light neutrino masses are obtained via the Type I see-saw mechanism by integrating out the
two heavy RH neutrinos. Since we consider only two heavy neutrinos, one of the light neutrino
mass eigenvalues remains zero and the remaining two non-vanishing eigenvalues correspond to
the atmospheric and solar mass diﬀerences. One can always choose MN1 , MN2 real and positive
by redeﬁning the phases of the spinors N1 and N2 in the mass eigenstate basis. Similarly, by
redeﬁning the phases of the left handed neutrinos in the ﬂavour basis, we can remove the phases
of one entire column of MD matrix. So we consider all the elements of the ﬁrst column of the
Dirac mass matrix (MD ) as real. The second column is generically complex, but in order to
reduce the number of parameters, while maximizing the CP violation, we can take it to be purely
imaginary:
⎞
⎛
I
iyeμ
y
yi j v
v ⎝ ee
I
yμe
iyμμ ⎠ .
MD = √ = √
(3)
2
2
y
iy I
τe

τμ

Then the see-saw light neutrino mass is the sum of two degenerated real matrices, each with
a single non-zero eigenvalue and opposite sign. If the massive eigenvectors of these two matrices
are orthogonal to each other, we have then simply two opposite-sign mass eigenstates and one
zero mass eigenstate as:
 2
v 2 i yei
m3 = −
,
(4)
2 M1
 I 2
2
v
i (yμi )
,
(5)
m2 =
2
M2
m1 = 0 .
(6)
So we have to choose the hierarchy in Mi and the Yukawa couplings appropriately in order to
match the measured mass diﬀerences. Generically in this case the mixing matrix is real, so
that the Dirac phase is exactly vanishing, but the Majorana phases are not, as they have to be
chosen to give positive light neutrino masses, i.e. we obtain for the mass eigenstates above one
maximal Majorana phase, while the second one remain undetermined as one mass eigenvalue is
vanishing.
3

Baryon and DM asymmetries

The lepton asymmetry is produced in the model in the decay of the lightest RH neutrino as in
classical thermal leptogenesis with M1 ∼ 1010 GeV and in order to obtain the observed baryon
number, in the weak wash-out regime, a CP asymmetry  ∼ 10−6 is needed. For smaller values
of  , the ﬁnal baryon asymmetry results too low.
If the CP asymmetry in the Dark sector is of the same order D ∼  , as expected by the
common source of CP violation discussed earlier, it does not mean that the ﬁnal DM energy
density is equal to the baryon energy density, as the wash-out processes in the two sectors are
diﬀerent 5 . Indeed we observe that the wash-out in the SM sector is slightly stronger, due to
the presence of more leptonic states, and so usually the ﬁnal asymmetry in the Dark sector
is naturally slightly larger that the lepton asymmetry. Of course the ﬁnal energy density also
depend on the DM mass, which has to be around or larger than the proton mass to give rise to
the correct DM density.
Note that on the other hand, there is also an upper bound on the DM mass, as we need a
suﬃciently strong annihilation to get rid of the symmetric DM component. Indeed considering
the WIMP mechanism within the Dark sector through the SU (2) gauge interaction, we see
that for masses of the DM around 1 TeV, the classic freeze-out density results in a substantial
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symmetric component able to explain the total Dark Matter energy density. So the asymmetric
DM scenario is realised in the window
0, 7 GeV ≤ mDM < 1 TeV .

(7)

In the lower region of this window, the symmetric component is negligible and the factor of
5 between the DM and baryon asymmetry can be obtained easily from equal CP violation and a
small diﬀerence in the wash-out processes. On the other hand in the upper region of the allowed
window, the DM tends to become a WIMP and a more detailed study of the freeze-out process
is needed to give reliable results. Note though that this region corresponds to a very small CP
asymmetry parameter D ∼ 10−9 , which can be achieved only in the case of suppressed DM
y.
Yukawa α2

4

Conclusions

We have presented a very simple model with two RH neutrinos, that can produce both the
lepton and DM asymmetries with a single source of CP violation, given by the neutrino Yukawa
couplings. In particular a very simple case is that with one purely imaginary column of the
neutrino Yukawas, such that the only CP violation at low energy is given by one maximal
Majorana phase in the PMNS matrix. In this case the CP asymmetries in the decay of the RH
neutrino are exactly equal and we have a partial explanation of why the DM and the baryon
asymmetry are of the same order. In this simple case we obtain a partial cancellation in the
eﬀective matrix element for neutrinoless double beta decay, since the two light mass eigenvalues
have opposite sign:
mββ = |



2
mi Uei
| = |m3 sin2 θ13 − m2 cos2 θ13 sin2 θ12 | ∼ 10−2 eV .

(8)

i

Even if the Yukawas are not purely imaginary, the correct DM asymmetry can still be reached
for a range of DM masses and mββ is restricted in the range 1, 5 − 3, 7 meV due to the vanishing
mass eigenvalue for the light neutrinos.
Another prediction of the model is that the DM state can interact with nuclei via the
exchange of the SM Higgs and the Dark Higgs, since they mix among each other. As the two
sectors decouple in the limit of vanishing mixing, there is unfortunately no lower bound on the
direct detection rate. Nevertheless for sizable mixing in the Higgs sector, still compatible with
the present Higgs properties measured at colliders, a signal could be seen in the next generation
of experiments. Generically due to the extended Higgs sector and the mixing with the Dark
Higgs, deviations from the SM Higgs predictions are possible, especially if the additional Higgses
are not too heavy.
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KATRIN: FIRST TRITIUM MEASUREMENTS
VALÉRIAN SIBILLE on behalf of the KATRIN collaboration
Massachusetts Institute of Technology
77 Massachusetts Avenue Cambridge, MA 02139, USA
The KATRIN experiment aims at measuring the eﬀective electron antineutrino mass with a
0.2 eV (90% C. L.) sensitivity by analysing the β-decay spectrum of molecular tritium near its
endpoint. In May and June 2018, the KATRIN collaboration took its ﬁrst commissioning data
using a gaseous tritium source. These low activity data have been used to test the stability of
the entire apparatus – from the windowless gaseous source to the focal plane detector – to the
0.1% level. In addition, these ﬁrst commissioning runs have been successfully utilised to test
the KATRIN model and ensure the reproducibility of the ﬁtting results, which are presented
in this document. In March 2019, KATRIN entered the neutrino mass measurement phase,
taking high activity tritium runs.

1
1.1

A direct neutrino mass measurement
The question of the neutrino mass scale

The discovery of neutrino oscillations has proved that neutrinos have mass, but the neutrino
mass scale remains undetermined to this date. The neutrino mass scale may depend on the
possible mass mechanisms, which may produce a degenerate (m1  m2  m3 ) or hierarchical
mass spectrum, e.g. m1  m2 < m3 for the normal ordering.
From cosmological observations, stringent constraints on the sum of the neutrino masses
3
i=1 mi have been published. However, some tensions between the cosmological results themselves
or local measurements exist 1 . Should the neutrino be a Majorana particle, it would experience
neutrinoless double β-decay, whose decay rate would give information on the neutrino mass scale.
Nevertheless, such a process remains to be observed, and even if it were, the determination of
the neutrino mass scale would be hindered by the uncertainty on the nuclear matrix elements of
the decay.
1.2

Studying β-decay

Direct measurements, based on kinematics constraints in β-decay (or electron capture), are
model-independent insofar as the modelling of the decay spectrum is well understood. By utilising
a gaseous molecular tritium source, KATRIN represents such a direct measurement, whereby the
energy of the electron in the
T2 → 3 HeT+ + e− + ν e
(1)
decay is analysed by an eV-scale spectrometer.
Considering (1) is super-allowed and that the endpoint Q  18.6 keV of tritium is small, it
is no wonder tritium has been chosen to build a Fermi-governed high-activity source. Paired
with theoretical knowledge of the spectrum f of ro-vibrational and electronic excitations of the
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3 HeT+

dΓ
molecule 2 , the kinetic energy spectrum dT
of electrons allows the inference of the eﬀective
dΓ
for (1), reads
electron antineutrino mass mν e . The simpliﬁed diﬀerential β-spectrum dT

dΓ
(T ) ∝ F (T ) φe (T )
dT

 Q−T −mν
e
0

f (V ) φν (T + V ) dV

(2)

with F the Fermi function, φe the electron phase-space, and
φν (T ) = (Q − T )



(Q − T )2 − mν e 2

(3)

the neutrino phase space, which carries all the mass scale information as the kinetic energy of the
electron T approaches the endpoint Q. In (2), an integration is performed over all the possible
excitations of energy V of the 3 HeT+ molecule.
The current mν e upper limit from such a direct measurement is about 2 eV (90% C. L.) 3,4 ,
and KATRIN should probe the degenerate mass scenario down to 0.2 eV (90% C. L.).
2
2.1

A running experiment
The KATRIN apparatus

The KATRIN experiment is located in southern Germany, in the Tritium Laboratory Karlsruhe
of the Karlsruhe Institute of Technology. The 70 m-long KATRIN setup consists of a windowless
gaseous T2 source, diﬀerential and cryogenic pumps for tritium retention, and a main spectrometer
acting as a high-pass ﬁlter for the electrons collimated towards the 148-pixel silicon focal plane
detector. An overview of the complete beam-line, with a sketch of the T2 loop is provided in
Figure 1.

Figure 1: KATRIN beam line, including source, transport and pumping sections, main spectrometer and
detector. An outline of the T2 injection and pumping lines is shown below the source and transport
sections.

At nominal pressure and purity, 40 g of tritium are circulated within the KATRIN windowless
source, whose temperature is maintained at 30 K – sightly above freeze-out – to curb Doppler
broadening and excitations of the decaying T2a , all of which contribute to the systematic
uncertainty of the neutrino mass measurement. Whilst the electrons are guided adiabatically by
magnetic ﬁelds throughout the pumping sections to the main spectrometer, the tritium ﬂow is
reduced by 14 orders of magnitude. KATRIN works in integral mode by counting the number of
electrons able to overcome a given retarding potential. The latter is applied within the main
spectrometer with a ppm accuracy 5 , after the momenta of the electrons have been aligned almost
perfectly with the beam-line 6 . The tiny fraction of the momentum that the main spectrometer
has not been able to align is what gives the apparatus its eV-scale resolution. Each run is built
by scanning several retarding potentials, thereby providing the analysts with response-weighted
integrals of (2). On account of its scanning operation, the source activity must be stable within
a run so as not to introduce any spectral distortions.
a
The population of initial T2 states, and thereby of accessible ﬁnal states, depends on the conditions in the
source.
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2.2

Tritium campaigns

Tritium commissioning

Buffer pressure
(mbar)

Throughout May and June 2018, 27 three-hour runs – with the nominal source density but 1%
of DT diluted in molecular deuterium, thereby corresponding to an activity approximately 200
times lower than the nominal 1011 Bq – were taken. Not only did the lower activity allow to test
the entire KATRIN beam line with a tritium loop whilst curbing the contamination risks, but it
also provided relevant input for the complete analysis chain.
Demonstrating the stability of the source was a major milestone to reach in order to bring
KATRIN to the neutrino physics stage, i.e. the measurement of the average electron antineutrino
mass with a 0.2 eV (90% C. L.) sensitivity. By pressure (cf. Figure 2) and temperature (cf. Figure
3) measurements over several runs, the mandatory 0.1% source stability was veriﬁed during this
commissioning campaign. Furthermore, this 0.1% stability was conﬁrmed by the steadiness of
the 21 kHz count rate at the detector, for a retarding energy 1 keV below the endpoint of the
β-spectrum.
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Figure 2: Pressure of the buﬀer feeding the windowless KATRIN source as a function of time. The red
lines indicate the 0.1% stability requirements for a neutrino mass measurement, whilst the blue error
represents the systematic uncertainty on the reading.
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Figure 3: Source temperature as a function of time. The red lines indicate the 0.1% stability requirements
for a neutrino mass measurement, whilst the blue error represents the systematic uncertainty on the
reading.

Unlike neutral tritiated molecules, ions produced in the source cannot pumped out of the
beam line since they follow the magnetic ﬁeld lines, as signal electrons would. Having T+ reach
the main spectrometer is not only a safety concern, but also a source of background for the
KATRIN experiment as this would circumvent the high pass ﬁlter of the apparatus. In addition,
these ions are accelerated by the negative potential of the main spectrometer, increasing their
ability to ionise in turn other molecules, thereby inducing additional background. The majority
of T+ ions are produced by ionisation of the source gas – of density ρ = 5 × 1020 m−3 – by the
electrons from the β-decay of DT molecules, rather than by the DT decays themselves. To block
these ions, electrodes set to a positive potential are utilised within the transport sections. The
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study of the generation of secondary electrons in the spectrometer section during this ﬁrst tritium
data taking period showed that the ion ﬂux into the spectrometer section remained below the
safe 104 Hz rate.
Physics runs
Buoyed by the success of the aforementioned tritium commissioning campaign, in March 2019,
KATRIN started circulating tritiated gas in the source loop with a purity 200 higher than before.
This extremely high tritium purity was monitored by Raman spectroscopy; a typical spectrum
from the campaign is shown in Figure 4. In order to control the overall activity of the source in
steps, the column density served as the ramp-up parameter. Indeed, the tritium contamination
had to be controlled in small activity increments, and the source parameters had to be optimised.
At the time of writing, the analyses are still ongoing.
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(a) Commissioning campaign.

(b) Physics campaign.

Figure 4: Raman spectra during the commissioning and physics tritium campaigns. The change to a
source with a high T2 purity for the physics runs can clearly be observed.

Additionally, KATRIN performed its own measurement of the energy losses during inelastic
scattering of electrons on D2 molecules by means of a pulsed electron gun, thus providing
valuable input for the spectral model of the ongoing analysis of the physics tritium runs. The
unprecedented energy resolution on the excitation and ionisation spectrum for inelastic scattering
has been achieved by way of a time of ﬂight method, whose analysis is also under completion.
3

First tests of the KATRIN model

3.1

Fitting integrated β-spectra

For the commissioning data, the KATRIN collaboration has run both minimisers and Markov
Chains to infer results about at least three parameters describing its integral measurement: the
signal amplitude, the eﬀective endpoint E0b of the β-spectrum, and the background amplitude.
The need for a free parameter for the signal amplitude is rooted in the type of constraints
provided by the electron scattering measurements (cf. 2.2); these cannot resolve the degeneracy
between the magnitude of the scattering cross-section and the column density, thus, a free
amplitude must represent the latter, whose absolute determination is being worked out by other
means. Because the retarding potentials are generally only seen by the β’s from tritium decay 7 ,
the background has been considered to be ﬂat as a function of the retarding potential. Insofar as
the sensitivity of the commissioning data to the neutrino mass is much worse than the previously
b

The eﬀective endpoint diﬀers from Q by the recoil of the daughter molecule and source potential.
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Count rate (cps)

published limits 3,4 and that the choice of a blinding method was being reﬁned, for the results
presented here, mν e = 0 eV was assumed.
A typical ﬁt to an integral spectrum may be found in Figure 5. As the treatment of systematic
uncertainties is being reﬁned, the results from this section only include statistical uncertainties.
Nonetheless, the agreement between the model and a single run over a retarding potential range
of around 400 eV – an order of magnitude wider than originally deemed understandable – is
already excellent. Moreover, the endpoint can be reproduced with a sub-eV precision for all the
27 runs, as can be seen in Figure 6.
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Figure 5: Best three-parameter ﬁt of the ﬁrst KATRIN three-hour tritium run with a Poisson likelihood.
The residuals at best ﬁt are also shown.
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Figure 6: Relative eﬀective endpoint E0 of the DT β-spectrum as a function of the three-hour commissioning
run ﬁtted via a χ2 minimisation.

3.2

Unbiased analyses

Although KATRIN is currently reﬁning the modelling of energy losses by scattering with molecules
within the source, the ﬁt results above demonstrate the robustness of the analysis chain. In
addition, the impartiality of the candidate neutrino mass analysis for the physics runs could be
tested thanks to the commissioning data.
Indeed although the low activity runs with only 1% of DT are intrinsically blind to the
neutrino mass on account of their low statistics, they are a boon to test blinding methods relying
on systematic eﬀects, such as the introduction of a phoney mass signal. KATRIN had already
tested ﬁve blinding methods with simulated data, including restricting access to a subset of
the statistics. However, the extremely high activity of the physics runs would have made it
impossible to analyse more than a couple of hours of data without bettering the Mainz and
Troitsk results, had KATRIN enforced a limited-statistics blinding scheme. Instead, one of the
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methods spiking the model with a negative or positive neutrino mass signal – by introducing
a random, yet parameterised, modiﬁcation of the ground state of the spectrum of molecular
excitations of 3 HeT+ (cf. 1.2) – was retained. This method was proved not to aﬀect the ability
to retrieve accurate values for the other main ﬁt parameters.
4

Conclusion and prospects

In May and June 2018, KATRIN introduced for the ﬁrst-time tritiated gases into its beamline. The
KATRIN apparatus was successfully tested in closed-loop operation, delivering the expected 0.1%
stability for small amounts of tritium in the form of DT. During this low-activity commissioning
phase, the tritium contamination down the beamline was evaluated and found to be below the
safe limit; thus, KATRIN demonstrated its ability to prevent tritium ions from entering its
main spectrometer. These ﬁrst runs additionally oﬀered the opportunity to the test the entire
analysis chain. In particular, the spectral model has proved promising to describe the integrated
β-spectra measured by the experiment. In March 2019, KATRIN started taking physics runs
with the aim of measuring the neutrino mass with unprecedented sensitivity. To this end, the
tritium purity was multiplied by a factor of about 200, when compared to the 2018 commissioning
period. After optimising the source parameters and ensuring the safety of the system, KATRIN
started the analysis of these high-purity runs utilising a blinding method benchmarked during
the commissioning stage, which will allow KATRIN to publish a ﬁrst unbiased neutrino mass
result after unblinding.
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In this talk I presented the main results of the latest global analysis of the three-ﬂavour
neutrino oscillations performed by the NuFit collaboration, which is focused on the study of
the complementarity and tension among the neutrino oscillation experimental data, available
as of fall 2018, in the determination of θ23 and δCP parameters and the mass ordering. A
tabulated Δχ2 of the Super-Kamiokande atmospheric neutrino data analysis within the same
oscillation framework, provided by the collaboration, is added to the global analysis. Without
(with) Super-Kamiokande atmospheric neutrino tabulated Δχ2 , a preference for normal mass
ordering is found at the Δχ2 = 4.7(9.3) level. The second octant of θ23 is preferred with
respect to the ﬁrst one with Δχ2 = 4.4(6.0). A tension in NOvA ν̄ and T2K data when
determining δCP for normal mass ordering, makes CP conservation being disfavour only with
Δχ2 = 1.5(1.8).

1

Introduction

As it is well known neutrino oscillation is a very well tested phenomenon that put into manifest
that neutrinos are massive. The three ﬂavour neutrinos can be expressed as a linear combination
of three massive eigenstates, weighted by the PMNS matrix. In this work the usual parametrization with three mixing angles θij and one CP violating phase δCP is used. The so called solar
mass splitting Δm221 is taken to be positive and the atmospheric one is deﬁned, depending on
the ordering: normal ordering (NO) m1 < m2 < m3 and inverted ordering (IO) m3 < m1 < m2 ;
as follows
"
Δm231 > 0 for NO,
Δm23 =
Δm232 < 0 for IO,
where Δm2ij = m2i − m2j .
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Table 1: Three-ﬂavour oscillation parameters from the NuFit ﬁt to global data. The numbers in the 1st (2nd)
column are obtained assuming NO (IO), i.e., relative to the respective local minimum. Note that Δm23 ≡ Δm231 >
0 for NO and Δm23 ≡ Δm232 < 0 for IO. The results are shown in adding the tabulated SK atmospheric Δχ2 .
Modiﬁed table from the original publication 2 .

with SK atmospheric data

Normal Ordering (best ﬁt)
bfp ±1σ
3σ range

1.1

Inverted Ordering (Δχ2 = 9.3)
bfp ±1σ
3σ range

sin2 θ12

0.310+0.013
−0.012

0.275 → 0.350

0.310+0.013
−0.012

0.275 → 0.350

θ12 /◦

33.82+0.78
−0.76

31.61 → 36.27

33.82+0.78
−0.75

31.62 → 36.27

sin2 θ23

0.582+0.015
−0.019

0.428 → 0.624

0.582+0.015
−0.018

0.433 → 0.623

49.7+0.9
−1.1

40.9 → 52.2

49.7+0.9
−1.0

41.2 → 52.1

0.02044 → 0.02437
8.22 → 8.98

0.02263+0.00065
−0.00066
8.65+0.12
−0.13

0.02067 → 0.02461

θ13 /◦

0.02240+0.00065
−0.00066
8.61+0.12
−0.13

δCP /◦

217+40
−28

135 → 366

280+25
−28

196 → 351

Δm221
10−5 eV2

7.39+0.21
−0.20

6.79 → 8.01

7.39+0.21
−0.20

6.79 → 8.01

Δm23
10−3 eV2

+2.525+0.033
−0.031

+2.431 → +2.622

−2.512+0.034
−0.031

−2.606 → −2.413

θ23 /◦
2

sin θ13

8.27 → 9.03

Data sets

A global ﬁt of all the neutrino oscillation data is motivated since many experiments are sensitive
to the same oscillation parameters, what will drive to synergies and tensions in the data when
determining some of these parameters. Here the results of the NuFit collaboration1 on a global
analysis2 are reported. The data used is updated up to fall 2018 and includes solar, reactor,
accelerator and atmospheric neutrino data. A complete list of the used data can be found in
the original publication2 .
It is worth to highlight that reactor experiments, including KamLAND are independent
of the reactor anti-neutrino ﬂux predictions, the Long Baseline (LBL)accelerator experiments:
MINOS3,4 , T2K5,6 and NOvA7,8 , and their interplay with the Medium Baseline (MBL) reactor
experiments: Daya Bay9 , RENO10 and Double Chooz11 , are crucial for the θ23 , δCP and mass
ordering determination. Concerning atmospheric neutrinos a 3-years data set by Deep-Core12,13
is used. With the available information, the Super-Kamiokande (SK) atmospheric neutrino
analysis14 could not be reproduced. This is why a separated result is presented, in which the
tabulated Δχ2 of the SK atmospheric neutrino data analysis15 is added to the NuFit global
analysis.
2

General results

The general results of the global ﬁt are shown in ﬁgure 1, where the 1-D Δχ2 proﬁles of the six
oscillation parameters can be seen. It is shown in red NO and in blue IO. Note that the NO
preference can be seen in all the panels. The solid and dashed lines are for the global analysis
without and with the tabulated SK atmospheric Δχ2 added. The best ﬁt values, the 1σ and 3σ
ranges of the six parameters can be found in table 1, for NO and IO, with the SK atmospheric
tabulated Δχ2 added.
Current data allows to determine the mixing parameters θ12 , θ23 and θ13 and the solar and
atmospheric mass squarred slipting Δm221 and Δm23 , but is not sensitive enough to determine
the octant of the mixing angle θ23 , the value of the CP violating phase δCP and the mass
ordering, as can be seen in ﬁgure 1. The main contribution to the determination of Δm221 and
θ12 comes from the solar and KamLAND experiments. The long standing 2σ tension for the
Δm221 determination still persists among these two data sets. The main contribution to the

158

NO, IO (w/o SK-atm)
NO, IO (with SK-atm)

NuFIT 4.0 (2018)

15

Δχ

2

10

5

0
0.2

0.25

0.3

0.35

0.4

7

6.5

2

7.5
2

sin θ12

8

-5

8.5

2

Δm21 [10 eV ]

15

Δχ

2

10

5

0

0.4

0.45

0.5

0.55

0.6

0.65 -2.6 -2.5 -2.4

2

2

sin θ23

2.4
-3

2

2.5

2.6

2

Δm32 [10 eV ] Δm31

15

Δχ

2

10

5

0
0.018

0.02

0.022

0.024

0.026

0

90

180

270

360

δCP

2

sin θ13

Figure 1 – Global 3ν oscillation analysis. Δχ2 proﬁles minimized with respect to all undisplayed parameters. The
red (blue) curves correspond to Normal (Inverted) Ordering. Solid (dashed) curves are without (with) adding
the tabulated SK-atm Δχ2 . Note that as atmospheric mass-squared splitting Δm231 for NO and Δm232 for IO are
used. Figure taken from the original publication2 .

determination of the mixing angle θ13 comes from MBL reactor experiments, with a dominant
contribution coming from Daya Bay data.
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2.1

Status of θ23 , δCP , mass ordering determination

The status of these 3 undetermined parameters depends on the interplay of the LBL accelerator,
MBL reactor and atmospheric data.
The number of neutrino events in the νe appearance channel depends roughly on θ23 , δCP
and the mass ordeing o = ±1 as follows
N νe

Nν [2 sin2 θ23 (1 + 2oA) − 0.28 sin δCP (1 + oA)] ,

Nν̄e

Nν̄ [2 sin2 θ23 (1 − 2oA) − 0.28 sin δCP (1 − oA)] ,



 νV 
and N are normalization constants. From the equation we can see how both ν
where A =  2E
Δm2 
3

and ν̄ increase with sin2 θ23 . sin2 δCP = +1(−1) decreases (increases) ν events, and the opposite
for ν̄ events. NO (IO) enhances (suppresses), due to matter eﬀects, the ν events, the contrary
for ν̄. NO(IO) also increases (decreases) the impact of sin δCP for ν and the opposite for ν̄.
In the νμ disappearance channel NOvA ν̄ and MINOS ν data favour non-maximality for θ23
with Δχ2
7 which is enhanced to Δχ2
9 when combining with MBL reactor data, with
a degeneracy in both octants. Adding the appearance data the degeneracy is broken, ﬁgure 2
shows how the second octant of θ23 is preferred over the ﬁrst by NOvA and T2K disappearance
data and their combination with Δχ2 = 4.4.

Figure 2 – Δχ2 proﬁle of sin2 θ23 of the diﬀerent LBL accelerator experiments combined consistently with reactor
data. Δm221 and θ12 are ﬁxed to the global best ﬁt value. Left(right) panel is for IO(NO). Δχ2 is deﬁned with
respect to the global minimum of the two orderings. Modiﬁed ﬁgure from the original publication2 .

As can be seeing in ﬁgure 3, in the determination of δCP there is a tension between the
NOvA ν̄ and the T2K appearance data for NO, which is the ordering preferred by the global
analysis with Δχ2 = 4.7. This tension moves the best ﬁt value to its CP conserving value, being
CP conservation compatible with Δχ2 = 1.5 with the best ﬁt value in δCP = 215o .
Sensitivity to the mass ordering is due to an interplay between matter eﬀects observed
in LBL accelerator and atmospheric experiemtns as well as a comparison of the νe and νμ
disappearance channels 16,17 . In ﬁgure 4 it can be seen that T2K prefers NO better than its
combination with NOvA. This can be understood looking at their tension in the appeance data
when determining δCP , ﬁgure 3, which is only present for NO. The eﬀect to the mass ordering
due to the comparison between νe and νμ disappearance channels can be seen comparing the
upper and the lower panels in ﬁgure 4, where a combination of LBL accelerator and MBL reactor
data is done (lower panels), improving the preference for NO by 2 units in Δχ2 with respect
to the case in which θ13 is constraint with the MBL reactor data (upper panels), being NO
preferred with Δχ2 = 4.7.
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Figure 3 – Δχ2 proﬁle of δCP of the diﬀerent LBL accelerator experiments combined consistently with reactor
data. Δm221 and θ12 are ﬁxed to the global best ﬁt value. Left(right) panel is for IO(NO). Δχ2 is deﬁned with
respect to the global minimum of the two orderings. Modiﬁed ﬁgure from the original publication2 .

Figure 4 – Δχ2 proﬁle of Δm231 of the diﬀerent LBL accelerator experiments constraining θ13 from MBL reactor
data, upper panels, and combined consistently with reactor data, lower panels. Δm221 and θ12 are ﬁxed to the
global best ﬁt value. Left(right) panel is for IO(NO). Δχ2 is deﬁned with respect to the global minimum of the
two orderings. Modiﬁed ﬁgure from the original publication2 .

The 3-years data set by Depp-Core has a very small eﬀect on the global ﬁt.

161

Super-Kamiokande atmospheric tabulated Δχ2
The SK atmospheric data analysis goes into the same direction as the NuFit analysis without
SK. Its eﬀects can be seeing in ﬁgure 1. The preference for NO over IO is improved adding SK
atmospheric tabulated information from Δχ2 = 4.7 to 9.3, the preference for the second octant
of θ23 improves from Δχ2 = 4.4 to 6.0 and the CP conservation is slightly more disfavour, from
Δχ2 = 1.5 to 1.8.
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Latest results of the CONUS reactor neutrino experiment
C. Buck, on behalf of the CONUS collaboration
MPIK Heidelberg, Saupfercheckweg 1, 69117 Heidelberg, Germany
The CONUS reactor neutrino experiment aims to measure coherent elastic neutrino nucleus
scattering on germanium nuclei. The experiment is located at about 17 m distance from
the 3.9 GW core of the commercial power plant in Brokdorf, Germany. For the project point
contact germanium detectors equipped with electric cryocooling were developed and optimised,
which allows to measure at the sub keV range with background rates of a few events per kg,
day and keV. The neutron and gamma-ray background on-site was monitored in dedicated
campaigns during reactor on and oﬀ periods. In addition, various Monte Carlo simulations of
the neutron and γ-ray ﬁeld as well as the muon-induced background were carried out. It was
found that the background contributions correlated to the thermal reactor power have minor
impact on the coherent scattering analysis. Due to statistical limitations no signiﬁcant event
excess from neutrinos is observed in the analysed data set.

1

Introduction

The CONUS experiment aims to observe coherent elastic neutrino nucleus scattering (CEνNS),
which was ﬁrst predicted in 1974 1 . In this weak interaction process the neutrino interacts with
an entire nucleus via the exchange of a Z boson. The prediction of the Standard Model of
particle physics for the cross section is:
dσ
dT

MT
G2F M Q2W 2
F (2 − 2 )
2π
4
E

(1)

Here E corresponds to the neutrino energy, T to the nuclear recoil energy and M to the nuclear
mass. Moreover, the cross section depends on the form factor F , the weak nuclear charge QW
and the Fermi constant GF . Compared to other neutrino reactions as elastic neutrino electron
scattering or inverse beta decay the cross section for CEνNS is 2-3 orders of magnitude larger.
Nevertheless, it took more than 40 years after the prediction of this interaction until it was ﬁrst
observed by the COHERENT experiment 2 .
To successfully detect CEνNS, three basic requirements need to be fulﬁlled: an intense
neutrino ﬂux, a low background environment and a very low energy threshold of the detectors.
Strong localized neutrino sources suitable for such a measurement are for example pion decay at
rest sources (COHERENT) or nuclear reactors (CONUS). For a high signal rate the experimental
setup has to be installed in close vicinity to these sources typically implying shallow depth and
rather low overburden to protect against cosmic radiation. This constraint makes background
control one of the main challenges in such type of experiments. A well-designed shield as well
as radiopure materials have to be used. On the detector side energy thresholds in the keV
range and below are necessary. Candidate materials fulﬁlling this requirement are scintillating
crystals, germanium (Ge) spectrometers or liquid noble gases. The cross section of the reaction
scales with the square of the number of neutrons in the target nucleus. However, the maximum
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nuclear recoil energy is inverse proportional to the mass of the target nuclei via the relation
2
ν
Tmax = 2E
M . Therefore, a detector including a target material of intermediate mass as Ge is
ideal to balance between the two requests of high interaction rates, but also good detectability
within the available technology.
Once CEνNS is detected, the comparison with the prediction allows to test the Standard
Model and deviations from it might hint towards new physics. A precision measurement of the
interaction allows to study non-standard neutrino interactions. The cross section also depends
on the Weinberg angle, for which the measurement could provide a new low energy data point.
In particular for large momentum transfers, the nuclear form factor suppresses the cross section.
This allows to probe the nuclear structure of the target nuclei by a CEνNS measurement. In
the region of interest and slightly above, there is also the possibility to study electromagnetic
properties of the neutrino like a magnetic moment. CONUS aims for a sensitivity on this
parameter similar to the current best limits at the order of 10−10 − 10−11 μB . Furthermore, good
knowledge on CEνNS is important for the modelling of Supernovae with their intense neutrino
emissions. Finally, the reaction will be an irreducible background in dark matter experiments
(“neutrino ﬂoor”). Since this type of background is similar to the one of a hypothetical WIMP,
it might be used to study and understand their detector response. CEνNS detectors can be
more compact than conventional setups for neutrino detection with other reactions. Thus there
might even be applications for reactor monitoring in the future.
For nuclei of medium mass number as Ge the CEνNS remains largely coherent for neutrino
energies up to 30 MeV. A pion decay at rest source produces neutrinos with energies up to
50 MeV. This is already in the energy region of partially coherence, meaning not all the nucleon
wave functions are in phase any more. Despite the lower recoil energies and therefore more
diﬃcult detection the full coherence at neutrino energies below 10 MeV is an advantage of
nuclear reactors as source.

2

Reactor neutrinos

Nuclear reactors provide an intense, pure and isotropic electron antineutrino ﬂux of more than
1020 per second and GW of thermal power. The neutrinos are emitted in each β-decay of
the neutron rich ﬁssion fragments. There are basically four ﬁssion isotopes contributing to
the neutrino emission: 235 U (typically the dominant contribution), 238 U, 239 Pu and 241 Pu. On
average, there are about 6 neutrinos emitted per ﬁssion. Most of them have energies below
2 MeV with contributions up to about 10 MeV. Compared to other continuous neutrino sources
such as solar, atmospheric or geo-neutrinos reactors have the advantage to proﬁt from reactor
oﬀ periods. In these precious time slots the background contributions can be characterized and
measured. There is a long and successful history of neutrino experiments at nuclear reactors
starting with the ﬁrst observation by Reines and Cowan in the 1950ies 3 . All these experiments in
the past used the coincidence signal of the inverse beta decay on hydrogen nuclei for the neutrino
detection, typically in (metal-loaded) liquid scintillator detectors. With the ﬁrst KamLAND
data 4 , the solar neutrino oscillation parameters could be further constraint. Only shortly after
the ﬁrst SNO results 5 this experiment independently conﬁrmed that neutrino oscillation can
explain the longstanding solar neutrino puzzle. Ten years later the km baseline reactor neutrino
experiments 6,7,8 measured the ﬁnite value of the last unknown neutrino mixing angle θ13 for the
ﬁrst time. On top of these major discoveries an anomalous behaviour of the measured rates at
short baselines of less than 100 m as well as the measured spectral shape persists. The ﬁrst one
is known as the reactor antineutrino anomaly (RAA) 9 . A possible explanation for the observed
6% deﬁcit could be oscillation to a so far unknown sterile neutrino state. The shape anomaly
expresses as an excess of events in the 5 MeV region. With more statistics, future precision
CEνNS projects close to nuclear reactors could help to study these anomalies.
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3

Experimental Site

The CONUS detector is located inside room A408 of the nuclear power plant (KBR Brokdorf),
which is operated by the Preussen Elektra GmbH. The pressurized water reactor has a thermal
power of 3.9 GW at maximum operation. The distance of the CONUS detectors to the reactor
core is only 17.1 m. The cylindrical core consists of 193 fuel assemblies and has a diameter of
3.45 m at a height of 3.9 m. The room for CONUS has an overburden of 10−45 m w.e. depending
on the solid angle. Therefore, the hadronic component of the cosmic rays is fully suppressed.
The overburden is mainly provided by the concrete and steel structure of the building. Moreover,
the CONUS setup is located below a water pond for the cooling of the spent fuel assemblies
which is ﬁlled with borated water to a level of about 13 m.
In the commissioning phase of the experiment, the CONUS shield and detectors were set up
at the underground laboratory of the MPIK in Heidelberg. This allowed to characterize the KBR
site relative to the well-known conditions at MPIK. The eﬀective overburden in Brokdorf was
determined by comparing the measured spectra inside the passive shield without the muon veto
system at the MPIK laboratory and at room A408 of KBR. The observed spectral shape at the
diﬀerent sites was almost identical whereas the rate at KBR was a factor of 1.62 lower. This, in
combination with the expectations from simulations, indicates that muon-induced interactions
are the dominant source of background inside the shield when the muon anti-coincidence system
is applied. The MPIK laboratory has a well-known overburden of 15 m w.e. The observed scaling
factor for the background rates leads to the estimated eﬀective overburden of 24 m w.e. inside
room A408 at KBR.

4

Germanium Detectors

The four CONUS detectors are 1 kg ultra-low-background p-type point contact high purity (HP)
Ge spectrometers. They were developed in cooperation with Mirion Technologies, Canberra,
Lingolsheim. Each of the detectors is equipped with an electrical cryocooling system. These
electrical cooling systems provide a low noise threshold and are needed to operate in the inner
safety zone of the reactor, since no cryogenic liquids are allowed there.
The characteristics of the detectors were determined with various source and background
measurements. For example, the active volumes were determined using a 214 Am source placed
at diﬀerent positions. The thickness of the inactive layer at the diode surface is obtained from
the ratio of the absorption of the diﬀerent 214 Am lines. These ratios were compared to MC
simulations assuming an inactive layer on the side and on top of the diode. Between the inactive
dead layer at the diode surface and the active volume is a transition layer. There, the charge
collection eﬃciency is already decreased, but not zero. Energy depositions in this volume can
induce ”slow pulses”, which will be reconstructed at energies below the true value. The total
active mass of the four detectors was estimated to be 3.85 kg.
The detection eﬃciency related to the electronics was determined using pulser scans over
the relevant energy range. The detection eﬃciency was found to be well above 80% in the region
of interest from 300 − 600 eV with values close to 1 at energies around 10 keV and a decreasing
trend towards the noise threshold. The detector dependent energy threshold for the CEνNS
signal is currently around 300 eVee .
In addition to the CONUS detectors described above the ultra-low background p-type coaxial
HPGe detector CONRAD with a mass of 2.2 kg (active mass: 1.90 ± 0.15 kg) was used for
background studies. In particular, measurements were performed on-site at KBR without shield,
but also at MPIK inside the CONUS shield. The relative large detector mass of CONRAD allows
to detect high energetic γ-lines up to 11 MeV. As the CONUS detectors, CONRAD was equipped
with an electrical cryocooling system to allow for its use at reactor site.
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5

Shield

The design of the CONUS shield is based on the experience from the GIOVE detector 10 which
is used for low background material screening at MPIK. The compact structure with a volume
of 1.65 m3 has a total mass of about 11 tons. For eﬃcient background suppression of external
γ-rays 25 cm of Pb are employed in each direction. The inner layers consist of special low
radioactivity lead in which the 210 Pb content is strongly reduced compared to ”standard” Pb
bricks. To moderate and capture neutrons, two layers of polyethylene (PE) are included with
a total thickness of 10 cm. To increase the neutron capture eﬃciency, this PE was loaded with
boron (B). The B loading was achieved by the use of boric acid (H3 BO2 ), highly enriched in 10 B.
The eﬀective B concentration is equivalent to a 3% loading with pure natural B. In addition two
5 cm PE plates without B loading are placed at the top and bottom of the shield. An active
muon veto system consisting of organic plastic scintillator plates with a thickness of 5.2 cm
is also included. The veto time window is set to 320μs. The eﬃciency of this veto is about
99%. Moreover, the veto plates with their high hydrogen fraction contribute to the moderation
of neutrons. The CONUS detectors are placed in a 25 l detector chamber inside this shield.
The shield was ﬁrst installed at MPIK to test its performance and to validate the Monte Carlo
simulations.
6

Backgrounds

meas. value/max

Environmental radioactivity mainly from U and Th decay chains as well as from 40 K impurities
in the surrounding materials typically dominates the rate in HPGe spectrometers without any
shield. The γ and electron energies of the natural radioactivity are mainly below ∼ 3 MeV.
Measurements without shield in the range of [20,440] keV at the MPIK low level laboratory and
at the nuclear power plant showed that the background level at KBR is about a factor 4 higher
than at MPIK. 11
In the measurement with the non-shielded CONRAD detector in room A408 at KBR beyond
the contributions from 40 K and the Th/U decay chains also 137 Cs and 60 Co were found. From
Ge screening measurements of concrete samples and detector components it was conﬁrmed that
the measured contaminations originate mainly from the environment of room A408.
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Figure 1 – The stable background count rate (red) is compared to the relative ﬂuctuations of the radon activity
(blue) in air, the temperature (black) and the humidity (yellow) in room A408.

A special case is the contribution of the mobile and omnipresent radioactive noble gas radon
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Table 1: The measured total background rate is compared for diﬀerent energy windows to the simulated count
rate induced by reactor neutron and the expected signal rate assuming a quenching factor of 0.2.

Energy range
(keVee )
0.3 − 0.6
0.6 − 11
11 − 400

Total background
(cts/(kg*d))
12 ± 1
148 ± 2
716 ± 16

Correlated neutrons
(cts/(kg*d))
0.013 ± 0.004
0.035 ± 0.006
0.13 ± 0.02

CEνNS Signal
(cts/(kg*d))
∼0.1

(Rn), which is also part of the decay chains of Th and U. One of the Rn isotopes (222 Rn) has
a half-life of 3.8 days. It can diﬀuse through leaks of the shield structure and can easily reach
the vicinity of the CONUS detectors. Since the activity of Rn in room A408 at KBR is in the
range of 100 − 300 Bq/m3 with signiﬁcant variations, the decay of Rn and its daughter nuclei
are a potential source of time-dependent background. To mitigate such type of background the
CONUS shield is continuously ﬂushed with breathing air bottles at a rate of 0.5 l/min. The Rn
level in these bottles is very low if they are stored for time periods which are long compared
to the Rn decay times (several weeks). With this ﬂushing no correlation between the observed
rates in the CONUS detectors and the Rn activity in the room could be found as demonstrated
in Fig. 1. At the same time, the ﬁgure shows no signiﬁcant correlation of the background rate
with temperature or humidity variations.
Inside the passive shield the background rate in the CONUS detectors is reduced by three
orders of magnitude compared to the outside. The remaining background in the signal region
is dominantly from cosmic origin, mainly from muon induced particles as neutrons. This can
be concluded from the simulations as well as the measurements performed inside the shield
at the KBR and MPIK sites as explained above. Cosmic background rates can be accurately
determined in the phases with the reactor oﬀ. It can be assumed to be stable in time. Little
variations correlated with ﬂuctuations of the pressure and temperatures in the atmosphere are
at the percent level and can be neglected to ﬁrst order. The decay lines of neutron-induced Ge
isotopes above the region of interest are used for energy calibration and will slowly reduce over
time.
The potentially most critical type of background is the one correlated with the thermal
power of the reactor. In particular the CEνNS signal might be mimicked by neutrons that
are generated in the reactor core. Moreover, high energy γ-rays after neutron capture in the
concrete walls from Fe, N or Cu isotopes can produce background events in the region of interest.
The neutron ﬂux at and around the position of the CONUS detectors was studied in detail
using the Bonner Sphere Spectrometer (BSS) NEMUS from PTB Braunschweig and the HPGe
spectrometer CONRAD. 11 The neutron spectrometric measurements were carried out during
reactor ON and OFF periods. If the reactor operates at full thermal power the measured neutron
rate at the CONUS site is 744 ± 35 cm−2 d−1 with a thermal contribution of more than 80 %.
To improve the knowledge on the neutron energy spectrum the measurements were supported
by simulations propagating the ﬁssion neutrons from the reactor core to the CONUS setup.
Consistent results between experimental and simulated data were found concerning the spectral
shape. For the rate a reduction of the neutron ﬂux from the reactor core of 1020 is predicted.
The γ-ray ﬂux was characterized with the non-shielded CONRAD detector, which was placed
next to the experiment. 11 It monitored mainly γ-lines after neutron captures and (n,p) reactions,
in particular the 6.1 MeV of 16 N. This line is produced by the neutron reaction on 16 O in the
water of the primary circuit. Both, the count rates of the thermal neutron and the ones of the
6.1 MeV line were found to be highly correlated to the thermal power evolution of the reactor.
However, it was demonstrated with simulations that the impact of these neutrons and γ-rays on
the CEνNS signal is minor. The count rates at the Ge detectors associated to these sources are
orders of magnitude below the constant non-correlated background contributions (see Table 1).
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The BSS data was used as input to the MC simulations. The ﬁnal simulation step including
the propagation of neutrons and γ-rays through the shield was carefully validated during the
commissioning phase at MPIK. The γ-ray background is suppressed to a negligible level mainly
by the 25 cm of Pb. The neutron part is moderated and captured mainly by the layers of borated
PE. Therefore, it can be concluded that the critical reactor power correlated background is well
under control and will not add signiﬁcant systematics to the CEνNS analysis. 11
7

Signal Prediction and data collection

The electron antineutrino ﬂux at the position of the detector is mainly given by the distance to
the reactor core, the thermal power and the energy released per ﬁssion. The thermal power is
estimated from the energy balance in the secondary circuit and known with an uncertainty of
2.3%. Since the neutrino spectra and the energy per ﬁssion are isotope-dependent the ﬁssion
fractions of the four main isotopes (235 U, 238 U, 239 Pu, 241 Pu) contributing to the neutrino ﬂux
need to be estimated. The uncertainty on the predicted neutrino ﬂux for the single isotopes is
at a similar level than the precision of the thermal power. However, the 6% deﬁcit observed in
the RAA could be interpreted as underestimation of the model uncertainties, if no new physics
explaining the anomaly is found. The main uncertainty on the predicted rate for detected
neutrinos is coming from the poor knowledge of the quenching factor. The recoil of a Ge nucleus
produces an about a factor 5 smaller ionization signal (corresponding to a quenching factor
0.2) than an electron of the same energy. The knowledge on this quenching factor is limited
from theoretical as well as experimental side and could be at values from 0.15 to 0.25. In the
CONUS detectors only the high energy part of the neutrino spectra is observed. In this region
the spectrum is strongly decreasing with increasing energy. A higher quenching factor increases
the observable part of the spectrum towards lower neutrino energies. Therefore, with the current
CONUS settings, the predicted signal for a quenching factor of 0.25 is more than an order of
magnitude higher as compared to a quenching factor of 0.15.
The CONUS experiment is collecting data since April 2018. It started with a reactor outage
period in which after preliminary quality cuts 20 days of reactor oﬀ data was taken corresponding
to 65 kg days of data. The detectors are calibrated regularly on a weekly basis with pulser scans
and a radioactive source. The energy calibration below 10 keV relies on the peak positions of
γ-lines from cosmogenically produced Ge isotopes. The energy scale was found to be linear and
highly stable. In a preliminary rate-only analysis the observed event excess in the reactor on
period as compared to the statistically limited reactor oﬀ data was found to be not signiﬁcant
yet. An improved sensitivity to the CEνNS is expected soon with more reactor oﬀ time, the
inclusion of shape information in the analysis and pulse shape discrimination techniques after a
DAQ upgrade.
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NEW RESULTS FROM THE STEREO EXPERIMENT
L.BERNARD, On behalf on the Stereo collaboration
Laboratoire de Physique Subatomique de Cosmologie
53 avenue des martyrs
38000 Grenoble, FRANCE
In the past decades, short baseline neutrino oscillation studies around experimental or commercial reactor cores have revealed two anomalies. The ﬁrst one is linked to the absolute ﬂux
and the second one to the spectral shape. The ﬁrst anomaly, called Reactor Antineutrino
Anomaly (RAA), could be explained by the introduction of a new oscillation of antineutrinos
towards a sterile state of the eV mass. The Stereo detector has been taking data since the
end of 2016 at 10 m from the core of the Institut Laue-Langevin research reactor, Grenoble,
France. The separation of its Target volume along the neutrino propagation axis allows for
measurements of the neutrino spectrum at multiple baselines, providing a clear test of an
oscillation at short baseline. In this contribution, a special focus is put on the data analysis
and the neutrino extraction using the Pulse Shape Discrimination observable. The results
from 119 days of reactor turned on and 210 days of reactor turned oﬀ are then reported. The
resulting antineutrino rate is (365.7 ± 3.2) ν̄e /day. The test of a new oscillation towards a
sterile neutrino is found to be compatible with the non-oscillation hypothesis and the best ﬁt
of the RAA is excluded at 99% C.L.

1

Introduction

In the recent years, many acomplishments for neutrino physics were made close to nuclear
reactors. The smallest mixing angle, θ13 was determined with high precision and the emitted
antineutrino spectra were measured with unprecedented resolution. However, two anomalies
concerning the absolute ﬂux 1 − smaller than the prediction − and the spectral shape − presence of an excess around 5 MeV − have yet to be solved. While they seem together to point
towards a wrong prediction in the antineutrino spectra due to underestimated systematics in
the measurements of the beta spectra emitted after ﬁssion 2 or in the conversion method 3 4 ,
the ﬁrst anomaly, known as the Reactor Antineutrino Anomaly (RAA), could also be solved by
introducting a fourth neutrino mass eigenstate of the eV mass participating in the oscillation
phenomenon.
The standard framework of 3ν mixing can be extended with the introduction of non-standard
massive neutrinos. However their mixing with the active neutrinos must be suﬃciently small in
order not to spoil the successful 3ν mixing explanation of solar, atmospheric and long-baseline
neutrino oscillation measurements. In a two ﬂavors scheme, the survival probability of reactor
electron antineutrinos depends on the antineutrino energy (Eν̄e ) and its length of propagation
(L) 5 and is written as:
P (ν̄e → ν̄e ) = 1 − sin2 (2θee )sin2 (1.27
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Δm241 [eV2 ]L[m]
)
Eν̄e [MeV]

(1)

where θee is the mixing angle and Δm241 the diﬀerence of the square of the mass eigenstates.
This approximation can be used by Stereo. By 2011, global ﬁts of short baseline neutrino
oscillation data from experiments all over the world converged to a best ﬁt for the RAA giving
the following oscillation parameters: sin2 (2θ) 0.1 and Δm2 1 eV2 6 .
The RAA can be investigated with the Stereo experiment. This very short baseline reactor
antineutrino experiment, running since end of 2016, is installed at 10 m from the High Flux
Reactor of the Institut Laue-Langevin (ILL), in Grenoble, France. The reactor core is very
compact − 80 cm height and 40 cm diameter − ensuring no damping of the oscillation signal.
The test of an oscillation is carried out by using the segmentation of the detector into six
identical cells along the neutrino propagation axis. This allows for measurements at multiple
short baselines, where the neutrino propagation distance is of the order of the oscillation length.
Since the oscillation probability depends on the energy of the emitted neutrino and its length of
propagation, the presence of a sterile neutrino should be revealed by a distortion of the energy
spectra in the diﬀerent cells.
Moreover, the ILL operates with highly enriched 235 U (93%). Contributions from ﬁssion
of other isotopes are thus negligible, allowing Stereo to provide a pure 235 U antineutrino
spectrum. This measurement will provide a test of the recent results of Daya-Bay, Reno and
Double-Chooz, showing the presence of an excess of antineutrinos around 5 MeV in the measured
to normalized prediction. Daya-Bay also reports an 8% deﬁcit in the ratio of measured to
predicted ﬂux for 235 U, while no deﬁcit is shown for 239 Pu 7 .
2

Description of the Experiment

ILL reactor The Stereo detector is located 10 m away from the reactor core, which runs at
a nominal power of ∼58 MWth . Since the reactor is mainly used as a neutron source by various
experiments, the mitigation of the background generated by the neighboring experiments, shown
on Figure 1, is one of the main challenges. The second challenge is related to the cosmogenic
background as the Stereo detector is at sea-level. However, the overburden of concrete and
water provides to the experiment a 15 m.w.e protection against this background. The essential
point of the Stereo experiment is that this cosmogenic induced background can be precisely
measured during the reactor stops, as the ILL operates by cycles of 50 days.
Detector Design and Neutrino Detection The detector consists of an antineutrino detector, several calibration devices and a muon veto on top, all illustrated in Figure 2. Its 2
m3 Target volume segmented into 6 optically separated cells, is ﬁlled with an organic liquid
scintillator (LS) where the antineutrinos are detected via inverse beta decay (IBD) on hydrogen:
ν̄e + p → n + e+ . The IBD signature is a coincidence of a prompt positron and a delayed neutron
capture event. The antineutrino energy is directly inferred as Eν̄e = Ee+ - me + ΔM = Ee+
+ 0.782 MeV where me is the mass of the electron and ΔM the mass diﬀerence between the
neutron and the proton. We will refer to the IBD events as correlated pairs. To reduce the
neutron capture time, the LS has been loaded with gadolinium (Gd). The capture creates a
gamma cascade with about 8 MeV total energy that can interact in the Target, but also in a
surrounding crown called the Gamma-Catcher. This crown is designed to contain the γ-rays
escaping from the Target and also serves as an active veto against the external background.
The scintillation light is conveyed to the top of each cell by reﬂective walls, and read out by 48
Hammamatsu PMTs of 8 inch size. They are separated from the LS by acrylic buﬀers containing
mineral oil that allows to establish an homogeneous light collection as well as a good optical
contact between the LS and the PMTs. Only the Target LS is dopped with Gd for eﬃcient neutron detection, conﬁning the ﬁducial volume in this region. The 6 cells communicate in terms
of liquid exchange, but are optically isolated to the few percent level, allowing for independent
measurements of the neutrino spectrum. The detector is enclosed in a passive shielding of about
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65 tons to reduce the external γ rays and neutron background. A water Cerenkov tank, placed
on the top of the inner detector, acts as an active shielding by vetoing all muons crossing its
volume. The deposited light is read by 20 PMTs. More details are given in 8 .
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Figure 1 – ILL reactor hall. The two neighboring experiments (D19 and IN20) are very close and provide a high
rate of background (γ and n). Stereo takes advantage of
the 15 m.w.e overburden provided by the water channel
and the reactor concrete.

Figure 2 – Stereo setup. 1-6(Green): Target cells (baselines from core: 9.4-11.1 m); (Red): two of the four
gamma catcher cells surrounding the Target. The detector is enclosed in several layers of heavy shielding.

Simulation A Geant4 (version 10.2) Monte Carlo model (MC) based on DCGLG4sim describes the detector geometry, the shielding, and the position to the reactor core. It also includes
particle interactions including neutron moderation and capture; light production, transport taking into account cross talks between cells, detection, and signal conversion in the electronics.
The MC simulation is implemented in such a way that the output is given in the same format
as the real data.
Detector Response An automatic and daily monitoring of the electronic and liquid stability
is done using light pulses from LED. A set of γ and neutron sources are regularly placed inside,
below and around the detector to ensure the monitoring of the energy response. A dedicated
algorithm to reconstruct the deposited energy from the collected light has been developed, taking
into account the evolution of the light cross-talks and the light collection in each cell along time 8 .
To evaluate the systematics associated to this method, we use the cosmic induced n-H peak since
its quasi-uniform distribution is similar to the one of the neutrinos. Figure 3 shows the ﬁt of
the n-H peak of cell 2 and its time stability for the 6 cells. The comparison of the reconstructed
energy of diﬀerent sources, as well as the n-H peak, with the simulation is then used to rescale
the Monte-Carlo simulation from a 1.5% residual discrepancy. This diﬀerence − originating
from the removal of very low PMT charges − is however understood and will be corrected in
the next analyses of Stereo. The systematic uncertainties are derived from the studies of the
n-H peak. Their value are given in the oscillation analysis (cf. Section 6).
3

Signal Selection

To select the neutrino candidates, a set of cuts corresponding to the best compromise between
detection eﬃciency and background rejection is applied. Beyond the basic cuts on energy and
capture time of the prompt and the delayed events, the detector segmentation is exploited to
tag the topology of energy deposition of IBD events. The prompt and delayed events have to
take place in a time period of less than 70 μs and within a distance of 600 mm. We require
for the total energy of the prompt event to be within 1.625 MeV and 7.125 MeV. This range
ensures to keep the majority of the neutrino signal while excluding the low-energy background
contamination. From the characteritics of the energy deposits of the positron signal, less than 1
MeV must be deposited in the neighboring cells and less than 0.4 MeV in the other cells. This
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Figure 3 – Evaluation of the systematic uncertainties associated to the reconstruction of the energy method. The
peak from the capture of neutrons on hydrogen is ﬁtted for each cell and each energy bin. Its time stability is
monitored. We ﬁnd that a 1.5% residual discrepancy is present between data and MC, but well described by
the use of several calibration sources. We have used a rescaling for the present analysis but the origin of this
discrepency has been understood and there will be no need for rescaling in future results.

allows for the two 511 keV γ rays to escape along with some light leaks. The delayed event
must have an energy between 4.5 and 10 MeV, while at least 1 MeV has to be detected in the
target, allowing to reject high energy background events coming from the sides into the detector.
The cosmogenic background, such as muons or fast neutrons coming from the muon spallation
in the shieldings is reduced by applying a veto of 100 μs after the identiﬁcation of a muon in
the Cerenkov water tank or in the Gamma-Catchers. An isolation of 100 μs before the prompt
and after the delayed is also required. Finally, the muons stopping in the upper part of the
detector can be identiﬁed by their asymmetry of light collection on the 4 PMTs of the cell. The
mean eﬃciency of the above selection cuts is evaluated using millions of neutrinos generated in
the Stereo simulation. Its value is (61.4 ± 0.4)% where the uncertainty is estimated from the
propagation of the uncertainty on the energy scale only.
The dominant uncertainty in the eﬃciency comes from the neutron detection eﬃciency
(delayed event). The evaluation of this uncertainty is carried out with dedicated studies using
an americium-beryllium source deployed inside and around the detector. The emitted neutron
is captured on the Gd nuclei present in the LS, allowing to compute the fraction of neutron
captures in both the data and the simulation. The thermalization and neutron capture time
are well reproduced by the simulation. As the Gamma-Catcher is not loaded with Gd, the
Gd-fraction decreases towards the edges of the Target volume. A three-dimensional model is
used to describe the local value of Gd-fraction, providing a 3D map of the data/MC model.
This accurate measurement allows for a correction associated to a sub-percent level systematic
uncertainty (±0.91%).
4

Backgrounds

The accidental background, i.e. the selection of two uncorrelated events, is mainly discriminated
by the 16 μs capture time constant of the neutron capture and the prompt-delayed distance.
Its precise measurement for each cell and energy bin is carried out by opening successive time
windows (∼ 10) of 70 μs, spaced by 1 ms and starting from the prompt event. The IBD cuts are
applied and eventually, a delayed event is found in the window, forming an accidental pair. The
accidental background is strongly linked to the activity of the neighboring experiments. 80% of
the total rate of accidental IBD candidates (∼ 130 events per day) is contained under 3 MeV.
The remaining correlated background, i.e. two events coming from the same physical process,
can only be measured during the phases where the reactor is turned oﬀ. It is dominated by
two categories of cosmic induced events. A fast neutron produced from the spallation of muons
in the heavy shielding can penetrate the detector, inducing a prompt nuclear recoil signal in
the right energy window, before being captured on a Gd nucleus of the LS. Two fast neutrons
coming from the same cosmic shower might also punch through the shielding, thermalize in the
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liquid and get captured in the Target to form the prompt and delayed signals. A third feature,
arising around 5-6 MeV in the correlated background spectrum comes from the 12 C(n,n’γ)12 C
reaction in the LS.
5

Neutrino Spectra Extraction using the PSD Parameter

Principle of the Method The Pulse Shape Discrimination (PSD) properties of the LS allow
to disciminate neutrinos from the dominant remaining cosmic background. This observable is
deﬁned as the ratio of the pulse tail over the total charge. Its evolution in time, mainly caused
by temperature variations, is monitored and corrected using the accurate PSD mean value of
the single events as a monitor of the daily drifts. The PSD distribution of all correlated prompt
events after selection cuts is displayed for one cell and energy bin in the Figure 4, for the periods
of reactor-oﬀ and reactor-on. The distributions of accidentals pairs are also used in the neutrino
extraction. The PSD distribution of the background is divided into an electronic recoils part at
low PSD (captures of fast neutrons on H or Gd or accidentals) and a proton recoils component
at high PSD (induced by fast neutrons in the LS). The correlated IBD candidates of the reactoroﬀ periods (OFF) and the accidental components (OFFAcc and ONAcc ), provide a background
model that is used to ﬁt the correlated IBD candidates (ON) using a log-likelihood maximization,
required by the low statistics of some PSD bins. A Gaussian component (Gν (A, μ, σ)) let totally
free in the maximization is used to describe the distribution of the neutrinos. The correlated
reactor-on data is modeled as follow:
Of f
On
OFFAcc ) + fAcc
ONAcc + Gν (A, μ, σ)
ON = a × (OFF − fAcc

(2)

where the parameter a takes into account the diﬀerence of normalization between the two periods
that is caused by distinct acquisition time and other environemental variables detailed in the
Of f
On are correction factors used to account for the
and fAcc
paragraph Background Stability. fAcc
diﬀerent dead-time calculation of an accidental and a correlated pair. The neutrino rates are
extracted for each cell and energy bin of size 500 keV, providing 6 spectra that are displayed in
the Figure 7.
Monte-Carlo Simulation A Monte-Carlo simulation based on 5000 pseudo-experiments is
developed to evaluate the bias of the likelihood estimator at low statistics. The background
model is derived from the real oﬀ-periods PSD distributions and also takes into account the
accidental components. The bias is negligible across most of the energy range and reaches a
maximum value of 1.7% at 7.125 MeV. It is used to correct the number of IBD candidates.
The probability density functions of the minimized ratio of likelihood −2 ln λ are also built and
demonstrated to follow χ2 laws with n degrees of freedom, providing the statistical test that is
used to quantify the quality of each ﬁt.
Background Stability The only hypothesis on which this method relies is that the background shape stays constant from the reactor-oﬀ to reactor-on periods. The variations of the
cosmic background are driven by two parameters having diﬀerent mean values between the
reactor-oﬀ and reactor-on periods: the atmospheric pressure (ΔPON→OFF ∼ 10 hPa) and the
level of water laying in the reactor pool sitting on top the core (ΔLON→OFF ∼ 8 m) (cf. Figure 1). The PSD shape stability is tested for these two variables by splitting the reactor-oﬀ
periods in two bins gathering the IBD candidates obtained under high pressures (water level)
and under low pressures (water level). The reactor-oﬀ time oﬀers the possibility to study the
eﬀect of the water level, with 136 days of empty pool < L >=7 m and 47 days of ﬁlled pull
< L >=15 m. These high and low contributions are displayed on Figure 5 and the residuals
are plotted, demonstrating a very stable shape of the PSD and validating the method with high
precision.
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Figure 4 – Example of neutrino extraction for one bin and one cell using the PSD parameter. The PSD ﬁgure is
made of two main components: the electronic recoils and the proton recoils. The measured reactor-oﬀ correlated
pairs (red), combined with the accidental pairs (light gray and dark gray), provides the background model of the
reactor-on correlated pairs (on). The neutrinos are modeled by a Gaussian (dark green) and superimpose to the
”On-a ×Oﬀ” under the electronic component. A parameter a accounts for any normalization diﬀerence between
the reactor-oﬀ and the reactor-on periods, such as acquisition time or pressure variations. The minimization is
done using the inverse of a ratio of likelihood −2 ln λ, latter follows a χ2 law. The quality of the ﬁt is given
by the probability (0.88). The residuals (bottom left plot) demonstrate no systematic eﬀect in the shape of the
distribution. Their distribution (bottom right plot) follows a normal law.
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Figure 5 – Test of the background shape stability under pressure variation (left) and variation of the level of
water in the reactor pool (right). The whole reactor-oﬀ period is splitted in two bins containing the high and low
pressures. The residuals between the two populations can be zeroed with a single free normalization parameter
”a”, demonstrating a high stable shape of the background PSD.

6

Oscillation Hypothesis Testing

The dataset gathers 119 days of reactor-on and 210 days of reactor-oﬀ, between November
15, 2017 and January 15, 2019. It is splitted in energy bins of 500 keV between 1.625 MeV and
7.125 MeV. By summing the 6 neutrino spectra, we obtain a total rate of 365.7 ± 3.2 ν̄e /day.
Formalism The oscillation analysis is done in an independant way from any reactor prediction.
It tests the shape of the neutrino spectrum by comparing the measured number of IBD candidates
−
μ are
in each bin i of cell l Dl,i to their respective expectation Ml,i . The parameters of interest →
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−
{sin2 (2θee ), Δm241 }. To take into account the systematic uncertainties, nuisance parameters →
α
are added to the model, allowing more ﬂexibility to adapt to the data:
−
−
−
Ml,i (→
μ,→
α ) = Ml,i (→
μ)

Escale →
1 + αlNormU + Sl,i
(−
μ ) . (αEscaleC + αlEscaleU )

(3)

−
The →
α include the uncorrelated uncertainty on the normalization (cell volume (0.83%) and
neutron eﬃciency corrections (0.91%)), the uncorrelated energy scale uncertainty (Mn anchor
point (0.2%) and cell-to-cell deviations (0.5%)), and the correlated energy scale uncertainty (time
−
Escale (→
stability (0.3%) and anchoring of the Mn(1%)). The sensitivity factors Sl,i
μ ) describe the
variation of the number of IBD candidates under energy scale variation. A free parameter Φi
is introduced for each energy bin but common to all cells. This way, the choice of the initial
predicted spectrum becomes arbitrary and the best spectrum shape common to the 6 cells is
determined independently of a reactor prediction. A Δχ2 method is used to test the diﬀerent
oscillation hypotheses of the parameter space. For each hypothesis {sin2 (2θee ), Δm241 }, 10000
pseudo-experiments allow to construct the Δχ2 probability density functions that are later used
for the decision. The χ2 is expressed as:
2
N
Cells N
Ebins 
−
−
μ,→
α)
Dl,i − Φi Ml,i (→
χ2 =
(4)
σl,i
i=1
l=1
 EscaleC 2 N
N
Cells  NormU 2
Cells  EscaleU 2
αl
αl
α
+
+
+
NormU
σ EscaleC
σ
σlEscaleU
l
l=1
l=1

Δ Nν / Nν (%)

where the σ X are constraining terms associated to the nuisance parameters coming from the
−
−
μ, →
α ) tested at the
uncertainty studies. The σl,i is the statistical uncertainty on the model Ml,i (→
current point of the parameter space. It can deviate signiﬁcantly from the statistical uncertainty
of the data when large mixing angles are tested, as illustrated in the next section.
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Figure 6 – Statistical uncertainty of the neutrino rate prediction for cell 1 at 1.875 MeV.

Uncertainty Prediction To obtain the σl,i , the simulation described in the paragraph MonteCarlo Simulation is used. The rate of generated neutrinos Nν is varied from 20% to 200% of
a nominal expected number of neutrinos N0 = 370 ν̄e /day, leading to the black points on the
Figure 6. We use x to denote the ratio Nν /N0 . Since the statistical uncertainty depends on the
√
signal statistics − evolving as 1/ x − and the constant background statistic − evolving as 1/x
− , we make use of the following ﬁt function:

ΔNν
1
1
= a 2 × + b2 × 2
(5)
Nν
x
x
where the coeﬃcients a and b allow to adapt to the signal-to-background ratio of a given couple
{cell, energy}. Figure 6 shows such an adjustment for one cell and one energy bin.
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Results The test of the non-oscillation hypothesis gives a p-value of 0.4. It is therefore not
rejected. The pull terms show no tension beyond the estimated uncertainties and the measured
spectra, displayed in the Figure 7, reveal a very good agreement with the non-oscillated models.
To produce the exclusion contour (cf. Figure 8), a raster-scan method is employed and the
minimization of each hypothesis is carried out in a ﬁxed Δm241 slice. The statistical ﬂuctuations
are well distributed around the expected sensitivity contour. The RAA best-ﬁt value is excluded
at ∼99% C.L.
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Conclusion

More than 43500 neutrinos have been detected within 119 days of reactor-on using a PSDbased extraction method. Extensive measurements during the reactor-oﬀ periods show a high
stability of the cosmogenic dominated background. A major fraction of the initial RAA contour is now rejected with no signiﬁcant cell-to-cell systematics beyond the current statistical
ﬂuctuations.
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NEUTRINOLESS DOUBLE BETA DECAY SEARCH WITH
STATUS AND PROSPECT WITH LEGEND

76 Ge:

V. D’Andrea for the LEGEND Collaboration
Dipartimento di Scienze Fisiche e Chimiche, Università dell’Aquila, Italy a
The search for neutrinoless double beta (0νββ) decay is the best way to test lepton number
violation and Majorana nature of neutrinos. One of the most promising techniques to discover
0νββ decay is by operating High-Purity Ge detectors enriched in 76 Ge. The current generation
of 76 Ge experiments, Gerda and Majorana, lead the ﬁeld in the achieved energy resolution
and ultra-low background. These are two of the most important characteristics for sensitive
searches of this undiscovered decay. The next generation of 0νββ decay experiments requires
more mass and further reduction of backgrounds to maximize the discovery potential. Building
on the successes of Gerda and Majorana, the LEGEND collaboration has been formed to
pursue a tonne-scale 76 Ge experiment, with a discovery potential projected to be a half-life
beyond 1028 years. The collaboration aims to develop a phased experimental program, starting
with a 200 kg measurement by repurposing the existing Gerda infrastructure.

1

Introduction

The dominance of the matter over the antimatter in our universe is one of the most interesting
aspects of cosmology. One of the favored models to explain this dominance is the leptogenesis 1 ,
that is based on the violation of the lepton number. In many extensions of the Standard Model 2 ,
neutrinos are assumed to be their own antiparticles (Majorana particles), explaining the origin
of the low neutrino mass and leading to lepton number violating processes. At present, the
only feasible experiments having the potential of establishing that the massive neutrinos are
Majorana particles are the ones searching for the neutrinoless double beta (0νββ) decay.
2

Search for neutrinoless double beta decay

The double beta (ββ) decay is a second order weak nuclear decay process with extremely long
half-life, consisting of the transformation of a pair of neutrons into two protons as a single
process with the emission of two electrons. The standard model predicts the ββ decay with two
neutrinos (2νββ): (Z, A) → (Z + 2, A) + 2e + 2ν̄e , this decay has been observed in a few isotopes.
The neutrinoless mode of this decay is not predicted by the Standard Model and consists of
the emission of only two electrons: (Z, A) → (Z + 2, A) + 2e. This decays violates the lepton
number conservation by two units and has never been observed up to now.
The search for a 0νββ decay signal consists of the detection of the two emitted electrons,
with total energy corresponding to the mass diﬀerence Qββ of the two nuclei. The rate of the
0νββ decay is usually factorized into three terms 3 :
0ν
T1/2
a

−1



= G0ν |M0ν |2

also at INFN Laboratori Nazionali del Gran Sasso
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mββ
me

2

(1)

0ν is the half-life of the 0νββ process, G
where T1/2
0ν is the phase space factor (PSF) and M0ν
is the nuclear matrix element (NME) 4 . In the expression of Eq. (1) a fundamental quantity

2 m | (where U is the PMNS mixing matrix
appears, the eﬀective Majorana mass mββ = | 3i=1 Uei
i
and mi are the neutrino mass eigenvalues). The key idea of the experiments is that, by studying
the 0νββ decay, it is possible to measure its half-life and then estimate mββ .
The sensitivity of a given experiment is expressed by 5 :

S

0ν

ln 2 · NA ·  · fab 1
=
·
·
mA
nσ



M ·T
.
BI · ΔE

(2)

This formula emphasizes the role of the experimental parameters needed in the search of the
decay: the detection eﬃciency , the isotopic abundance fab of the ββ emitter, the target mass
M , the experimental live-time T , the background index BI and the energy resolution ΔE.
Of particular interest is the case in which BI is so low that the expected number of background events is less than one count within the energy region of interest (Qββ ± 0.5 full-width at
half-maximum, FWHM) and a given exposure: this is called “background-free” condition. Next
generation experiments aim for having this condition. The ﬁrst data release after the upgrade 12
showed that Gerda is the ﬁrst background-free experiment in the ﬁeld, since it will remain in
this condition up to its design exposure. The advantage of this condition is that the sensitivity
S 0ν grows linearly with the experimental mass and time, instead of by square root like in Eq. (2).
The most recent results on 0νββ decay, including half-life lower limits and sensitivities and
corresponding sensitivity ranges on the eﬀective Majorana mass mββ are listed in Tab. 1.
0ν
Table 1: Results from diﬀerent 0νββ decay experiments: lower half-life limits T1/2
and sensitivities S 0ν (both at
90% C.L.). The sensitivities S 0ν have been converted into upper limits of eﬀective Majorana masses mββ with
the corresponding NME 7 , the ranges are reported in the table.

isotope
76 Ge
76 Ge
130 Te
136 Xe
136 Xe

3

0ν [1025 yr]
T1/2
9
2.7
1.5
1.8
10.7

S 0ν [1025 yr]
11
4.8
0.7
3.7
5.6

mββ [eV]
104–228
157–346
162–757
93–287
76–234

Neutrinoless double beta decay search with the

experiment
Gerda 6
Majorana 8
CUORE 9
EXO-200 10
KamLAND-Zen 11

76 Ge

isotope

Several isotopes with diﬀerent techniques are used to search for 0νββ decay. One of the most
promising is the 76 Ge: High-Purity Ge (HPGe) detectors acting both as source and detector
are used for this purpose. Experiments using this method were ﬁrst developed in the 1980s 13 ,
obtaining limits on the 0νββ decay half-life of ∼ 1023 yr. In the 1990s the experiments HdM 14
and Igex 15 produced for the ﬁrst time Ge detectors enriched in 76 Ge: the limit was increased to
∼ 1025 yr. Currently two experiments are continuing the search for the 76 Ge 0νββ decay with
diﬀerent techniques, in order to reach a sensitivity larger than 1026 yr: the Gerda experiment
and the Majorana Demonstrator, details on these experiments are presented in Secs. 4
and 5. The search for 0νββ decay in 76 Ge will be continued in the following years by the
LEGEND experiment: with a staged approach it aims to reach a sensitivity on the 0νββ decay
half-life up to 1028 yr. The experimental program of LEGEND is presented in Sec. 6.
4

The GERDA experiment

The Gerda experiment 17 is located at the underground Laboratori Nazionali del Gran Sasso
(LNGS) of INFN in Italy. A rock overburden of about 3500 m water equivalent removes the
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Figure 1 – Left: setup of the Gerda experiment 17 . Right: assembly of detector array and LAr veto system 19 .

hadronic components of cosmic ray showers and reduces the muon ﬂux at the experiment.
Design The Gerda setup, illustrated in Fig. 1 (left), has been designed following a multilayer approach. HPGe detectors enriched to about 87% in 76 Ge are operated bare in liquid argon
(LAr). The LAr cryostat is complemented by a water tank with 10 m diameter which further
shields from neutron and γ backgrounds and also works as muon veto.
After a ﬁrst physics data taking campaign 18 carried out from 2011 to 2013, the Gerda setup
has been upgraded to perform the next step 19 . The major upgrade is the introduction of
30 new BEGe detectors from Canberra 20 with an optimal energy resolution, due to the low
input capacitance (∼ pF), and a powerful pulse shape discrimination (PSD), thanks to the
conﬁguration of the p+ and n+ contacts that produce a highly non-uniform electrical ﬁeld. In
addition, an active suppression of the background by detecting the LAr scintillation light, using
PMTs and wavelength shifting ﬁbers coupled to SiPMs, has been introduced. The core of the
Gerda setup is shown in Fig. 1 (right): the Ge detector array (30 BEGe, 7 enriched coaxial
and 3 natural coaxial detectors) is at the center of the instrumented LAr volume.
The Gerda background is further reduced by applying PSD cuts 21 . For BEGe detectors
the PSD is based on the ratio between the peak amplitude of the current signal A and the
total energy E (A/E): low values are typical for multi-site events (γ-rays and β decays on
n+ contacts), high A/E values are from surface events due to α decays on p+ contacts. After
the A/E cut, the average survival probability of a 0νββ decay event is (87.6 ± 2.5)% 6 . For
coaxial detectors the PSD between single-site and multi-site events is based on an artiﬁcial
neural network (ANN) 21 . Additionally, a cut on the risetime of the pulses is applied to reject
fast signals from surface events due α decays near the p+ electrode and in the groove. The
combined PSD eﬃciency for coaxial detectors is (71.2 ± 4.3)% 6 . In Fig. 2 (left) the Gerda
energy spectra are shown for enriched coaxial (top panel) and BEGe (bottom panel) detectors
with the application of LAr veto (in grey) and PSD cuts (in red).
Results The total available enriched Ge exposure in Gerda after the last data release is
82.4 kg·yr 6 . The ﬁnal spectra in the analysis region are shown in Fig. 2 (right): for the coaxial de−4 cts/(keV·kg·yr),
tectors only three events survived, corresponding to a background of 5.7+4.1
−2.6 ·10
−4 cts/(keV·kg·yr).
·
10
for BEGe detectors ﬁve events remain obtaining a background of 5.6+3.4
−2.4
With this result Gerda reaches the lowest background ever achieved in the ﬁeld, taking into
account the energy resolution, and will remain in the background-free condition.
The 0νββ decay analysis yielded no signal, setting a new limit on the 76 Ge 0νββ decay

179

10

enriched coaxial - 23.1 kg⋅yr

Counts / ( keV⋅kg⋅yr )

Counts / 15 keV

104

prior active background rejection
after liquid argon (LAr) veto

3

after LAr veto and PSD
Monte Carlo 2ν ββ - T

102

1/2

from [EPJC 75 (2015) 9]

50 keV blinding

10

enriched coaxial - 23.1 kg⋅yr

after active background rejection

10− 1

background level
26
T 1/2 = 0.9⋅10 yr limit (90% C.L.)

10− 2
10− 3

K

42

K
Qββ
214

Bi
214

Bi

208

Tl

500

0

40

K

42

K

1460

1480

1500

1520
1540
Energy (keV)

210

Po

10
1
1000

1500

2000

2500

3000

3500

4000

4500

5000
Energy (keV)

enriched BEGe - 30.8 kg⋅yr

10−1

Qβ β ± 2 σ

GERDA 18-06

3

102

Counts / ( keV⋅kg⋅yr )

enriched BEGe - 30.8 kg⋅yr
40

10

GERDA 18-06

104

Counts / 1 keV

Counts / 15 keV

1

10−2
10−3
1950

2000

2050

2100

2150
Energy (keV)

Figure 2 – Left: Gerda energy spectra for enriched coaxial (top panel) and BEGe (bottom panel) detectors before
and after the LAr veto and PSD cuts. Right: events observed in the analysis window for coaxial (top) and BEGe
(bottom) detectors. The blue lines show ﬁtted background level and the 90% C.L. limit on 0νββ decay 6 .

Figure 3 – Left: design of the Majorana Demonstrator 16 . Right: energy spectrum for the full exposure of
26 kg·yr (see the text for more details), the range from 1950-2350 keV is shown in the inset 8 .
0ν > 0.9 · 1026 yr (90% C.L.) with a median sensitivity of 1.1 · 1026 yr (90% C.L.),
half-life of T1/2
thus making Gerda the ﬁrst experiment to surpass 1026 yr sensitivity (as reported in Tab. 1).
0ν limit is weaker than the median sensitivity is due to the presence
The fact that the actual T1/2
of an event close to Qββ with energy of 2042.1 keV (2.4 σ away from the Qββ ).

5

The MAJORANA DEMONSTRATOR

The Majorana Demonstrator 16 is operating an array of HPGe detectors at the Sanford
Underground Research Facility (SURF) in Lead, South Dakota with the goal of demonstrating
backgrounds low enough to justify construction of a tonne scale Ge based experiment. The array
consists of 58 HPGe detectors, with a total Ge mass of 44.8 kg: 14.4 kg of natural Ge detectors
and 29.7 kg of detectors enriched to 88.1 ± 0.7% in 76 Ge.
Design The enriched detectors are p-type point contact (PPC) detectors with low capacitance
and sub-keV energy thresholds, permitting low-energy physics studies. These detectors have
achieved an energy resolution of 2.53 ± 0.08 keV (FWHM at Qββ = 2039 keV), the best value
in the 0νββ decay ﬁeld. The experiment utilizes a number of ultra-low activity materials and
methods to reduce environmental backgrounds. The detectors are split between two modules
contained in a low-background copper shield. The copper shielding is contained within 45 cm
of high-purity lead shielding, separating the low-background environment from the laboratory
environment. The lead shield is enclosed within a radon exclusion volume. An active muon veto
surrounds the radon exclusion volume. The design of the Majorana is shown in Fig. 3 (left).
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To further reduce the background two powerful PSD cuts are applied to the data. PPC
detectors have a weighting potential that is relatively low in the bulk of the crystal and peaked
in the vicinity of the point contact. This permits to discriminate the γ-ray background (multisite events in Ge) from a ββ decay signal (single-site event) with an eﬃciency of 90% 8 . A second
PSD is able to discriminate α contaminations. Due to the lithium dead layers on PPC detectors,
α particles cannot penetrate in the active region but, impinging on the passivated surface, can
deposit energy and can be a potential background near Qββ . However, the slow collection of
the holes can be used to discriminate such events from interactions in the crystal bulk. A high
eﬃciency (99.9%) cut based on the slope of the waveform is implemented 8 .
Results The results from the total enriched Ge exposure of 26.0 kg·yr collected in Majorana until May 2018 8 are presented in the following. Fig. 3 (right) shows the measured energy
spectra above 100 keV: in black the spectrum with only data cleaning cuts, in red the coincidence between detectors and PSD cuts are also applied. The inset of Fig. 3 (right) shows
the background spectrum in the energy range from 1950 − 2350 keV. After applying all cuts,
the background from the resulting 360 keV window is (6.1 ± 0.8) · 10−3 cts/(keV·kg·yr). A
lower-background conﬁguration, based on an exposure of 21.3 kg·yr, reports a background of
(4.7 ± 0.8) · 10−3 cts/(keV·kg·yr).
0ν > 2.7 · 1025 yr (90% C.L.)
The observed lower limit on the 76 Ge 0νββ decay half-life is T1/2
25
with a median sensitivity for exclusion of 4.8 · 10 yr (90% C.L.). The half-life limit is weaker
than the median sensitivity by 1σ, due to the proximity to Qββ of an observed event at 2040 keV.
6

The LEGEND experiment

Based on the success of Gerda and Majorana, the search for 0νββ decay in 76 Ge will be
continued in the next years by LEGEND 22 (Large Enriched Germanium Experiment for Neutrinoless ββ Decay). LEGEND will proceed in phases towards a 0νββ decay discovery potential
at a half-life beyond 1028 yr. The best technologies will be selected based on lessons learned in
Gerda and Majorana, as well as contributions from other groups.
In its ﬁrst phase, LEGEND-200, the existing Gerda infrastructure at LNGS will be modiﬁed
to deploy 200 kg of detectors in the cryostat. LEGEND-200 has a background goal of less
than 0.6 cts/(FWHM·ton·yr). Achieving this background rate will allow to reach a sensitivity
greater than 1027 yr with 1 ton·yr of exposure. The corresponding discovery potential is shown
in Fig. 4 and physics data collection is expected to begin in 2021. Multiple techniques are
already planned to achieve the background reduction required for LEGEND-200, such as the
use of the Majorana electroformed copper, the upgrade of the Gerda liquid argon veto and
the improvement of the front-end electronics. A crucial point is the choice of a new detector
geometry, the Inverted Coaxial Point Contact (ICPC) detector 24 , with similar performance to
the BEGe and PPC detectors and a mass as large as a coaxial detector. Five enriched ICPC
detectors have been already produced and deployed in Gerda during May 2018.
The second stage of LEGEND will occur in a new infrastructure, with 1000 kg of detectors
deployed. The background goal for LEGEND-1000 is less than 0.1 cts/(FWHM·ton·yr). This
background reduction is necessary to achieve a 0νββ decay discovery potential at a half-life
greater than 1028 yr on a reasonable timescale (see Fig. 4). The required depth to keep cosmogenic activation backgrounds (e.g. 77m Ge) within the background budget is currently under
investigation and will be a contributing factor in the choice of site 25 .
7

Conclusions

The latest results from Gerda and Majorana conﬁrmed the high quality of the experiments
and the eﬀectiveness of background suppression techniques, consisting of selection of ultra-pure
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Figure 4 – 0νββ decay half-life 3σ discovery potential as function of exposure and background rate 23 .

materials, detection of the LAr scintillation light and powerful pulse shape discrimination cuts.
The next generation of 0νββ decay experiments requires reduced backgrounds and additional
mass. 76 Ge detectors have demonstrated the lowest backgrounds and best energy resolution of
all competing technologies. The LEGEND collaboration plans to take the best of Gerda and
Majorana and perform additional R&D to build a detector with 0νββ decay discovery potential
at a half-life beyond 1028 yr.
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Neutrinoless double beta decay in eﬀective ﬁeld theory
W. Dekens
Department of Physics, University of California at San Diego, 9500 Gilman Drive,
La Jolla, CA 92093-0319, USA
We discuss the contributions of lepton-number-violating (LNV) sources to neutrinoless double
beta decay (0νββ). Assuming that these sources arise at scales well above the electroweak
scale, they can be described within an eﬀective ﬁeld theory. Here, we outline the steps required
to express the 0νββ half-life in terms of the eﬀective interactions, focusing on the dimensionﬁve operator that induces a Majorana mass for the neutrinos. This process involves the
evolution of the operators down to scales of a few GeV where they can be matched onto
Chiral Perturbation Theory. The resulting Chiral Lagrangian can then used be to derive
the lepton-number violating potential, which, in combination with many-body methods, gives
the 0νββ half-life. We will show that consistent renormalization requires the inclusion of a
new contact interaction at leading order in this potential. We also brieﬂy comment on the
constraints that can be set on the operators appearing beyond dimension ﬁve.

1

Introduction

The observation of neutrinoless double beta decay would imply that neutrinos are Majorana
particles 1 , show that lepton number is violated, and signal physics beyond the Standard Model
(SM). Current experiments already set stringent limits on the half-life of this process, e.g. 2
0ν > 1.07 · 1026 y in 136 Xe, while next-generation experiments aim for one to two orders of
T1/2
magnitude improvement in sensitivity.
Perhaps the most familiar contributions to 0νββ are due to the exchange of light Majorana
neutrinos, however, various beyond-the-SM (BSM) scenarios give rise to diﬀerent types of LNV
sources. If one assumes that this LNV is induced at a scale Λ well above the electroweak scale,
these sources can be described in an eﬀective ﬁeld theory (EFT), the so-called SM-EFT. Within
this EFT, BSM eﬀects are parametrized by higher-dimensional operators which are suppressed
by powers of the high scale, Λ. The information about a particular BSM scenario is then captured
by the coeﬃcients of the higher-dimensional operators. Thus, after expressing the 0νββ half-life
in terms of these coeﬃcients, the task of assessing the impact of a particular BSM scenario is
reduced to simply matching it to the EFT.
The steps to derive the contributions of the eﬀective operators to 0νββ involve the evolution
of the interactions to the electroweak scale, where the heavy SM ﬁelds are integrated out. The
EFT can then be evolved to scales of a few GeV where QCD becomes non-perturbative. At this
point one matches the quark-level theory onto Chiral EFT, where the degrees of freedom are
nucleons, pions, and leptons. The Chiral interactions come with unknown low-energy constants
(LECs), so that one relies on a power-counting scheme to determine their relative importance.
We will show that Weinberg’s power-counting scheme 3,4 needs to be modiﬁed in order to correctly
renormalize the theory and a contact interaction has to be included in the Chiral Lagrangian
at leading order. From this Chiral Lagrangian, one can then derive the LNV operator between
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nucleons which can serve as the starting point for many-body calculations. We start by brieﬂy
reviewing the set of operators at the scale Λ.
2

Lepton-number violation in the SM-EFT

LNV interactions arise at odd dimensions within the SM-EFT 5 so that the relevant part of the
Lagrangian, at the scale Λ can be written as
(5)

(7)

(9)

L = LSM + LΔL=2 + LΔL=2 + LΔL=2 . . .

(1)

where the dots stand for operators beyond dimension-nine. Although the dimension-seven (nine) operators are suppressed by 1/Λ2 (1/Λ4 ), there are several BSM scenarios, such as the
left-right model 6,7,8 , where all of them can play a role. Here we will focus on the dimension-ﬁve
operator and only brieﬂy discuss the eﬀects of the higher-dimensional operators at the scale of
a few GeV. At dimension ﬁve there is only one operator 9 which can be written as,
(5)

(2)
LΔL=2 = kl mn (LTk C (5) CLm )Hl Hn ,
√
T
where C is the charge-conjugation matrix, L and H = 1/ 2(0, v + h) are the lepton and
Higgs doublets (in unitary gauge), and v
246 GeV is the Higgs vacuum expectation value.
(5)
The relevant coupling for 0νββ is denoted as mββ = −v 2 Cee . The complete set of dimensionseven operators is known and includes 12 LNV interactions 10,11,12,13 , while all dimension-nine
operators involving four quarks and two leptons have been classiﬁed 14,15 , but no complete basis
is known.
The QCD (electroweak) evolution of these operators is known for the dimension-nine (-seven)
terms 16,17,18,19 , allowing one to evolve them from the scale Λ to the electroweak scale, where,
after integrating out the heavy SM ﬁelds, one matches onto a second EFT. This changes the
dimension of several operators, so that at scales of a few GeV the Lagrangian involves terms of
dimension three, six, seven, and nine. At dimension three the relevant interaction consists of a
Majorana mass for the neutrinos
1
(3)
T
LΔL=2 = − (mν )ij νL,
(3)
i CνL, j + . . .
2
(5)

where (mν )ij = −v 2 Cij + . . . , and the dots stand for contributions from operators of dimensionseven and higher. At dimension six there appear semileptonic four-fermion interactions 20

2GF
(6)
(6)
(6)
T
T
LΔL=2 = √
CVL,ij ūL γ μ dL ēR,i γμ C ν̄L,j
+ CVR,ij ūR γ μ dR ēR,i γμ C ν̄L,j
(4)
2

(6)

(6)

(6)

T
T
T
+ CSL,ij ūR dL ēL,i C ν̄L,j
+ CT,ij ūL σ μν dR ēL,i σμν C ν̄L,j
+ CSR,ij ūL dR ēL,i C ν̄L,j

+ h.c.

(7)

These dimension-six terms are generated by the operators in LΔL=2 , which also contribute to
the following dimension-seven terms at low energies,


←
→ T
←
→ T
2GF
(7)
(7)
(7)
μ
μ
CVL,ij ūL γ dL ēL,i C i ∂ μ ν̄L,j + CVR,ij ūR γ dR ēL,i Ci ∂ μ ν̄L,j + h.c. (5)
LΔL=2 = √
2v
(6,7)

Due to their origins, one has Ci
= O(v 3 /Λ3 ). Finally, dimension-nine operators 15,14 with
(7)
(9)
two electrons and four quarks are induced by LΔL=2 and LΔL=2


1 
(9)
(9)
(9)
(9)
Ci R ēR C ēTR + Ci L ēL C ēTL Oi + Ci ēγμ γ5 C ēT Oiμ ,
(6)
LΔL=2 = 5
v
i

Oiμ

where Oi and
are four-quark operators that are Lorentz scalars and vectors, respectively.
Their deﬁnitions can be found in Ref. 18 .
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Figure 1 – Left panel: Contributions to nn → ppee. Double, dashed, and plain lines denote nucleons, pions, and
leptons, respectively. Gray circles denote the weak current, and the black square an insertion of mββ (or gνN N
in the case of the fourth line). Right panel: The nn → ppee amplitude as a function of the regulator. The MS
scheme is shown in red, while the cut-oﬀ scheme, explained in the text, is shown in blue.

3

Chiral Eﬀective Theory

We start with the Chiral Lagrangian induced by Eq. (2). In Weinberg’s power counting, the
leading-order Chiral Lagrangian involves the Majorana neutrino mass, mββ , as well as the onebody weak currents. The latter arises from a single vertex or from pion exchange between the
lepton and nucleon line, leading to the amplitude



√
qμS · q
−
N ēL γμ νL ,
(7)
An→pe ν = − 2Vud GF N̄ τ + v μ − 2gA S μ + 2
2
q + mπ
where gA 1.27 is the nucleon axial coupling, q is the momentum transfer, v μ and S μ are the
nucleon velocity and its spin, Vud is a CKM element, and GF is the Fermi constant. Combining
two insertions of this weak current with the Majorana mass then gives rise to the following LNV
2 m
T
Hamiltonian, HLNV = 2G2F Vud
ββ ēL C ēL Vν , with the two-body potential given by
Vν (q) = τ

(1)+ (2)+

τ

#
$
2m2π + q2
1
2 (1)
(2)
2 (1)
(2)
1 − gA σ · σ + gA σ · q σ · q 2
,
q2
(q + m2π )2

(8)

where τ and σ are isospin and spin matrices, respectively. This agrees with the commonly
employed neutrino potential 21,22 at leading order a .
The above potential is commonly used as the starting point of 0νββ calculations. These
involve the evaluation of phase space integrals over the lepton momenta as well as the matrix
element of Vν between initial and ﬁnal nuclear states. While the former are well known 24 ,
the latter rely on complicated many-body calculations whose results vary by a factor of two to
three between diﬀerent methods 25,26,27,24 . Apart from these theoretical uncertainties, there is
the issue that Eq. (8) is based on Weinberg’s power-counting, which is known to break down
in nucleon-nucleon scattering 28,29,30,31 , making it important to see whether this power-counting
scheme is justiﬁed in 0νββ.
3.1

The need for a contact interaction at leading order

To investigate the power counting, we calculate the simplest possible LNV amplitude, namely,
nn → pp e− e− , and check whether it can be renormalized. To do so, one needs to dress the LNV
a

Within Chiral EFT, dependence on the intermediate nuclear states appears at next-to-next-to-leading order 23 .
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Figure 2 – Limits on the Wilson coeﬃcients in Eqs. (4), (5), and (6). The left panel depicts the limits on the
couplings generated at dimension seven and assume Ci = v 3 /Λ3 , while the right panel shows the constraints on
couplings induced by dimension-nine operators, assuming Ci = v 5 /Λ5 .

potential in Eq. (8) with strong interactions. At leading order these consist of pion exchange as
well as a contact interaction, which induce the following potential in the 1 S0 channel
V0 (q) = C̃ + Vπ (q) ,

Vπ (q) = −

2
gA
m2π
,
2
2
4Fπ q + m2π

(9)

where C̃ = O(Fπ−2 ) parametrizes the short-distance component of the strong interactions. By
treating the above potential non-perturbatively, and ﬁtting to the N N scattering length, the
strong interactions can be consistently renormalized.
Dressing the LNV potential with the strong potential leads to several classes of diagrams,
depicted in the left-hand panel of Fig. 1. The ﬁrst line shows Vν combined with pion exchanges,
while in the second line iterations of C̃ have been added on one side of Vν . One can show that both
types of diagrams give rise to ﬁnite results. However, the class of diagrams involving C̃ inserted
on both sides of Vν (third line of the ﬁgure) leads to a divergence, both in the MS scheme as
C̃(RS ) −r /R
S.
well as when one regulates the contact interaction with a Gaussian, C̃δ (3) (r) → (√
e
πRS )3
The numerical results for the amplitude in both schemes are shown in the right-hand panel of
Fig. 1 as a function of the regulator (either μ in the MS scheme or RS in the cut-oﬀ scheme).
Both schemes exhibit a clear regulator dependence, implying that the obtained results are not
properly renormalized.
The regulator dependence can be removed by introducing a LNV contact interaction
2

Vν,CT = −2gνNN τ (1)+ τ (2)+ ,

2

(10)

where gνN N is an LEC. This potential can be dressed with the strong interactions in the same
way as was done for Vν (see the last line of the left panel in Fig. 1), showing that gνN N can
indeed absorb the regulator dependence. Within the MS scheme, this LEC then follows the
renormalization-group equation,

2

4π
1
d
2
g̃νNN =
1 + 2gA
,
(11)
μ
dμ
2
mN C̃
which suggests that the combination in square brackets should
be O(1),
implying gνN N =


O(Fπ−2 ), in contrast to Weinberg’s power counting, gνN N = O (4πFπ )−2 .
As the ﬁnite part of gνN N is unknown, it is hard to quantify its impact on 0νββ calculations.
Preferably, one would determine it from a lattice QCD calculation of nn → pp e− e− . At
present, however, only order-of-magnitude estimates are available based on Chiral symmetry,
which relates gνN N to contact interactions induced by the exchange of hard photons 32 . Using
this estimate to compute the LNV amplitude induced by Vν + Vν,CT leads to the horizontal lines
in Fig. (1), showing that the amplitude can indeed be made regulator independent and that the
impact of gνN N is at the 10% level for RS = 0.6 fm in nn → pp e− e− . In the case of 12 Be→12 C,
which is closer to the transitions of experimental interest as it is changes the total isospin 33 , the
impact is at the ∼ 60% level 32 .
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3.2

Dimension-seven and -nine contributions

The matching to Chiral EFT can be repeated for the operators in Eqs. (4), (5), and (6). Within
Weinberg’s power counting the scalar dimension-nine operators then mainly induce ππēec interactions, while the vector operators generate π p̄nēec and (p̄n)(p̄n)ēec terms. Instead, the operators in Eqs. (4) and (5) would mainly induce one-body interactions, p̄nēν c . The corresponding
LECs have been calculated on the lattice for the scalar dimension-nine terms 34 , most of those
(6,7)
needed for Ci
are the known nucleon charges 20 , while the LECs for the dimension-nine vector
terms are currently unknown. Furthermore, the issue with Weinberg’s power counting as described above reappears for several of the higher-dimensional operators. Similar arguments then
suggest that one needs additional contact interactions for the scalar dimension-nine operators,
(6,7)
and some of the Ci . On the other hand, the needed nuclear matrix elements have all been
evaluated in the literature. Using these 26 , together with some assumptions on the LECs 18 and
the experimental limit 2 , then allows one to set the constraints depicted in Fig. 2.
We conclude that EFTs provide a systematic way to assess the contributions of LNV sources
to 0νββ. Despite large nuclear and hadronic uncertainties, this typically leads to stringent limits in the case of dimension-seven operators, while dimension-nine terms are constrained to be
at the TeV scale, see Fig. 2. In addition, consistent renormalization requires one to include a
new short-range interaction at leading order, which already aﬀects the light Majorana-neutrino
exchange mechanism.
Acknowledgments
I would like to thank the organizers for the opportunity to present this work at the electroweak
session of Recontres de Moriond, and for an interesting and enjoyable meeting. This work was
supported in part by DOE Grant No. DE-SC0009919.
References
1. J. Schechter and J. W. F. Valle. Neutrinoless Double beta Decay in SU(2) x U(1) Theories.
Phys. Rev., D25:2951, 1982.
2. A. Gando et al. Search for Majorana Neutrinos near the Inverted Mass Hierarchy Region
with KamLAND-Zen. Phys. Rev. Lett., 117(8):082503, 2016. [Addendum: Phys. Rev.
Lett.117,no.10,109903(2016)].
3. S. Weinberg. Nuclear forces from chiral Lagrangians. Phys. Lett., B251:288–292, 1990.
4. S. Weinberg. Eﬀective chiral Lagrangians for nucleon - pion interactions and nuclear
forces. Nucl. Phys., B363:3–18, 1991.
5. Andrew Kobach. Baryon Number, Lepton Number, and Operator Dimension in the
Standard Model. Phys. Lett., B758:455–457, 2016.
6. Jogesh C. Pati and Abdus Salam. Lepton Number as the Fourth Color. Phys. Rev.,
D10:275–289, 1974. [Erratum: Phys. Rev.D11,703(1975)].
7. Rabindra N. Mohapatra and Jogesh C. Pati. Left-Right Gauge Symmetry and an Isoconjugate Model of CP Violation. Phys. Rev. D, 11:566–571, 1975.
8. G. Senjanovic and Rabindra N. Mohapatra. Exact Left-Right Symmetry and Spontaneous
Violation of Parity. Phys. Rev. D, 12:1502, 1975.
9. S. Weinberg. Baryon and Lepton Nonconserving Processes. Phys. Rev. Lett., 43:1566–
1570, 1979.
10. Landon Lehman. Extending the Standard Model Eﬀective Field Theory with the Complete
Set of Dimension-7 Operators. Phys. Rev., D90(12):125023, 2014.
11. K. S. Babu and Chung Ngoc Leung. Classiﬁcation of eﬀective neutrino mass operators.
Nucl. Phys., B619:667–689, 2001.

187

12. N. F. Bell, M. Gorchtein, M. J. Ramsey-Musolf, P. Vogel, and P. Wang. Model independent
bounds on magnetic moments of Majorana neutrinos. Phys. Lett., B642:377–383, 2006.
13. Yi Liao and Xiao-Dong Ma. Operators up to Dimension Seven in Standard Model Eﬀective
Field Theory Extended with Sterile Neutrinos. Phys. Rev., D96:015012, 2017.
14. Gary Prezeau, M. Ramsey-Musolf, and Petr Vogel. Neutrinoless double beta decay and
eﬀective ﬁeld theory. Phys. Rev., D68:034016, 2003.
15. M. L. Graesser. An electroweak basis for neutrinoless double β decay. JHEP, 08:099,
2017.
16. Andrzej J. Buras, Mikolaj Misiak, and Jorg Urban. Two loop QCD anomalous dimensions
of ﬂavor changing four quark operators within and beyond the standard model. Nucl.
Phys., B586:397–426, 2000.
17. Andrzej J. Buras, Sebastian Jager, and Jorg Urban. Master formulae for Delta F=2 NLO
QCD factors in the standard model and beyond. Nucl. Phys., B605:600–624, 2001.
18. V. Cirigliano, W. Dekens, J. de Vries, M. L. Graesser, and E. Mereghetti. A neutrinoless
double beta decay master formula from eﬀective ﬁeld theory. JHEP, 12:097, 2018.
19. Y. Liao and X. D. Ma. Renormalization Group Evolution of Dimension-seven Operators
in Standard Model Eﬀective Field Theory and Relevant Phenomenology. JHEP, 03:179,
2019.
20. V. Cirigliano, W. Dekens, J. de Vries, M. L. Graesser, and E. Mereghetti. Neutrinoless
double beta decay in chiral eﬀective ﬁeld theory: lepton number violation at dimension
seven. JHEP, 12:082, 2017.
21. S. M. Bilenky and C. Giunti. Neutrinoless Double-Beta Decay: a Probe of Physics Beyond
the Standard Model. Int. J. Mod. Phys., A30(04n05):1530001, 2015.
22. Jonathan Engel and Javier Menéndez. Status and Future of Nuclear Matrix Elements for
Neutrinoless Double-Beta Decay: A Review. Rept. Prog. Phys., 80(4):046301, 2017.
23. V. Cirigliano, W. Dekens, E. Mereghetti, and A. Walker-Loud. Neutrinoless double-β
decay in eﬀective ﬁeld theory: The light-Majorana neutrino-exchange mechanism. Phys.
Rev., C97(6):065501, 2018.
24. Mihai Horoi and Andrei Neacsu. Towards an eﬀective ﬁeld theory approach to the neutrinoless double-beta decay. 2017.
25. Juhani Hyvärinen and Jouni Suhonen. Nuclear matrix elements for 0νββ decays with
light or heavy Majorana-neutrino exchange. Phys. Rev., C91(2):024613, 2015.
26. J. Menéndez. Neutrinoless ββ decay mediated by the exchange of light and heavy neutrinos: the role of nuclear structure correlations. J. Phys., G45(1):014003, 2018.
27. J. Barea, J. Kotila, and F. Iachello. 0νββ and 2νββ nuclear matrix elements in the
interacting boson model with isospin restoration. Phys. Rev., C91(3):034304, 2015.
28. David B. Kaplan, Martin J. Savage, and Mark B. Wise. Nucleon - nucleon scattering from
eﬀective ﬁeld theory. Nucl. Phys., B478:629–659, 1996.
29. S. R. Beane, Paulo F. Bedaque, M. J. Savage, and U. van Kolck. Towards a perturbative
theory of nuclear forces. Nucl. Phys., A700:377–402, 2002.
30. A. Nogga, R. G. E. Timmermans, and U. van Kolck. Renormalization of one-pion exchange
and power counting. Phys. Rev., C72:054006, 2005.
31. Bingwei Long and C.-J. Yang. Short-range nuclear forces in singlet channels. Phys. Rev.,
C86:024001, 2012.
32. V. Cirigliano, W. Dekens, J. De Vries, M. L. Graesser, E. Mereghetti, S. Pastore, and
U. van Kolck. New Leading Contribution to Neutrinoless Double-Beta Decay. Phys. Rev.
Lett., 120(20):202001, 2018.
33. S. Pastore, J. Carlson, V. Cirigliano, W. Dekens, E. Mereghetti, and R. B. Wiringa. 0νββ
matrix elements in light nuclei. Phys. Rev., C97(1):014606, 2018.
34. A. Nicholson et al. Heavy physics contributions to neutrinoless double beta decay from
QCD. Phys. Rev. Lett., 121(17):172501, 2018.

188

Results of CUORE

1

S. Dell’Oro1 , D. Q. Adams2 , C. Alduino2 , K. Alfonso3 , F. T. Avignone III2 , O. Azzolini4 ,
G. Bari5 , F. Bellini6,7 , G. Benato8 , M. Biassoni9 , A. Branca10,9 , C. Broﬀerio10,9 , C. Bucci11 ,
A. Caminata12 , A. Campani13,12 , L. Canonica14,11 , X. G. Cao15 , S. Capelli10,9 ,
L. Cappelli11,8,16 , L. Cardani7 , P. Carniti10,9 , N. Casali7 , D. Chiesa10,9 , N. Chott2 ,
M. Clemenza10,9 , S. Copello17,11 , C. Cosmelli6,7 , O. Cremonesi9 , R. J. Creswick2 ,
J. S. Cushman17 , A. D’Addabbo11 , D. D’Aguanno11,19 , I. Daﬁnei7 , C. J. Davis18 ,
S. Di Domizio13,12 , V. Dompè11,17 , A. Drobizhev8,16 , D. Q. Fang15 , G. Fantini11,17 ,
M. Faverzani10,9 , E. Ferri10,9 , F. Ferroni17,7 , E. Fiorini9,10 , M. A. Franceschi20 ,
S. J. Freedman16,8,a , B. K. Fujikawa16 , A. Giachero10,9 , L. Gironi10,9 , A. Giuliani21 ,
P. Gorla11 , C. Gotti10,9 , T. D. Gutierrez22 , K. Han23 , K. M. Heeger18 , R. G. Huang8 ,
H. Z. Huang3 , J. Johnston14 , G. Keppel4 , Yu. G. Kolomensky8,16 , A. Leder14 , C. Ligi20 ,
Y. G. Ma15 , L. Ma3 , L. Marini8,16 , R. H. Maruyama18 , Y. Mei16 , N. Moggi24,5 , S. Morganti7 ,
T. Napolitano20 , M. Nastasi10,9 , C. Nones25 , E. B. Norman26,27 , V. Novati21 , A. Nucciotti10,9 ,
I. Nutini10,9 , T. O’Donnell1 , J. L. Ouellet14 , C. E. Pagliarone11,19 , L. Pagnanini10,9 ,
M. Pallavicini13,12 , L. Pattavina11 , M. Pavan10,9 , G. Pessina9 , V. Pettinacci7 , C. Pira4 ,
S. Pirro11 , S. Pozzi10,9 , E. Previtali9 , A. Puiu10,9 , C. Rosenfeld2 , C. Rusconi2,11 ,
M. Sakai8 , S. Sangiorgio26 , B. Schmidt16 , N. D. Scielzo26 , V. Singh8 , M. Sisti10,9 ,
D. Speller17 , L. Taﬀarello28 , F. Terranova10,9 , C. Tomei7 , M. Vignati7 , S. L. Wagaarachchi8,16 ,
B. S. Wang26,27 , B. Welliver16 , J. Wilson2 , K. Wilson2 , L. A. Winslow14 , T. Wise18,29 ,
L. Zanotti10,9 , S. Zimmermann30 , and S. Zucchelli24,5
Center for Neutrino Physics, Virginia Polytechnic Institute and State University, Blacksburg, Virginia
24061, USA
2
Department of Physics and Astronomy, University of South Carolina, Columbia, SC 29208, USA
3
Department of Physics and Astronomy, University of California, Los Angeles, CA 90095, USA
4
INFN – Laboratori Nazionali di Legnaro, Legnaro (Padova) I-35020, Italy
5
INFN – Sezione di Bologna, Bologna I-40127, Italy
6
Dipartimento di Fisica, Sapienza Università di Roma, Roma I-00185, Italy
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The Cryogenic Underground Observatory for Rare Events (CUORE) at the Laboratori Nazionali del Gran Sasso, Italy, is the world’s largest bolometric experiment. The detector consists of
an array of 988 TeO2 crystals, for a total mass of 742 kg. CUORE is presently in data taking,
searching for the neutrinoless double beta decay of 130Te. CUORE is operational since the
spring of 2017. The initial science run already allowed to provide the most stringent limit on
the neutrinoless double beta decay half-life of 130Te, and to perform the most precise measurement of the two-neutrino double beta decay half-life. Up to date, we have more than doubled
the collected exposure. In this talk, we presenteded the most recent results and discuss the
present status of the CUORE experiment.

1

Introduction

Neutrinoless double beta decay (0νββ, 1 ) is a rare nuclear process not predicted by the Standard
Model in which a pair of neutrons inside a nucleus transforms into a pair of protons, with the
emission of two electrons: (A, Z) → (A, Z + 2) + 2e− . This transition clearly violates the conservation of the number of leptons. The observation of 0νββ would thus demonstrate that the
lepton number is not a symmetry of nature. At the same time, 0νββ provides a key tool to study
neutrinos by probing whether their nature is that of Majorana particles and providing us with
important information on the neutrino absolute mass scale and ordering 2 .
The huge impact on Particle Physics has motivated and continues to motivate a strong experimental eﬀort to search for 0νββ. Among the experiments searching for 0νββ, CUORE 3 ,
acronym for Cryogenic Underground Observatory for Rare Events, is looking for the transition:
130
Te→ 130Xe + 2 e – .
CUORE is located at the Laboratori Nazionali del Gran Sasso, Italy (∼ 3600 m w. e.) and is
presently in data-taking. The experiment is expected to collect data for a total of ﬁve years of
live-time.
2

CUORE detector

The CUORE detector comprises an array of 988 5 × 5 × 5 cm3 natTeO2 crystals arranged into 19
towers of 13 4-crystal ﬂoors 4 . Each crystal has a mass of 750 g, giving a total detector mass of
742 kg, i. e. 206 kg of 130Te. The crystals are operated as cryogenic bolometers.
Bolometers are calorimeters in which the energy released inside an absorber by an interacting
particle is converted into phonons and measured via temperature variation. These detectors can
only be operated at cryogenic temperatures in order to minimize the heat capacity, since the
intrinsic response of a calorimeter is proportional to this parameter. In the case of CUORE, the
working temperature is about 10 mK, where the heat capacity of the TeO2 crystals is ∼ 100 μK
per MeV. To detect any slight variation in temperature, each CUORE crystal is instrumented
with a neutron transmutation doped (NTD) Ge thermistor. Furthermore, all the crystals are also
instrumented with a Si heater, to stabilize the detector response by cyclically delivering a ﬁxed
(and extremely precise) amount of energy to the bolometers.
The detector assembly took almost two years, from September 2012 to July 2014. Thanks to
speciﬁcally designed procedures 5 , the CUORE crystals were never exposed to air (thus avoiding
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the risk of contamination by Rn) from the moment of the polishing after growth until the installation of the detector. This latter operation was performed in summer 2016, after the completion
of the commissioning of the cryogenic system. In the meanwhile, for about two years, the towers
were stored inside the CUORE clean room into sealed containers constantly ﬂushed with clean
N2 .
3

CUORE cryostat

Given the huge size and mass, the CUORE detector could not be housed in any standard cryostat. In order to operate the detector, a custom cryogenic system had thus to be designed and
constructed, satisfying very stringent experimental requirements in terms of high cooling power,
low noise environment and low radioactivity content (Fig. 3, 6 ).
The CUORE cryostat is a large custom cryogen-free cryostat cooled by 5 Pulse Tube Refrigerators and by a high-power 3He/ 4He Dilution Unit with 3 μW at 10 mK. The cryostat comprises
six nested high-purity-copper vessels, the innermost of which encloses an experimental volume
of about 1 m3 . The various stages thermalize to diﬀerent temperatures, from room temperature
to ∼ 10 mK, and are identiﬁed by their approximate temperatures: 300 K, 40 K, 4 K, 800 mK or
Still, 50 mK or Heat EXchanger (HEX), and 10 mK or Mixing Chamber (MC). At the center, the
Tower Support Plate (TSP) holding the detector is attached to a dedicated suspension system
in order to reduce the amount of vibrations. The 300 K and the 4 K vessels are vacuum-tight
and deﬁne two vacuum volumes called the Outer Vacuum Chamber (OVC) and the Inner Vacuum Chamber (IVC). The detector is shielded from the external radioactivity by two lead shields
placed inside the IVC. The Inner Lead Shield (ILS) stands between the 4 K and the Still stages
and provides side shielding and shielding from below. This shield is made of ancient Roman
lead, with extremely low concentration of 210Pb (< 4 mBq kg− 1 7 ). The Top Lead is positioned
below the MC plate and provides shielding from above. The whole cryostat is protected from the
environmental radioactivity by the external shield made of 70 t of lead and borated polyethylene.
To cooldown the detector to its working temperature, almost one month is required in order
to extract more than 7 · 108 J of enthalpy from the system. The initial phase of the cooldown
process is driven by a dedicated Fast Cooling System, that circulates He gas through an external
cooling circuit and injects it directly into the IVC. Then, the Pulse Tubes bring the inner cryostat
stages down to about 4 K and the Dilution Unit completes the cooldown of the Still, HEX and
MC stages (including the detector).
The cooldown of CUORE took place between December 2016 and January 2017. Indeed,
after the cryostat construction, a period of about four years was required for the commissioning
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of the cryogenic system, before the installation of the CUORE detector. The commissioning
was long and complex. It involved several test and cooldowns to integrate the numerous custom
components and to check the system performance. Nonetheless, at the end of this process, the
success of the CUORE cryostat marked a major milestone in the history of low-temperature
detector techniques and opened the way for large bolometric arrays (tonne-scale) for rare event
physics.
4

Initial results from CUORE

The initial few months of operation of CUORE were devoted to the detector characterization and
optimization, i. e. to the tuning of all the detector parameters and to set of the environmental
conditions on which we could act. The experiment sensitivity depends on factors such as the
energy resolution and the live time. Therefore, we wanted to identify stable working conditions
and, at the same time, to improve the energy resolution by maximizing the signal-to-noise ratio.
We performed temperature scans around the cryostat base temperature to select the one that
optimized the signal and could give the designed NTD working resistance (a few hundreds MΩ).
A preliminary optimization phase occurred before the ﬁrst dataset, while a second “reﬁned”
one was performed in between the ﬁrst and the second dataset. In CUORE, each dataset includes
one-day-long runs for a total of about one month of Physics data, and is started and ended with
a calibration. In both datasets, the number of active channels was 984. However, during the
analysis a fraction of these had to be removed for diﬀerent reasons (e. g. too much noise, failure
during one or more analysis steps, insuﬃcient statistics collected during calibration, . . . ). In the
end, the analysis was performed on 876 channels and 935 channels, respectively. The average
energy resolution at Qββ , mediated over all the active channels, was (7.7 ± 0.5) keV, with an
observed improvement during the data collection thanks to the optimization campaign. The ﬁrst
results released by the CUORE collaboration include these two datasets, and cover the interval
between May and September 2017, for a total TeO2 exposure of 86.3 kg yr 3 .
We performed a blind search for 0νββ. Before unblinding the actual data, we ﬁxed the model
and ﬁtting strategy. We estimated the line shape parameters for each bolometer-dataset with a
simultaneous, unbinned extended maximum likelihood (UEML) ﬁt performed on each tower in
the energy range (2530 − 2720) keV. In particular, all individual detectors were constrained to
have the same decay rate, which we allowed to vary freely in the ﬁt. The results is shown in
Fig. 2, where the 155 candidate events in the Region of Interest (ROI) that passed all selection
are shown, together with the UEML ﬁt.
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Figure 2 – CUORE ﬁrst data release best-ﬁt model and normalized residuals in the ROI overlaid on the data points.
The data are shown with Gaussian error bars. The peak at ∼ 2507 keV is attributed to 60Co. The dashed line
shows the continuum background component of the model. The vertical dot-dashed line indicates the position of
the Qββ of 130Te.
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Figure 3 – CUORE-0 (Left) and CUORE ﬁrst data release (Right) spectra compared to the 2νββ contribution
predicted by the reference ﬁts. The 40K peak from the crystal contamination (the radioactive source that has the
strongest correlation with the 2νββ) is also reported.

We found no evidence for 0νββ of 130Te. Including the systematic uncertainties, we could
place a lower limit on the decay half-life of 1.3 · 1025 yr at 90% C. L. . Combining this result with
those of two earlier experiments, Cuoricino 8 and CUORE-0 9 , we obtained the most stringent
limit to date on this decay, i. e. 1.5·1025 yr at 90% C. L. . We converted the combined half-life limit
as a limit on the eﬀective Majorana neutrino mass, mββ , in the framework of models that assume
0νββ to mediated by light Majorana neutrino exchange. We found mββ < (110 − 520) meV,
where the range reﬂects the uncertainties coming from the nuclear physics.
5

CUORE background and 2νββ

In order to systematically study the CUORE radioactive contamination, we developed a background model able to describe the observed spectrum in terms of contributions from contamination from the materials directly facing the detector, the whole cryogenic setup, and the environmental radioactivity. This detailed Monte Carlo was used over the years to guide the construction
strategies of the experiment and, later, to project a background model for CUORE 10 . By analyzing the data from CUORE, we could ultimately test our model.
We measured a background generally in line with or expectations: we observed an average
of (0.014 ± 0.002) counts keV−1 kg−1 yr−1 inside the ROI. The contribution from γ radiation was
signiﬁcantly reduced with respect to CUORE-0, and most of the α-induced background was
compatible. We observed an excess in the counts from 210Po. Most likely, this is coming from
shallow contamination in copper around the detectors, but we are still investigating it. Anyway,
its related contribution to the ROI is estimated at level of 10−4 counts keV−1 kg−1 yr−1 .
Thanks to our background model, we successfully reconstructed the background contribution
that could be ascribed to the two-neutrino double beta decay (2νββ) of 130Te. Therefore, we
were able to measure its half-life and we obtained (7.9 ± 0.1 (stat.) ± 0.2 (syst.)) · 1020 yr. This is
the world’s most precise measurement on this decay.
At the same time, by comparing the contribution of the 2νββ to the total background of
CUORE with that CUORE-0 (Fig. 3), we could see that, while in the earlier experiment the
2νββ spectrum accounted for ∼ 20% of counts in the (1 − 2) MeV region, in CUORE the
2νββ spectrum dominates for nearly all events in the same energy range 11 .
6

Outlook

CUORE will collect data for a total of ﬁve years of live-time. The predicted ﬁnal sensitivity is
9.0 · 1025 yr at 90% C. L. 12 .
CUORE itself represents a fundamental step toward the next generation of detectors. Starting
from the experience, the expertise, and the lessons learned while running CUORE, the CUPID
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project (CUORE Upgrade with Particle IDentiﬁcation 13 ) aims at developing a future bolometric
0νββ experiment with sensitivity on the half-life of the order of (1027 −1028 ) yr. Thermal detectors
are expected to play a central role in the forthcoming future of the search for 0νββ.
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Neutrinos in the Standard Model (SM) are considered to be massless which is in contradiction
with the evidence from the neutrino oscillation data. These experiments established that at
least two SM neutrinos have non-zero masses and that individual lepton numbers are violated.
This is strong evidence of new physics beyond the SM that should be responsible for generating
non zero mass for the neutrinos. In this work, we study the collider phenomenology of an
extension of the SM where neutrinos are generated radiatively at three-loop. We show that
the production of same-sign dilepton at lepton colliders (such as FCC-ee and ILC) can be
used to probe the Majorana nature of neutrinos in this class of models

1

Introduction

The Standard Model (SM) of the electroweak and strong interactions is extremely successful
in explaining most of the measurements in particle physics at high energies that are accessible
today. Nonetheless, despite its enormous success in describing the elementary particle interactions, there appears to be a need for physics beyond the SM at about the weak scale, with
additional features that could explain the presence of Dark Matter (DM) and its nature in the
universe 1 in addition to several other questions which remain unanswered like the neutrino
masses and mixing 2 , the origin of the Baryon Asymmetry of the Universe (BAU). So far, none
of these issues are successfully explained within the SM framework. In the SM, the neutrinos are
considered to be massless which is in contradiction with the evidence from neutrino oscillation
experiments. In addition to this, the absolute neutrino mass scale remains unknown, although it
is possible to measure the mass diﬀerence between neutrino ﬂavors through neutrino oscillations.
Thus, these limitations necessitate the introduction of additional components to the SM and
going beyond its actual framework.
To tackle this open question, many generic models, which are available in the market, are trying
to investigate this issue, for instance: Seesaw mechanism (Type I,II or III) 3 , Radiative Models:
one loop (A. Zee 4 , Ma 5 ), two loops (Zee-Babu), or three loops (Krauss, Nasri and Trodden
(KNT)). The focus in this work will be on the latter model (KNT) in 6 which proposed the
extension of the SM with two electrically charged SU (2)L singlet scalars and one right handed
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(RH) neutrino ﬁeld N1 , where a Z2 symmetry was imposed at the Lagrangian level in order to
forbid the Dirac neutrino mass terms. After the breaking of the electroweak symmetry, neutrino
masses are generated at three-loop, which makes their masses naturally small due to the high
loop suppression. Moreover, the ﬁeld N1 is odd under Z2 symmetry, and thus it is guaranteed
to be stable, which makes it a good candidate for DM. It was shown also that in order to ﬁt the
neutrino oscillation data and be consistent with diﬀerent recent experimental constraints such
as lepton ﬂavor violation (LFV), one needs to have three RH neutrinos.
The aim of this paper is to elaborate an overview as well as systematic assessment of one of
the possible signatures for heavy neutrino searches that can be explored mainly at future lepton
colliders. Within the proposed class of neutrino mass models, the neutrino mass is generated radiatively at three-loop, the lightest right-handed neutrino (N1 ) is a good dark matter candidate,
and the scalar sector can give a strongly ﬁrst order electroweak phase transition as required for
baryogenesis. In our previous works, we considered similar studies at the CERN Large Hadron
Collider (LHC) 7 and the International Linear Collider (ILC) 8 . In this work we focus on new
detailed physics studies that will be anticipated on the ﬁnal states that can be produced due to
the new interaction terms and extra matter to the SM Lagrangian introduced by the RH degrees
of freedom, which can hint at the existence of the RH Majorana neutrinos.
This paper is organised as follows, In Sec. I, we introduce the model and its phenomenology.
Then in Sec II, we study the physics analysis and provide the simulation details of the same-sign
dilepton signatures at lepton colliders. Finally, our conclusions and outlook are presented in the
last Sec IV.
2

The model and its phenomenology

In our work we consider the model 6 which is an extension of the SM. It has basically two
charged scalar singlets S1,2 under SU (2)L gauge group and three right handed neutrinos. A Z2
symmetry was imposed at the Lagrangian level to forbid Dirac neutrino mass terms. The model
Lagrangian is written as:
L = LSM + {fαβ LTα Ciτ2 Lβ S1+ + giα NiC αR S2+ + 12 MNi NiC Ni + h.c} − V (Φ, S1 , S2 )

(1)

where fαβ denotes the Yukawa couplings, α and β represents the lepton family indices, and
Lα is the LH lepton doublet. The Majorana RH neutrino masses are MNi . The tree-level scalar
potential V (Φ, S1,2 ) is given by:
2

V (Φ, S1,2 ) = λ |Φ|2 − μ2 |Φ|2 + M12 S1∗ S1 + M22 S2∗ S2 + λ1 S1∗ S1 |Φ|2 + λ2 S2∗ S2 |Φ|2
η1 ∗ 2 η2 ∗ 2
+
(S S1 ) +
(S S2 ) + η12 S1∗ S1 S2∗ S2 + {λs S1 S1 S2∗ S2∗ + h.c}
2 1
2 2

(2)

Here Φ represents the SM Higgs ﬁeld doublet. One of the features of this model is that
by imposing Z2 symmetry, Dirac neutrino mass term at all levels of perturbation theory, is
forbidden. After the electroweak symmetry breaking, the neutrino masses are produced at
three-loop, where N1 is considered to be the lightest RH neutrino in the model and hence the
most stable and designated candidate for DM. The three-loop diagram that generates the small
non-zero neutrino mass matrix elements is shown in Fig 1. The model should obey the following
constraints:
1. The generated small neutrino masses at three-loop ﬁt the neutrino oscillation data.
2. Furthermore, no conﬂict with the bounds on Lepton Flavor Violating (LFV) processes,
the muon anomalous magnetic moment and 0νββ decay.
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Figure 1 – The three-loop diagram that generates the neutrino mass.

3. N1 is the considered DM candidate with a relic density that is in agreement with the
observation for masses around the EW scale.
4. Yields a strong ﬁrst order electroweak phase transition that ensures any baryogenesis
scenario and its testability with the Higgs mass measurement currently provided by the
CERN-LHC experiments.
The most stringent bound on lepton ﬂavor violation (LFV) comes from from the processes
lα → lβ γ, with branching fraction given by

B(μ → eγ) =


∗ |2
∗ |2
36|g2e g2μ
αv 4 |fμτ fτ∗e |2 36|g1e g1μ
2
2
+
F22 (MN
/MS22 ) +
F22 (MN
/MS22 )
1
2
4
4
4
384π
MS 1
MS 2
MS 2
+

∗ |2
36|g3e g3μ

MS42

2
F22 (MN
/MS22 )
3

(3)

where v is the vaccum expectation value of H, α denotes the the electromagnetic ﬁne structure constant and F2 is the loop function given by F2 (x) = (1/6(x − 1)4 )(1 − 6x + 3x2 + 2x3 −
6x2 − 6x2 log x). In this case, the considered value shall be B(μ → eγ) < 5.7 x 10−13 in accordance with the MEG collaboration upper bound 9 .
On the other hand if lα = lβ = μ, new contribution is added to the muon anomalous magnetic
moment Δaμ described as:

Δaμ =


m2μ |fμτ |2 + |fμe |2 6|g1μ |2
6|g2μ |2
2
2
+
F2 (MN
/MS22 ) +
F2 (MN
/MS22 )
1
2
2
2
2
96π
MS 1
MS2
MS22
+

6|g3μ |2
2
F2 (MN
/MS22 )
3
MS22

(4)

with the upper limit Δaμ < 2.89 x 10−9 10 .
The DM emerges as the lightest RH neutrino in the model (N1 ). The fermion masses and
couplings values in the radiative neutrino mass model should fall within the relic density range
in 11 which represents the abundance of the DM candidate. This reads:

2 

2 4
1 + MS22 /MN
MN 1
1.28 × 10−2
2
1
(5)

ΩN 1 h
0.1199 ± 0.0027 11
∗ 2
135 GeV
1 + MS42 /m4N1
α,β |g1α g1β |
3

Analysis and discussion

To validate the model parameters, we check the feasibility of the benchmark that should satisfy
all the experimental constraints mentioned above (relic density and lepton ﬂavor violation) and
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that will be considered at a later stage. In this case, the benchmark selection is explored to
determine the range of the model parameters.
Considering the benchmark with the model parameter values:
feμ = 0.02854 − i0.03530, feτ = −0.01039 + i0.01414, fμτ = −0.009136 + i0.11839,
⎛
⎞
0.0693999 − i0.327729 0.111002 + i0.0806861 −9.55353 + i10.077288
−1
2.36177 + i6.754297
−7.96116 + i10.27103 ⎠ ,
giα = 10 × ⎝ −1.72021 − i0.83145
−0.6242649 − i4.45564 −3.37743 − i0.8660177 6.123282 + i0.4577608
mNi = {136.5 GeV, 162.1 GeV, 220.2 GeV}, mSi = {989.3 GeV, 347.6 GeV}
To deﬁne the feasible benchmarks, we probe the parameter space of neutrino masses and
mixing (after satisfying the LFV, muon anomalous magnetic moment and relic density constraints). Figure 2 illustrates the range of RH neutrino (N1 ) versus the charged scalars (S1
and S2 ) masses that can yield possible DM relic density in the considered parameter phase
space (left panel). Clearly the charged scalar masses tend to choose MS1 to be larger than
MS2 . Furthermore, we investigate the Yukawa couplings giα and fαβ and their magnitude (right
panel). The results are shown on the right side of Figure 2 . One can notice that the fαβ
couplings are generally smaller than the couplings giα . Consequently, it becomes mandatory to
require the large coupling in the giα set that satisfy LFV and muon anomalous magnetic moment.

Figure 2 – Left, the RH Neutrino (N1 ) mass versus the charged scalars (S1,2 ) masses that can yield possible DM
relic density. Right, the Yukawa couplings giα and fαβ and their dependance on the maximum and minimum
values of their magnitudes.

We study the same-sign dilepton production via heavy Majorana neutrinos at lepton colliders. The natural roadmap would be to initially provide the cross section sensitivity of the
same-sign dilepton processes at high energy. In our analysis we take into account the simple
setting for neutrino mass spectrum, i.e. MN1 < MN2 < MN3 . In this analysis, the considered
physics processes are e− e− → e− e− + Emiss and e− e− → e− μ− + Emiss . It is worth mentioning
that we do not consider the same-sign dimoun ﬁnal state since it is background free. The missing energy contribution at the ﬁnal state is Emiss ⊂ {νe ν̄e , νμ ν̄μ , νμ ν̄τ , ντ ν̄μ , ντ ν̄τ , Ni Nk } where
i, k = 1, 2, 3. Figure 3 shows the cross section for each subprocess in e− e− → e− e− + Emiss
(left) and e− e− → e− e− + Emiss (right) versus the ECM energies. Both possible signature and
expected background contributions that can mimic the signal are plotted together.
We extensively study the signal and background kinematic distributions in order to deﬁne
the cut sets where an excess in the number of events in the signal over the background can be
observed distinctly. Table 1 summarises the useful kinematic variables and their corresponding
cut values in both considered signatures, where an excess in the number of events of the signal
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Figure 3 – The cross section (σ(e− e− → l− l− + Emiss )) of the diﬀerent contributions versus the center of mass
energy. The e− e− case is illustrated on the left side whereas the e− μ− case is shown on the right side.

Table 1: The cut sets for the process e− e− → e− e− + Emiss and e− e− → e− μ− + Emiss at diﬀerent CM energies.
Ee (Eμ ) represents the energy of the electron(muon), Mmiss indicates the invariant mass of the possible missing
energy contributions. θe (θμ ) refers to the emission angle of the electron (muon) in the ﬁnal states.

Channel
e− e−

→

e− e−

+ Emiss

e− e− → e− μ− + Emiss

Selection Cuts
120 < Ee < 400, Mmiss > 580,
−0.6 < cos(θe ) < 0.8
20 < Ee < 310, Eμ > 300, Mmiss > 350,
−0.8 < cos(θe ) < 0.8, −0.4 < cos(θμ ) < 0.45

over background is prominent. We extend our analysis to explore the dependence of the samesign dilepton production cross section in terms of the mass if the DM candidate (MN1 ), as well
as the mass of the charged scalar (MS2 ). The results are shown in Figures 4 and 5 for MN1 and
MS2 respectively in both channels at ECM = 1 TeV. One can see that all the missing energy
contributions can be produced at higher energy whereas at lower energy few of them can be
probed due to small cross section values.

Figure 4 – The cross section of diﬀerent subprocesses as a function of the DM candidate mass MN1 for e− e− →
e− e− + Emiss (left) and e− e− → e− μ− + Emiss (right) at ECM = 1T eV.
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Figure 5 – The cross section of diﬀerent subprocesses as a function of the charged scalar mass MS2 for e− e− →
e− e− + Emiss (left) and e− e− → e− μ− + Emiss (right) at ECM = 1T eV.

4

Conclusions

Although this work is still ongoing, the preliminary results show promising sensitivity of the
same-sign dilepton production via Majorana neutrinos in Radiative Neutrino mass models at
lepton colliders 12 . The study will be extended to investigate the detectability of a larger class
of radiative neutrino mass models at future lepton colliders using polarized beams where the
signal is enhanced and can be observed with smaller integrated luminosity as compared to the
case of unpolarized beams.
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NEXT (Neutrino Experiment with a Xenon TPC) is an experimental program whose goals
are to discover neutrinoless double beta decay using 136 Xe in high pressure xenon TPCs with
electroluminescent readout. In this paper, results from the NEXT-White detector, which is
currently taking data at Laboratorio Subterráneo de Canfranc (LSC) will be reported. The
prospects for the NEXT-100 apparatus, scheduled to start operations in 2020, as well as the
plans to extend the technology to large and ultra-low background detectors, needed to fully
explore the inverse hierarchy of neutrino masses will also be brieﬂy discussed.

1

Introduction

The NEXT program is developing the technology of high-pressure xenon gas time projection
chambers (TPCs) with electroluminescent ampliﬁcation (HPXe-EL) for neutrinoless double
beta decay searches (ββ0ν) [1, 2, 3]. The ﬁrst phase of the program included the construction,
commissioning and operation of two prototypes, called NEXT-DEMO and NEXT-DBDM (with
masses of around 1 kg), which demonstrated the robustness of the technology, its excellent
energy resolution and its unique topological signal [4, 5, 6, 7]. The NEXT-White a demonstrator,
deploying 5 kg of xenon, implements the second phase of the program. NEXT-100 constitutes
the third phase of the program. It is a radiopure detector deploying 100 kg of xenon at 15 bar
and scaling up NEXT-White by slightly more than 2:1 in linear dimensions. The fourth phase of
the program, called NEXT-2.0 will implement one or more detectors with masses in the range of
one tonne of 136 Xe. This paper reports the results obtained so far with NEXT-White (section
2), describes the prospects of NEXT-100, scheduled to start operations in 2020 (section 3), and
brieﬂy sketches the prospects of the envisioned next-generation apparatus, NEXT-2.0 (section 4).
2

The NEXT-White demonstrator

2.1

Principle of operation of HPXe-EL TPCs

Figure 1 illustrates the principle of operation of a high pressure xenon gas TPC with electroluminescent ampliﬁcation (HPXe-EL TPC). Charged tracks propagating in the TPC lose energy by
ionizing and exciting the gas atoms. The latter will de-excite by emitting vacuum ultraviolet
(VUV) photons of ∼172 nm wavelength. This prompt scintillation is the so-called primary signal
(S1 ). The electrons produced by ionization along the track are drifted, under the inﬂuence of an
electric ﬁeld, towards the TPC anode, where they are ampliﬁed using electroluminescence (EL).
This EL is produced using a more intense electric ﬁeld (of order 2 kV cm−1 bar−1 ) between the
a

Named after Prof. James White, our late mentor and friend.
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Figure 1: Principle of operation of an HPXe-EL.
TPC gate, which is held at high voltage, and the grounded anode. This ﬁeld strength accelerates
the ionization electrons suﬃciently to produce S2 scintillation light. In NEXT-White (and in
NEXT-100), the light is detected by two independent sensor planes located behind the anode
and the cathode. The energy of the event is measured by integrating the ampliﬁed EL signal
(S2 ) with a plane of photomultipliers (PMTs). This energy plane also records the S1 signal which
provides the start-of-event (t0 ). EL light is also detected a few mm away from production at the
anode plane by a dense array of silicon photomultipliers (SiPMs), known as the tracking plane.
This measurement allows for topological reconstruction since it provides position information
transverse to the drift direction. The longitudinal (or z) position of the event is obtained using
the drift time which is deﬁned as the time diﬀerence between the S1 and S2 signals.
2.2

Demonstration of the NEXT technology with NEXT-White

Figure 2: Left: the NEXT-White detector at the LSC. Right: a selection of the main subsystems of
NEXT-White: a) the ﬁeld cage; b) the anode plate; c) high voltage feedthrough; d) energy plane; e) PMTs
used in the energy plane; f) tracking plane; g) kapton boards composing the tracking plane.

The NEXT-White apparatus [8], shown in Fig. 2 operates inside a pressure vessel fabricated
with radiopure stainless steel alloy, 316Ti. The pressure vessel is surrounded by a lead shield (the
lead castle). Since a long electron lifetime is mandatory, the xenon circulates in a sophisticated
gas system. The whole setup is located in Hall-A of Laboratorio Subterráneo de Canfranc (LSC).
The right panel of Fig. 2 shows a selection of the main subsystems of NEXT-White. The main
subdetectors are the time projection chamber (TPC), the electroluminescent (EL) region, the
energy plane and the tracking plane.
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The ﬁeld cage body is a High Density Polyethylene (HDPE) cylinder. Radiopure copper
rings are inserted in the inner part of the ﬁeld cage body (Fig. 2-a). The drift ﬁeld is created by
applying a voltage diﬀerence between the cathode and the gate, through high voltage feedthroughs
(Fig. 2-c). The ﬁeld transports ionization electrons to the anode where they are ampliﬁed.
The ampliﬁcation or electroluminescent region is the most delicate part of the detector,
given the requirements for a high and yet very uniform electric ﬁeld. The anode is deﬁned
by a fused silica plate coated with Poly-Ethylenedioxythiophene (PEDOT) (Fig. 2-b). A thin
layer of Tetraphenyl Butadiene (TPB), commonly used in noble gases detectors to shift vaccum
ultraviolet (VUV) light to the visible spectrum is vacuum-deposited on top of the PEDOT.
The measurement of the event energy as well as the detection of the primary scintillation
signal that determines the t0 of the event is performed by the energy plane (EP), shown in
Fig. 2-d. The Hamamatsu R11410-10 PMTs (Fig. 2-e) were chosen for their low radioactivity [9]
and good performance. Since they cannot withstand high pressure they are protected from the
main gas volume by a radiopure copper plate, which also acts as a shielding against external
radiation. The PMTs are coupled to the xenon gas volume through sapphire windows. The
windows are coated with PEDOT. A thin layer of TPB is vacuum-deposited on top of the
PEDOT.
The tracking function is performed by a plane holding a sparse matrix of SiPMs. The sensors
have a size of 1 mm and are placed at a pitch of 10 mm. The tracking plane is placed behind the
anode with a total distance to the center of the EL region of 8 mm. The sensors are SensL C
series model MicroFC-10035-SMT-GP. The SiPMs are distributed in 28 boards (DICE boards)
with 8 x 8 pixels each for a total of 1792 sensors (Fig. 2-g). The DICE boards are mounted on
a copper plate intended to shield against external radiation. The material used for the DICE
boards is a low-radioactivity kapton printed circuit. The NEXT-White tracking plane (Fig. 2-f)
is currently the largest system deploying SiPMs as light pixels in the world.
A selection of results from the NEXT-White detector
NEXT-White started operations in late fall, 2016. After a short engineering run (Run I) in
November-December 2016, the detector has been operating continuously. The detector operated
with 136 Xe-depleted xenon for 7 months in 2017 at a pressure of ∼7 bar (Run II), and for 9
months in 2018 at a pressure of 10 bar (Run IV). Run V, with 136 Xe-enriched xenon is currently
active. Operation in Run II established a procedure to calibrate the detector with krypton decays
[10], and provided initial measurements of energy resolution [11], electron drift parameters such
as drift velocity, and transverse and longitudinal diﬀusion [12] and a measurement of the impact
of 222 Rn in the radioactive budget, that was found to be small [13].

Figure 3: A selection of the results obtained by NEXT-White in Run IV. See text for details.
Operation of the detector during Run IV and V has shown excellent stability, with a very
low spark rate and negligible leaks. These two operational aspects were among the critical issues
to be demonstrated by NEXT-White. In addition, excellent electron lifetime has been achieved, in
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excess of 5 ms or 10 times the maximum drift length of the apparatus. Figure 3 summarizes Run
IV results.
•Energy resolution at Qββ better than 1% FWHM
During Run IV enough statistics were acquired to measure the energy resolution at the energy
of the 208 Tl photopeak, which is very close to Qββ = 2458 keV. The result is shown in the left
panel of Fig. 3. The ﬁt yields a resolution of 0.82% FWHM, which establishes NEXT-White as
the xenon-based detector with the best energy resolution in the World.
•Performance of the topological signature studied from the data themselves
The center panel of ﬁgure 3 shows the signal eﬃciency versus the background acceptance for
the two-electron identiﬁcation algorithm, using the same 208 Tl gamma-ray calibration source
used for the energy resolution measurement. Using events near the 208 Tl double escape peak at
1593 keV, it is possible to statistically separate a sample of signal-like, double-electron events
(induced by pair production interactions) from a sample of background-like, single-electron events
(induced by Compton interactions). The procedure can be carried out in data and in Monte
Carlo. The ﬁgure shows good agreement between both datasets. A two-electron identiﬁcation
eﬃciency of 72% for a background acceptance of 23% (that is, 77% background suppression) is
measured at 1593 keV, improving the results obtained in [7].
•Low background run
The right panel of Fig. 3 shows a comparison between the predicted background rate as a
function of energy and the one measured during Run IV, after a 34.5 d exposure and ﬁducial cuts.
The expected nominal (pre-ﬁt) background budget in NEXT-White is derived from a detailed
background model accounting for diﬀerent isotopes and detector volumes. The model relies on
the extensive radiopurity measurements campaign conducted by the NEXT collaboration. The
predicted (post-ﬁt) background shown in the ﬁgure shows that the background in NEXT-White
can be described in terms of just a few isotopes. Furthermore, the NEXT-White data acquired
in Run IV permits a tuning of the background model from the data themselves.
3

The NEXT-100 detector

Figure 4: Left: the NEXT-100 detector; right: sensitivity of Next-2.0.
The NEXT-100 detector is an asymmetric high-pressure xenon electroluminescent (HPXe-EL)
TPC shown schematically in Fig. 4 (left panel). The ﬁducial region is a cylinder of 1050 mm
diameter and 1300 mm length, (1.27 m3 ﬁducial volume) holding a mass of 97 kg of xenon gas
enriched at 90 % in 136 Xe, and operating at 15 bar. The energy plane (EP), featuring 60 PMTs.
The tracking plane (TP) features an array of 5600 SiPMs. NEXT-100 scales up NEXT-White
by roughly a factor 2.5 in longitudinal dimensions.
The combination of excellent energy resolution and background rejection provided by the
topological signature results in a very low background rate of 4 × 10−4 counts keV−1 kg−1 yr−1 )
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[3]. This translates into a projected background in the ROI for NEXT-100 of <0.7 counts yr−1 ,
with the leading background sources being the PMTs [14]. Operation of NEXT-100 is expected
0ν sensitivity would translate into a m
to start in 2020. This T1/2
ββ reach as low as 60 meV, a
value reachable if one assumes a favorable estimate for the nuclear matrix element.
The capability of NEXT-100 to provide a nearly background-free experiment at the 100 kg
scale, and the potential (discussed below) to improve its radioactive budget, resolution and
topological signature, as well as adding Barium tagging, so that background-free experiments at
the tonne scale are also possible, is the strongest asset of the experiment.
4

Exploring the inverted hierarchy with NEXT-2.0

The HPXe-EL technology can be scaled up to multi-tonne target masses with some immediate
gains due to improved material surface area to ﬁducial volume. Moreover, background will be
reduced further by introducing several new technological advancements [15], for example: a) the
replacement of PMTs (which are the leading source of background in NEXT-100) with SiPMs,
which are intrinsically radiopure, resistant to pressure and able to provide better light collection;
b) operation of the detector at cooler temperatures, in order to reduce the dark count rate of
the SiPMs; c) operation of the detector with low diﬀusion mixtures [16, 17], resulting in better
position resolution and, thus, improving the performance of the topological signature. We call
this incremental approach to ton-scale HPXe-EL detectors ”high deﬁnition” (HD).
A more radical approach could implement a barium tagging sensor capable of detecting
with high eﬃciency the presence of the Ba++ ion produced in the 136 Xe ββ0ν decay. Such a
detector would use a system of molecular monolayer sensors to enable the use of Single Molecule
Fluorescence Imaging (SMFI), a compelling possibility proposed in [18], whose feasibility has
been highlighted by the recent proof-of-concept of SMFI Ba++ tagging by the collaboration [19].
We call “Barium iOn Light Detection” (BOLD), to this disruptive approach.
The next-generation HPXe-EL could deploy one or more modules, with a mass approaching
one ton per module and based in either HD or BOLD approaches, depending on readiness of the
technologies. A possible scenario would be to deploy a ﬁrst HD module followed by a second,
BOLD module. The target background of the NEXT-2.0-HD module is <1 events tonne−1 yr−1 ,
allowing the experiment to reach sensitivity to a half-life of 2 × 1027 yr with an exposure of
6 t · yr ( Fig. 4, right panel). With Ba++ -tagging a truly background-free experiment capable of
exploring the physical parameter space even further (or faster) would be possible. A sensitivity
0ν =8 × 1027 yr after a 10 t · yr exposure would be expected in this case.
of T1/2
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TESTABILITY OF LEPTOGENESIS WITH THREE RH-NEUTRINOS BELOW
THE ELECTROWEAK SCALE
MICHELE LUCENTE
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Chemin du Cyclotron, 2 B-1348 Louvain-la-Neuve, Belgium

The Standard Model extended with right-handed neutrinos whose masses are below the electroweak scale provides a simultaneous solution for the origin of neutrino masses and of the
baryon asymmetry of the Universe, that can be tested in current experiments. If three righthanded neutrinos participate to the processes, their parameter space of solutions extends to
very large mixing angles, saturating the current experimental constraints. Solutions with
right-handed neutrino masses at the GeV scale can be probed in the decay of B mesons at
the LHC. For this channel the collision of isotopes of intermediate mass such as Ar provides
a better sensitivity per unit of running time compared to collisions with protons.

1

Introduction

Among the hints for the existence of new - yet undiscovered - physics, there are two seemingly
unrelated observations that cannot be accounted for in the Standard Model (SM) of particle
physics: i) neutrinos are massive (and leptons mix) and ii) the baryon asymmetry of the Universe
(BAU), deﬁned as the diﬀerence between the number densities of baryons
and anti-baryons

normalised to the photon number density, has the value 1 ηΔB = nb − nb /nγ = (6.13 ± 0.03) ×
10−10 . At the same time, by looking at the ﬁeld content of the SM, one can realise that there
is a certain asymmetry in it: all the fermionic ﬁelds appear in both states of chirality, left- (LH)
and right-handed (RH), with the exception of neutrinos, which only possess a LH component.
It is thus natural to ask what are the phenomenological consequences of extending the SM ﬁeld
content by including also RH-neutrino ﬁelds in it, and study if this minimal extension can address
the above mentioned observational problems of the SM.
1.1

Neutrino masses and leptogenesis

By including a number n of RH-neutrino ﬁelds NI in the SM ﬁeld content, the Lagrangian is extended by the inclusion of the following most-general gauge and Lorentz invariant renormalizable
operators:


M
/ I − FαI αL εφ∗ NI + IJ NIc NJ + h.c. ,
(1)
L = LSM + iNI ∂N
2
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where αL are the LH SU(2) lepton doublets (α = e, μ, τ ), φ is the Higgs doublet, ε the total
antisymmetric bi-dimensional tensor. FαI are dimensionless Yukawa couplings, while M is an
n-dimensional symmetric matrix of Majorana mass terms. After electroweak symmetry breaking
(EWSB) the Higgs ﬁeld develops a vacuum expectation value, < φ > = v
174 GeV, and
the Lagrangian (1) generates a non-vanishing Majorana mass matrix mν for the left-handed
neutrinos,
 
mν = −ΘM ΘT + O Θ3
(2)
−v 2 F M −1 F T .
Here Θ = vF M −1 is the Seesaw expansion parameter, which must have perturbative values be2 on the deviation from unitarity of the leptonic PMNS
cause of the phenomenological
 constraints

 
mixing matrix, NPMNS = 1 − ΘΘ† /2 Uν + O Θ3 ; Uν is the unitary matrix that diagonalises
mν and NPMNS the physical mixing matrix measured in neutrino oscillation experiments.
It is remarkable that the Lagrangian (1) provides, at the same time, all the necessary ingredients 3 for a successful baryogenesis via leptogenesis 4 : the Yukawa matrix F is in general
complex, providing a new source of CP -violation, while the new degrees of freedom NI can deviate from thermal equilibrium during their evolution in the early Universe. These features allow
to generate a lepton asymmetry, which is subsequently partially converted into a non-vanishing
baryon asymmetry by non-perturbative SM sphaleron transitions.
2

Sterile neutrino phenomenology

The Majorana mass matrix M in Eq. (1) sets the value of the new physics energy scale: as
long as its dynamical origin is not speciﬁed, phenomenological constraints from neutrino physics
impose loosely bounds on its value, and RH-neutrinos with masses between the MeV and the
GUT scale can equivalently account for the observed neutrino masses and lepton mixing. On
the other hand, the testability of the hypothesis in Eq. (1) strongly depends on the value of M :
after electroweak symmetry breaking, the mass spectrum of the model is generally characterised
by 3 light (mostly active) neutrinos with masses at the scale mν in Eq. (2), and by n heavy
(mostly sterile) neutrinos with masses at the scale M (up to O(Θ2 ) corrections); the coupling of
the sterile neutrinos with the SM gauge bosons is suppressed with respect to the active ones by
a factor of order Θ. If a sterile neutrino is lighter than the W boson, its decays are mediated
by oﬀ-shell gauge bosons, making it relatively long-lived, while its mass scale is accessible for
production in current collider experiments. Such a particle can be searched for by looking, for
instance, for displaced vertices in LHC events.
Concerning the early Universe evolution, RH-neutrinos in this mass range tend to equilibrate
at late times, around the electroweak phase transition temperature, TEW ≈ 140 GeV, due to
their feeble Yukawa couplings dictated by the relation (2). While they are generated from
the thermal plasma, their CP-violating scatterings, oscillations and decays generate a lepton
asymmetry; sphaleron transitions are only eﬀective at temperatures above TEW , so that the
washout processes due to the late equilibration of the RH-neutrinos do not aﬀect the generated
BAU below TEW . This is the so-called freeze-in (or low scale) leptogenesis mechanism 5 .
3

Low-scale leptogenesis and testability

The phenomenology of sterile neutrinos at collider experiments primarily depends on two parameters: their masses Mi and their active-sterile mixing Uαi with the active ﬂavour α. For
masses below the electroweak scale and in the range of mixing values allowed by experimental constraints, these states are relatively long-lived, and can travel for observable macroscopic
displacements before decaying 6 .
The minimal realisation of the Lagrangian (1) accounting for neutrino oscillation data requires
n = 2 RH-neutrinos 7 : the resulting model exhibits a constrained ﬂavour pattern, in which the
ratios of couplings to diﬀerent SM ﬂavours, Uαi /Uβi , are bounded and no large hierarchies in the
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ﬂavour structure are allowed 8 . As a result, there exist an upper bound on the active-sterile mixing
for which leptogenesis is viable 9 : the reason is that too large active-sterile couplings enable the
early equilibration of RH-neutrinos and thus a too large asymmetry washout. The washout is a
ﬂavour-dependent process, thus it is in principle possible to store the generated asymmetry in
a feebly coupled ﬂavour where it is protected from washout, while the other mixings are kept
large allowing for collider testability. However, the “democratic” ﬂavour structure of the n = 2
model implies that the upper bound in the region viable for leptogenesis is smaller than current
experimental upper bounds on the active-sterile neutrino mixings.
The situation is diﬀerent in the model with n = 3, where a RH-neutrino is added for each
SM LH one: in this scenario the viable region for leptogenesis is enlarged 10 . An obvious reason
for this is the extended number of free parameters, which for instance allows for very large
hierarchies in the ﬂavour couplings. But, beyond that, there exist dynamical mechanisms which
are peculiar to the n = 3 scenario - and that are not present in the n = 2 case - that enhance
the lepton asymmetry production. For instance, a new asymmetry source term (absent in the
case of n = 2) is present in the evolution equations; moreover, the interplay of 3 RH-neutrinos
can give rise to the resonant production of a lepton asymmetry. Remarkably, the structure of
the M and F matrices (see Eq. (1)) leading to a dynamical resonant enhancement of the lepton
asymmetry can result as a direct consequence of an underlying B − L̄ approximate symmetry
(diﬀerence between baryon B and a generalised lepton number 10 L̄), which in turn allows for
solutions featuring sizeable active-sterile mixing values and no ﬁne-tuning, thus increasing the
testability perspectives a .
As a consequence of the above described phenomenology, the parameter space for low-scale
leptogenesis is extended in the n = 3 scenario: as reported in Fig. 1 the upper bound on the
viable active-sterile mixing simply results from the current experimental bounds from laboratory
searches. This implies that any future improvement on the current experimental constraints in
the mass range [0.1, 50] GeV will also translate into an experimental test of the leptogenesis
hypothesis in the SM extended with 3 RH-neutrinos.

2
Figure 1 – Active-sterile mixing in the muon ﬂavour Uμi
, as a function of the sterile neutrino mass Mi , for viable
solutions accounting for neutrino masses and mixings as well as BAU, for normal (left) and inverted (right) ordering
of the active neutrino mass spectrum. (Not) ﬁne-tuned solutions are represented in (blue) red, see 10 for details.
The grey area is excluded by direct experimental searches of sterile neutrinos, while the lines represent the expected
sensitivities of ongoing experiments; LHC experiments sensitivities are based on pp searches.

4

Testing leptogenesis with heavy ion collisions at the LHC

The sensitivity curves for LHC experiments reported in Fig. 1 assume standard proton-proton
(pp) collisions. Sterile neutrinos with masses below the EW scale are relatively light particles
a
Further aspects of the connection between an approximate B − L̄ symmetry and freeze-in leptogenesis have
been also previously addressed 11 .
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compared to LHC energies, but they generally feature feeble couplings. We thus expect the
experimental sensitivity to this kind of particle to be more strongly related to the number of
accessible events (intensity frontier) than to the available collision energy (energy frontier). In
this perspective, an interesting channel to look for sterile neutrinos at the GeV scale is represented by the collision of heavy ions at the LHC. Originally designed to study the dynamics of
the quark-gluon plasma (QGP), heavy ion runs can as well test the new physics hypothesis 12 ,
proﬁting from new production mechanisms induced by strong electromagnetic interactions or
by thermal processes in the QGP, or from the enhanced combinatorics in the number of parton
level interactions. The latter feature can be advantageous in the search of feebly coupled sterile
neutrinos: each nucleus A
Z N indeed contains A nucleons, and in central N N collisions the number
of parton level interactions is enhanced by a factor ≈ A2 , which can amount to four orders of
magnitude in the case of the lead isotope 208
82 Pb currently used at LHC. Long-lived and feebly
interacting sterile neutrinos produced in central collisions easily escape the noisy QGP environment, which only extends to few femtometers. They then decay (semi-)leptonically, and can be
searched for by looking for events with displaced vertex signatures.
Heavy ion runs at LHC have both advantages and drawbacks compared to proton runs, and
their reach depends on the model under consideration 13 . They feature a smaller collision energy,
due to the smaller charge to mass ratio compared to protons, and can deliver only a much lower
instantaneous luminosity, due to machine limitations and a faster decay of the beam intensity.
On the other hand the parton-level cross section is enhanced by a factor ≈ A2 in central collisions,
and the primary vertex mis-identiﬁcation is negligible in heavy ion runs, due to the absence of
pile-up. Finally, although heavy ion collisions are in general characterised by a larger multiplicity
of charged tracks per bunch crossing compared to protons, the diﬀerence is expected to amount
at most to a factor of 2 in the High-Luminosity LHC era, due to the large pile-up the experiments
will have to face in this LHC conﬁguration for pp collisions.
The lower instantaneous luminosity that characterises heavy ion runs can actually be advantageous for certain searches, since the smaller event rate enables the ATLAS and CMS experiments to signiﬁcantly lower their trigger thresholds 13 ; this allows e.g. to search for signatures
with low transverse momentum, that characterise scenarios involving light mediators. We quantify the improvement in sensitivity that can be achieved with heavy ion searches by using the SM
extended with RH-neutrinos as a benchmark model, and considering two diﬀerent production
mechanisms, namely sterile neutrinos produced in the decay of a W boson and of a B meson.
In our simulation, we look for signatures triggered by a primary muon produced in the W or B
decay (where the sterile neutrino is concurrently produced), and search for displaced muons from
secondary vertices (where the sterile neutrino decays) with a minimum displacement of 5 mm.
For the pp analysis we adopt a realistic CMS online trigger value on the transverse momentum of
the ﬁrst muon, asking for pT > 25 GeV, while for the heavy ion analysis we adopt a lower trigger
threshold, pT > 3 GeV, roughly corresponding to the minimal transverse momentum allowing a
charged particle to cross the CMS muon chambers. The results of the analysis are reported in
Fig. 2, for equal running time of protons, Pb and Ar isotopes: for the W -mediated production, a
large fraction of events has a transverse momentum pT larger than 25 GeV, due to the large mass
of the W boson. Thus, there is not a signiﬁcant improvement in lowering the trigger threshold,
and proton collisions result to be more competitive. Nevertheless, relatively light ions such as Ar
can allow to test the production and dynamics of sterile neutrinos in a complementary environment as it is the QGP. The situation is very diﬀerent for B meson-mediated sterile neutrinos: in
such a case, due to the relatively small mass of the B meson, the majority of muons are produced
with a transverse momentum smaller than 25 GeV. Lowering the trigger threshold thus allows
to access an entirely new kinematical region, and Ar runs are in general more competitive than
proton ones for this kind of searches 13 .
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Figure 2 – Sensitivity of the CMS detector to heavy neutrinos produced in the decay of W bosons (left) and B
mesons (right), from the collision of protons (dashed blue lines), Ar (hashed green bands) and Pb (continuous red
lines) with integrated luminosities corresponding roughly to one month of running. The green band takes into
account the current uncertainties on the performance of LHC with Ar isotopes, which aﬀect the achievable beam
intensity.

5

Conclusion

The extension of the SM ﬁeld content by the addition of n RH-neutrinos can simultaneously
account for the massive nature of active neutrinos and for the observed value of the BAU. If the
RH-neutrino mass scale lies below the electroweak one, these particles can produce the BAU via
freeze-in leptogenesis, and can be searched for in collider experiments by looking for displaced
vertex signatures. In the scenario with n = 2 there exists an upper bound on the value of
the active-sterile mixing for which leptogenesis is viable, while for n = 3 the upper bound is
determined by current experimental constraints.
Sterile neutrinos with masses at the GeV scale can be produced in B meson decays: in this
case their signatures at collider are characterised by a small transverse momentum, generally
smaller than the standard online trigger thresholds on pT . By using heavy ions at the LHC it is
possible to signiﬁcantly lower the trigger threshold, thanks to the lower instantaneous luminosity
that characterises heavy ion runs, while at the same time proﬁting from the parton-level cross
section enhancement ≈ A2 due to the A nucleons present in each nucleus. Lowering the trigger
threshold allows to access an entirely new kinematical region: as a result, intermediate mass
ions such as Ar provide, in the search for sterile neutrinos produced in B meson decays, a better
sensitivity per unit of running time compared to protons.
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LATEST RESULTS FROM THE DEAP-3600 DARK MATTER SEARCH WITH
231 LIVE DAYS AT SNOLAB
S. WESTERDALE, FOR THE DEAP COLLABORATION
Department of Physics, Carleton University,
Ottawa, Ontario, K0J 1J0, Canada
DEAP-3600 is a single phase detector with 3.3 tonnes of liquid argon (LAr), operating 2 km underground at SNOLAB (in Sudbury, Ontario). A search for weakly interacting massive particles (WIMPs) has been performed with this detector, using data collected from November 2016
to October 2017, with a total live time of 231 days and an exposure of 758 tonne·years. No candidate signal events are observed in the WIMP-search region of interest, resulting in an upper
limit on the spin-indepedent WIMP-nucleon cross section of 3.9×10−45 cm2 (1.5×10−44 cm2 )
for a WIMP mass of 100 GeV/c2 (1 TeV/c2 ) at 90% C.L. This is the most sensitive search
performed with a LAr target for WIMPs with mass greater than 30 GeV/c2 .

1

Introduction

Astrophyiscal evidence indicates that dark matter constitutes approximately 27% of the total
energy density of the universe, while baryonic matter comprises 5% 1 . Despite its abundance,
very little is known about its particle nature. One candidate dark matter particle is the weakly
interacting massive particle (WIMP). WIMPs are expected to have masses on the GeV/c2 TeV/c2 scale with WIMP-nucleon scattering cross sections on the weak scale or below. With
predicted velocities ∼10−3 c, elastic recoils on terrestrial nuclei are expected to be 100 keV.
Direct detection experiments seek to identify recoils of WIMPs on target nuclei in a terrestrial
detector. Noble liquid detectors are proven to be sensitive probes for these particles; their high
scintillation eﬃciency makes them sensitive to low energy nuclear recoils (NRs) and their ease
of puriﬁcation allows them to reach the low background levels needed to see such rare events.
Furthermore, the relatively low cost of noble liquids allows these detectors to be scaled to large
masses, allowing high exposures needed for sensitivity to low cross sections to be achieved.
These proceedings report on the results presented in 2 , which updates the studies originally
presented in 3 to a 231 live-day (758 tonne·year) exposure.
2

The DEAP-3600 Detector

The DEAP-3600 detector operates at SNOLAB, in Sudbury, Canada, at a depth of 2 km water equivalent. The detector consists of a spherical volume with 3279 kg of liquid argon (LAr)
operating in a single-phase conﬁguration, with a layer of gaseous argon (GAr) at the top. The
LAr is contained in a 5 cm-thick acrylic vessel (AV) and is viewed by an array of 255 photomultipler tubes (PMTs) through a set of acrylic light guides (LGs). The space between the LGs is
occupied by alternating layers of hydrocarbon ﬁller blocks and foam. These layers, along with
the LGs, provide thermal insulation so that the PMTs can operate closer to room temperature
while passively shielding the LAr volume from neutrons.
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The detector was ﬁrst ﬁlled in June 2016, through an opening at the top of the AV that leads
to the neck. A liquid nitrogen cooling coil condenses GAr in the neck; the resulting LAr then
enters the AV through a set of acrylic ﬂow guide (FG) structures. The acrylic base of the neck
is wrapped in optical ﬁbers that couple to a set of 4 PMTs, constituting the neck veto (NV),
capable of detecting Cherenkov light produced in the acrylic structures in the neck.
This assembly is in a stainless steel sphere (SSS), with 48 PMTs mounted on the outside,
submerged in ∼300 tonnes of water. These components constitute the muon veto, which detects
Cherenkov light from passing muons and provides passive shielding from ambient radioactivity.
When a particle deposits energy in LAr, it causes the formation of Ar∗2 dimers, proportional
in number to the energy deposited. These dimers form in singlet or triplet states. The ratio of
dimers in each state depends on the ionization density of the scintillating particle; NRs produce
∼70% of dimers in the singlet state, while electronic recoils (ERs) produce ∼30%. Due to the
distinct time constants for singlet and triplet dimer decays (∼6 ns for singlets and ∼1.3 μs for
triplets), the ratio of both states can be measured by comparing the amount of fast and slow
scintillation light. This technique is known as pulse-shape discrimination (PSD).
When LAr dimers decay, they emit 128 nm photons. A 3 μm-thick layer of 1,1,4,4-tetraphenyl1,3-butadiene (TPB) on the inner surface of the AV absorbs these photons and re-emits them
around 420 nm, where they can be detected as photoelectrons (PE) in the PMTs.
3

Event Reconstruction
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When a signal is seen in the detector, information is extracted from the observed PEs to determine the energy deposited into the LAr, the identity of the scintillating particle, and the
position inside the LAr where the interaction occurred.
A Bayesian algorithm is used to determine the number of PE in an event, based on the
calibrated charge distribution for a single PE and the measured charge and time distributions
for afterpulse (AP) noise correlated with PE production. This algorithm is discussed in 4,5 .
Since DEAP-3600 uses atmospherically-derived argon, over 3 kBq of 39 Ar is observed in the
detector. 39 Ar β-decays with a 545±5 keV endpoint and a half-life 269±3 years. Its constant
presence in the detector provides an internal calibration source throughout the data-collection
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Figure 1 – (Left) A ﬁt of the energy response function and the expected 39 Ar spectrum to that observed in data,
used to determine the light yield and energy resolution of the detector. (Right) A ﬁt of the ER PSD model to
the observed distribution in the lowest energy bin used for the WIMP search. The full PSD ﬁt was performed
as a function of Fprompt and PE, excluding regions where the trigger eﬃciency of the detector distorted the
distribution. The pink curve shows agreement between the extrapolation of the PSD model and the observed
Fprompt distribution after correcting for the trigger eﬃciency.
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period, while its ER nature means that it can be eﬃciently separated from NR signals.
Reconstruction algorithms are calibrated on data as described below and are used to build
an NR model. This model is validated by deploying a 241 AmBe neutron source just outside the
SSS and comparing the observed PE and Fprompt distributions to those in simulations.
3.1

Energy Calibration

A Gaussian energy response function is used to ﬁt the 39 Ar spectrum to the one observed. This
ﬁt indicates a light yield of 6.1±0.4 PE/keVee deposited in the detector, and is shown in Figure 1.
NR scintillation is less eﬃcient than ER scintillation; the relative scintillation eﬃciency of
NRs to ERs is quantiﬁed by the quenching factor. Ex situ measurements of the LAr quenching
factor as a function of recoil energy 6 are used to determine the light yield for NR events.
3.2

PSD Calibration

Particle identiﬁcation is achieved by PSD, using the parameter Fprompt , which is the fraction of
PEs detected in the ﬁrst 60 ns of an event. An empirical model describes the Fprompt distribution
in each PE bin, using the convolution of a Gaussian and a Gamma distribution whose parameters
smoothly evolve with the number of PE. The results of this ﬁt in the lowest energy bin used for
the WIMP search are shown in Figure 1.
The Fprompt distribution for NRs is assumed to have the same width as ERs in the same PE
bin, with the skew inverted. The mean of the distribution is determined using singlet-to-triplet
ratios derived from measurements in 6 , with detector eﬀects accounted for via simulation.
3.3

Position Reconstruction
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Two position reconstruction algorithms have been developed: a PE-based algorithm and a time
residual-based algorithm. The PE-based algorithm determines the most likely position of an
event based on the spatial distribution of all collected PEs. The time residual-based algorithm
considers PEs collected in the ﬁrst 40 ns of an event. The time residual is deﬁned as the time
between when a PE was detected and the expected time-of-ﬂight for a photon to arrive at the
corresponding PMT given some hypothesis vertex. The position and time are determined by
identifying the vertex with the most likely time residual distribution, estimated by simulation.
This analysis uses the PE-based algorithm for ﬁducialization, but requires both be consistent
with each other. Figure 2 shows the estimated position resolution as a function of the number
of PEs observed and the reconstructed position. For events at the ﬁducial radius of 630 mm in
the present analysis, a resolution of 30–45 mm is expected in the WIMP PE range of interest.
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Figure 2 – (Left) The resolution of the PE-based position reconstruction algorithm, using a data-driven technique,
as a function of the reconstructed position and number of PE. (Right) The probability of a simulated α-decays
on the AV surface, in the WIMP PE range, reconstructing within a radius corresponding to a given LAr mass.
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4

Background Model and Mitigation

Due to the expected rarity of WIMP-induced events, it is essential that backgrounds to the
WIMP search be carefully modeled and mitigated against. A control region (CR) was deﬁned
to identify events from each background source. Sidebands, calibration data, and simulations
were used to estimate the expected number of events in each CR (N CR ) over the WIMP-search
PE range of interest: 95–200 PE. These models were used to predict the number of events in
the region of interest (ROI) after all WIMP-search cuts (N ROI ). Cuts were tuned so that each
N ROI would be below some target value, with a total of < 1 event expected in the full dataset.

α’s

n’s

β/γ’s

Table 1: The expected number of background events in each control region (N CR ) designed to select these
backgrounds in the 95–200 PE range and in the WIMP-search region of interest after all cuts (N ROI ).

Source
ERs
Cherenkov
Radiogenic
Cosmogenic
AV surface
Neck Flow Guide
Total

N CR
2.44×109
<3.3×105
6±4
<0.2
<3600
28+13
−10
N/A

N ROI
0.03±0.01
<0.14
0.10+0.10
−0.09
<0.11
<0.08
0.49+0.27
−0.26
0.62+0.31
−0.28
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Table 1 summarizes the number of events expected for each background source, in their
respectively deﬁned CRs, as well as the total number after all WIMP-search cuts. The ROI,
with illustrative ER, NR, and neck α-decay bands, is shown in the right-hand plot of Figure 3.
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Figure 3 – (Left) The probability of seeing an ER event above a given Fprompt value in the lowest energy bin used
for this analysis, demonstrating the power of PSD. (Right) The WIMP-search region of interest, with Fprompt
bounds deﬁned to mitigate ER, Cherenkov, and α backgrounds. For comparison, 50% acceptance bands centered
on the median are shown for ER, NR, and neck FG α-decays.

ER events are mitigated using PSD. Figure 3 shows the leakage probability for ER events
in the lowest energy bin used for this analysis. Averaged over the full WIMP-search ROI
−9
(equivalent to 15.6–32.9 keV ERs), the total leakage probability is predicted to be 4.1+2.1
−1.0 × 10
+2.2
−11
(3.5−1.0 × 10 ) at 90% (50%) NR acceptance.
Cherenkov events reconstruct at high Fprompt , mostly above the ROI. They are further
reduced by removing events with excessive light in a single PMT or a coincidence with the NV.
Radiogenic neutron backgrounds are assessed in two ways. Ex situ assays of detector components provide their U and Th contamination levels. These levels are translated into neutron
ﬂux predictions using both the SOURCES-4C 7 and NeuCBOT 8 codes to calculate spontaneous ﬁssion and (α, n) rates. Simulations of these neutrons determine both N CR and N ROI .

218

These predictions are compared with an in situ neutron capture analysis, which tags neutrons
by looking for a < 1 ms coincidence between an NR in the CR followed by an ER consistent with
an (n, γ) reaction. The eﬃciency of this method is determined using 241 AmBe neutron calibration data. The predictions from this method are consistent with those from the assay-driven
predictions and are shown in Table 1. These backgrounds are largely mitigated by ﬁducial cuts.
Cosmogenic neutron backgrounds are reduced at the depth of SNOLAB to a low rate of
(3.31±0.10)×10−10 muons/cm2 /s 9 . Simulations are used to predict N CR and N ROI . The values
shown in Table 1 are prior to applying anti-coincidence cuts with the muon veto; the eﬃciency
of the veto is still being determined.
While α-decays are typically above 4 MeV, above the ROI, decays on the AV surface may
result in WIMP-like signals from attenuated α particles. These backgrounds are mitigated with
ﬁducial cuts to remove events that reconstruct near the edge of the detector. Figure 2 shows
the predicted leakage probability for a radial cut containing a given LAr mass.
If an α-decay occurs in a LAr ﬁlm on the FGs, only a small fraction of the produced photons
may enter the AV, resulting in events that reconstruct with low PE and low radii. However, the
high energy of these events relative to WIMP-like NRs allows them to be separated from WIMPs
using PSD, as shown in Figure 3. These backgrounds are further suppressed by rejecting events
with signiﬁcant disagreement between both position reconstruction algorithms and by removing
events with very early or excessive amounts of light seen in the PMTs in the GAr region.
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Figure 4 – (Left) The WIMP acceptance as a function of PE, broken down by cut type. (Right) The distribution
of events seen in this dataset after applying all cuts, with the WIMP-search ROI shown for reference.

Figure 4 shows the WIMP acceptance after diﬀerent cuts are applied. The ﬁnal ﬁducial
mass is measured to be 824±25 kg. The cuts used to reject α-decays in the FGs also result in a
signiﬁcant loss of acceptance. The results of applying these cuts to the data are shown as well.
No WIMP-like events are seen in the ROI after all cuts are applied. Based on this observation,
a 90% C.L. upper limit on the spin-independent WIMP-nucleon cross section is calculated. The
resulting exclusion curve is shown in Figure 5.
6

Future Plans

To recover the sensitivity lost to the cuts used against α-decays in the neck, approaches such as
machine learning and the proﬁle likelihood ratio method are currently being explored.
As of January 2018, 80% of all collected dark matter search data have been blinded using a
nested scheme with hidden regions covering the ROI. A blind analysis based on a larger exposure
will be performed, with plans to continue taking data at least until the end of 2020.
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Figure 5 – 90% conﬁdence upper limit on the spin-independent WIMP-nucleon cross sections based on the present
analysis, compared to other limits, including previous results from DEAP-3600 3 , SuperCDMS 10 , DarkSide-50 11 ,
LUX 12 , PANDAX-II 13 , and XENON1T 14 .
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Which dark matter for which experiment?
Michel H.G. Tytgat
Service de Physique Théorique, Université Libre de Bruxelles
CP225, Bld du Triomphe, 1050 Brussels, Belgium

In this talk I gave in Moriond, I spoke about the current status of the WIMP as dark matter,
about some simple extensions, and about a FIMP as a possible alternative. I focused on their
possible experimental signatures and also, to some extent, on their shortcomings.

1

Introduction

Which dark matter for which experiment? Or, should it be : Which experiments for which dark
matter? I had been asked to review the topic of dark matter at the 2019 Moriond conference
(electroweak session), possibly putting forward new signatures, preferably something that could
be seen at the LHC. As they were some other talks at Moriond with such new ideas, including
reviews, I was tempted to avoid the question and, as everybody else in such circumstance, to
rapidly change subject... But as the question was not unreasonable and as I was given more
time than several other speakers, I tried to do my best. Part of my embarrassment was based on
my, admittedly naive, understanding of the fabric of science. One way is to adopt a principle,
and from it to deduce consequences. In the case of my subject matter, the principle may be
Naturalness, and the dark matter candidate may be, for instance, the neutralino. The choice
of principle is not unique, but it aims at addressing fundamental issues (i.e. the hierarchy
problem) and, as such, it constitutes a most precious guideline. This is the celebrated deductive
approach. Of course, it must be confronted to experimental tests. Incidentally, the other way
is the celebrated, observations based, empirical approach. Data may point to some possible
solutions, but of course the number of possibilities may turn out to be very large. This is clearly
the case for the dark matter problem. The number of possibilities may be somewhat restricted
using semi-objective considerations, like simplicity, minimality or simply good taste (this is also
called Occam’s razor), but this has obvious limitations so that, clearly, the best hope is to have
data with anomalies. Thanks to numerous experiments, the community working on dark matter
has been quite active (and growing too) over the last decade or so: the DAMA modulation
(excluded by other experiments, at least at face value, but ironicaly, not yet explained in terms
of normal physics); the Pamela positron excess (probably of astrophysical origin); the FermiLAT gamma-ray line (a ﬂuctuation); the LHC 750 GeV resonance (also a ﬂuctuation);... It is
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fair to say that tremendous progress has been made thanks to these data, be them false alarms,
both on improving experimental and observational strategies and on characterizing the possible
candidates. Today, more than ever before, we know what dark matter is not made of. Yet, there
is a smell of frustration in the air.
2

Dark matter as a WIMP

WIMP stands for weakly interacting massive particle. WIMP candidates include the neutralino,
a beautiful candidate, with spectacular implications (ﬁnding a new symmetry would be something). But, in practice, it means to refer to any stable, neutral particle whose abundance is
set by thermal freeze-out. So WIMP candidates include several toy (aka simpliﬁed) models,
with limited scope but very few parameters, like for instance a singlet scalar particle interacting
through the Higgs, the so-called Higgs portal 1 . Stability requires to impose an ad hoc discrete
symmetry to protect the singlet scalar from decay but this is like the neutralino, although in this
case the symmetry (R-parity) is introduced to insure proton stability. The common underlying
assumption is that these particles were in thermal equilibrium in the early universe. Then the
larger their annihilation rate into lighter particles, the smaller their residual abundance would
be. Cosmological observations point to a weakly interacting particle, and so to physics next
door, which, I presume, is the reason why this scenario has been dubbed the ”WIMP Miracle”.
While the importance of marketing cannot be underestimated in the fabric of science, this pick
may have been a bad move, putting aside the theological connotation, as the situation is that
neither the neutralino, nor simple WIMP candidates seem to be supported by experiments. So
the miracle did not take place, at least not yet. Is the WIMP miracle a red herring? 3 Are
we witnessing the Waning of the WIMP? 2 Diﬃcult to answer. On one hand, the freeze-out
mechanism is a simple, beautiful and appealing explanation for the abundance of cold relics. On
the other hand it is not robust mechanism. By this I mean that simple variations can radically
change the picture, as is well known to the practitioners of dark matter,4 and the very same simple variations may lead to candidates that are hard to test, both by direct detection experiment
and, say, at the LHC. Yet, they all qualify as WIMP candidates.
3

Dark matter with partners

To illustrate this, I consider a scenario in which the DM has partner particles. These are relevant
provided they are not much heavier than the DM candidate, meaning at most 20 % heavier. In
this case the abundance can also be driven by annihilation of the partner particles, see Fig.1.
This is generically called co-annihilation, although the word is often used in the narrow sense
of DM annihilating with its partners. The best situation for the LHC is probably if DM comes
with colored particles.5 Here is a toy model with such feature :
L ⊃ yS Ψ̄qR + h.c.

(1)

Here S is a real scalar and Ψ is a heavy vector-like quark. Ψ is heavier than S but both are
assumed to be odd under some discrete parity ; S is a dark matter candidate. Notice that we
could also have considered a Majorana singlet as DM and a colored scalar partner. The two
scenarios are essentially equivalent, but there are some interesting diﬀerences in the details.6,7
Either way, such scenarios lead to a t-channel scenario for the annihilation of the S particle,
SS → q q̄ but, in appropriate corners of the parameter space, the abundance is set by annihilation
of the colored particle, ΨΨ̄ → gg or q q̄. Model (1) has 3 free parameters, the Yukawa coupling,
and the dark matter and mediator mass, thus ﬁxing the relic abundance to the observed value
leads to a two dimensional parameter space. In Figure 2 this is shown in the plane relevant for
direct detection searches, assuming dominant coupling to the up quark. The parameter r is the
mass ratio r = mΨ /mS , so r − 1 is a measure of how much the spectrum is compressed. Clearly
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Figure 1 – Schematic representation of co-annihilation. Co-annihilation may occur between the DM particle and
its partners, or may be driven directly by annihilation of the partners themselves.

Figure 2 – Dark matter-proton scattering cross-section σ for Model (1) assuming the observed DM density;
r = mΨ /mS

the span is much larger than in, say, a singlet scalar through the Higgs portal. In particular
several candidates are beyond the reach of any forthcoming experiments and, in particular, are
below the so-called neutrino ﬂoor. In principle colored partners can also be searched at the LHC.
Here we have heavy quarks that do no mix with SM quarks and decay into DM. The decay is
fast, so we do not have displaced vertices, so this is scenario is akin to searches for squarks, and
constraints amount to recasting SUSY limits. In her talk Julia Harz uses the same model, but
with a distinct mechanism to ﬁx the DM abundance and with more exciting perspectives at the
LHC.8 In Figure 3, left panel, I show the same scenario confronted to various searches. The
white region is currently unconstrained, while being consistent with the observed abundance
of DM. It nevertheless matches the measured relic abundance, illustrating the long advocated
complementarity between indirect, direct and collider searches. The right panel is the same but
with coupling to the top quark.9 Clearly it is much less constrained, but the choice of coupling is
very speciﬁc. Again, this is a toy model, with only three parameters. A realistic scenario ought
to be much more complicated. Now, I do not want to dwell in the details of which experiments
is testing which candidate but merely emphasize the fact that the large unexplored white region
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Figure 3 – All the constraints in the plane r − 1 vs mS with coupling to the up (left) and to top quark (right)

corresponds essentially to the compressed part of the spectrum. A reasonable question is then
to which extent it is natural to have a compressed spectrum, with colored particles degenerate
with a dark matter candidate? This may require a symmetry of some sort.
4

Compression with symmetry

As a warm up, let me ﬁrst remind of minimal DM, here in the form of an SU(2) 5-plet of particles
of which the neutral component is the DM.10 A nice feature of this simple model is that the
DM candidate may be naturally long-lived without the need of imposing an ad hoc discrete Z2
symmetry. More to the point, the charged particles, while degenerate at three level, are split
at one-loop, with a mass splitting in this case that is small, Δm ∼ α2 sin2 θW mW ∼ 200 MeV
mdm which is in the TeV range. Interestingly, the neutral component is always the lightest
component of the multiplet. Another instance of naturally degenerate particles is based on the
possibility that there are universal extra spatial dimensions.11 In that case all SM particles have
Kaluza-Klein partners that are heavier, with a mass in proportion to the inverse size of the extra
dimension and all degenerate at tree level. As in the minimal dark matter scenario, splitting
arises at one-loop, albeit with a much stronger impact, due to the non-renormalizable character
of theories with more than 4 spacetime dimensions. Going forward, we may ask whether it
is possible to have DM together with colored particles in a same multiplet? That naturally
suggests to consider a Grand Uniﬁed Theory. The simplest instance is the Pati-Salam (PS)
group, SU (4) ⊗ SU (2) ⊗ SU (2) which is a maximal subgroup of SO(10). The group SU(4) has as
subgroup SU (3)c ⊗ U (1)B−L . We may consider the representation 15 of SU(4) that decomposes
into a a singlet, a triplet color and its conjugate and a color octet,
15 = (1, 1, 1, 0) ⊕ (3, 1, 1, 0) + (3̄, 1, 1, 0) + (8, 1, 1, 0)
The singlet χ1 ∼ (1, 1, 1, 0) is clearly a potential DM candidate. Indeed a very interesting feature
of the SO(10) group is that it has a discrete subgroup called matter parity, which, if unbroken,
can protect particles from decay. In the case of supersymmetry SO(10), it provides a rational
for R-parity. Recently, there is been some interest in the non-supersymmetric GUT SO(10) as a
principle both to explain the origin and stability of DM particles, that is WIMPs.12,13 Even more
recently, together with Thomas Hambye and Julian Heeck, we have explored all the possible ways
to embed a DM candidate in SO(10), paying particular attention to the possibility of DM with
partner particles, both colored and uncolored. We found several such instances, in particular
along the PS symmetry breaking path.14 One instance is the 15 representation. Of course there
are strong constraints on the possible Pati-Salam scale, most notably from KL leptonic decay:
the mass of lepto-quarks must be larger than a couple of PeV. While large, this is a much lower
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Figure 4 – Constraints from chemical equilibrium in the mχ1 mX plane. Co-annihilation is ineﬀective in the orange
region. The dashed (blue) horizontal line is the experimental lower bound on mX from KL decay. For parameters
in the region bounded by the dot-dashed (red) line the χ3 lifetime is longer than 0.1 sec and may spoil BBN.

scale than the one that must be imposed on possible SO(10) uniﬁcation  1016 GeV. We thus
refer to such PS scale as a low scale even though it is substantially larger than the EW scale.
This has however several phenomenological consequences, the ﬁrst being that the PS scale is
much too large for thermal freeze-out to be eﬀective for, say, the singlet χ1 in the 15 of PS.
So the only way out to reach the DM abundance is to exploit co-annihilation of the colored
triplet particles. Those indeed can eﬃciently annihilate into, say, gluons, provided their mass
is in the TeV range. This requires however to be able to convert DM particles into the triplet,
χ3 ∼ (3, 1, 1, 0) which goes through the exchange of the PS leptoquarks (X), a process that
tends to be ineﬃcient if the latter is very heavy. Figure 4 summarizes such constraints. First
the lepto-quark must be suﬃciently heavy to prevent rapid decay of KL (blue shaded region)
Second, it cannot be too heavy so that the DM and its partner can still transform into each
others eﬃciently (orange). There is a further constraint from the fact that we must make sure
that the colored partner decays before the time of big bang nucleosynthesis (red). This conﬁnes
the possible DM and leptoquark masses within a narrow triangular region. Now, there is a
catch in this ﬁgure. To reach the observed cosmic abundance of DM, we assumed that we could
adjust the mass splitting between the singlet and its partners. This is actually tricky, as the
colored particles tend to make bound states, an eﬀect that must be taken into account.5 Hence,
to reach the observed abundance requires a ﬁne adjustment of all the masses. One problem is
that, still focusing on the 15 of PS, loop-corrections induce splittings between the DM singlet
and both the colored triplet and the octet below the PS breaking scale. A detailed analysis14
reveals that the mass splitting is too large for co-annihilation to be operative and so an extra
ﬁne tuning is required using some tree level mass term. While possible technically, this is not
totally appealing.
5

Backup story

What did we learn? It’s hard to say.15 The WIMP scenario may be natural and simple but the
optimism that prevailed a few years ago is clearly giving way to a more negative perception of
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its status. Among objective reasons is the ”demise” of the neutralino and, in general, the lack
of experimental results. Perhaps we are just being too impatient : a WIMP could well have
escaped to the current experiments because it lies around the multi-TeV scale (a naive estimate
based on the canonical annihilation cross section suggests that mass range). Simple toy models
lead to a similar conclusion (perhaps at the price of some tuning), as I have tried to argue. Of
course Nature does not have to be that simple, so it is important to keep on exploring possible
alternatives. An issue is the lack of a clear fundamental guiding principle. We knew where and
how to look for the Higgs; there is nothing (even remotely) equivalent for dark matter. More
than ever, we have to rely on empirical evidences.
An opportunity may be oﬀered by observations of the small scale structure of the Universe.
Indeed, they seem to be in tension with simulations based on collision-less dark matter (CDM).
For instance, CDM simulations predict a cuspy proﬁle at the center of galaxies (speciﬁcally
dwarf galaxies), while observations tend to favor a more shallow, cored proﬁle. The dominant
lore among astrophysicists is that baryonic eﬀects will eventually explain this and other discrepancies. However, there seems to be a problem that even simulations with baryons have trouble
addressing, at least as far as I know. This is called the diversity problem. It is a fact that a
priori similar galaxies, with same asymptotic mass, have quite diverse rotational velocity curves.
This seems to be particularly true for dwarf galaxies. Now, there is substantiated claim that
self-interacting DM could explain the diversity of galaxy rotation curves.16 It is very impressive
that a single parameter can explain such a large variety of features (in that respect, this scenario
does as well as MOND). The required collision cross section is quite large, of order σ/mdm ∼ 1
cm2 /g ∼ 1 pb/GeV, but that does not imply strong interactions: the simplest scenario is to
imagine that DM particles exchange a light particle, like e.g. a dark photon. There are three
parameters : the mass of the dark photon mγ  , the hidden sector ﬁne structure constant α and
the dark matter mass mdm . Then, the Rutherford scattering cross section is given by
4α2 m2dm
m2
dσ
∼ α2 dm
=
dΩ
m4γ 
(4m2dm v 2 sin2 (θ/2) + m2γ  )2

(2)

For small velocities, characteristic of dwarf galaxies, the cross section can be ”as large as a
barn”provided the mediator is in the MeV range or so and DM in the multi GeV range. The
dark photon may however poses a cosmological problem if, as the dark matter, it is also stable.
So to decay, it must couple to the SM. In the case of the dark photon, this may occur naturally
through the so-called kinetic mixing portal.18 Its eﬀective coupling to the SM electrically charged
particles, call it κ (which correspond to a millicharge in the limit of a massless dark photon,
degenerate with the SM photon), should be tiny, otherwise we would have seen the dark photon
in various experiments (in particular if it is in the MeV range). Hence we have a dark matter and
dark photon interacting feebly with the SM. This may be a blessing, if we are ambitious enough
to try and explain the abundance of the dark matter. Because of the feeble coupling, the picture
is however quite diﬀerent than for the WIMP scenario : we must assume that the universe
was initially void of dark matter particles. Such scenario is called freeze-in.17 . The diﬀerence
between freeze-in and freeze-out is essentially parametrical. If κ ∼ 10−11 , the abundance is set
by freeze-in (i.e. production of dark matter in the early universe); if κ is closer to one, the
abundance may be reached through freeze-out (destruction of DM); in between there is another
regime called re-annihilation.19
The coupling required for freeze-in is so tiny that one would not expect to be able to probe
such a DM candidate through direct detection experiments. However, direct detection, like DM
self-scattering, would take place through t-channel exchange of a light particle. So it may be
strongly enhanced for small velocities and small enough mediator mass. Speciﬁcally, for recoil
energies ER in keV range, relevant for direct detection experiments, and DM mass in the GeV
−2
. Again, this is provided the dark photon
and up range, the cross section scales like ∝ ER
is light enough, meaning here that mγ should be less than about 40 MeV. We consider DM

226

XENON1T 2018
XENON1T4y

PANDAX II
LZ (1000 days)

XENON1T 2018
XENON1T 4yrs
LZ 1000 days

103

10−10

0.1cm2/g

mχ (GeV)

1cm2/g

κ
Freeze-in

10cm2/g

102

10−11
Late
decay

101

102

103

mχ (GeV)

101

10−3

10−2
mγ (GeV)

Figure 5 – Exclusion limits on the coupling onstraints in the plane r − 1 vs mS with coupling to the up (left) and
to top quark (right)

candidates in the WIMP range, mdm  10 GeV. Current direct detection constraints are set for
interaction of DM with nucleons through a heavy mediator, and so must be recasted to take into
account the momentum dependence of the scattering cross section. The result of this exercice is
shown in the left panel of Figure 5, in which we show a recasting of the most recent XENON1T
exclusion limits (black solid line). 20 The green line corresponds to the parameter space from
freeze-in. The dip corresponds to production of the dark matter from on-shell decay of the Z
boson, which is the dominant process for mχ  mZ /2. Above the green line, the abundance is
set by re-annihilation.19 We also show forecast for future experiments. The blue dashed line is
for LZ after 1000 days of exposure. These are estimate but they show that a whole new regime
for DM production, distinct from the WIMP one, is at the verged of being tested by direct
detection experiments. It would be nice if the collaborations could do such analysis. For the
same parameter range, the DM is strongly self-interacting, so direct detection experiments are
also testing self-interacting dark matter scenarios. In the right panel of Figure 5 we show the
parameter space of self-interacting DM that is being tested by XENON1T (region within the
black solid lines) and future experiments, still according to our calculations. A dark photon
below the threshold for decay into e+ e− is cosmologically excluded (green shaded region).
Clearly, freeze-in is an interesting scenario for DM production. Are we living the Dawn of
the FIMP dark matter? 21 I would not go that far. Freeze-in rests on the assumption that the
universe started with a very low abundance of DM particles. This is a strong hypothesis. At
the same time, feebly interacting particles lead to long-lived particles and all kind of interesting
signatures (displaced vertices, etc), suggesting new experimental setups.22 See also the talk by
Pedro Schwaller. Generically speaking, the picture is that of a hidden sector, not above the
SM, at some higher scale, but beside. Interestingly, there are 3 very speciﬁc gateways, or socalled portals to a hidden sector in the SM.23 While not quite a principle, the notion of portal
has turned out to be an extremely fruitful guideline in deciphering the possible nature of dark
matter.
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First Results from ABRACADABRA-10 cm:
A Search for Low-Mass Axion Dark Matter
C. P. Salemi
on behalf of the ABRACADABRA collaboration
Laboratory for Nuclear Science, Massachusetts Institute of Technology, Cambridge, MA 02139, U.S.A.
The presence of dark matter provides some of the most tangible evidence for the existence of
physics beyond the Standard Model. One compelling dark matter candidate is the axion, a
light boson that was originally postulated as a solution to another outstanding issue, the strong
CP problem in QCD. ABRACADABRA is an experimental program to search for sub-μeV
axion and axion-like dark matter. It searches for axion-induced modiﬁcations to Maxwell’s
equations with a toroidal magnet and SQUID magnetometer. This contribution will present
the ﬁrst results from the prototype detector, ABRACADABRA-10 cm.

1

Introduction

The existence of dark matter is some of the strongest evidence we have for physics beyond the
Standard Model. There is strong observational evidence for matter that interacts gravitationally
but that cannot be any of the visible particles from the Standard Model 1 . However, so far there
have been no conﬁrmed reports of direct detection of any such dark particles.
Theories abound as to the identity of the dark matter, and so experiments aim to look for the
most highly motivated candidates. One of the foremost such candidates is the axion, a particle
originally hypothesized as a part of a solution to another outstanding problem in physics, the
strong CP problem. This is the problem that we expect QCD to violate CP symmetry, but it
does not. Instead, the CP-violating term in the QCD Lagrangian is suppressed by coeﬃcient
Θ̄  10−10 where theoretically Θ̄ ∈ [0, 2π], indicating a huge ﬁne-tuning of the coeﬃcient down
to zero.
In order to remedy this, Roberto Peccei and Helen Quinn proposed a new, global U (1) symmetry 2 . When the symmetry spontaneously breaks at some large energy scale, fa , a goldstone
boson, a, is produced, which dynamically drives the Θ̄ term to zero, naturally allowing QCD to
conserve CP symmetry. This is known as the PQ mechanism.
Frank Wilcek and Steven Weinberg later pointed out that an important aspect of this mechanism is the implication the existence of a massive, pseudoscalar particle, dubbed the axion 3,4 .
This new particle makes a great dark matter candidate because it is neutral and cold and can be
produced in the correct abundance. At late times, assuming it accounts for the full dark matter
density, the axion ﬁeld oscillates as
√
a(t) =

ρDM
sin(ma t)
ma

(1)

where ρDM is the dark matter energy density and ma ∝ 1/fa is the mass of the axion. This
oscillating ﬁeld of axions leaves us a signature to detect.
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2
2.1

Axion Detection with ABRACADABRA
Axion Electromagnetism

When writing down the axion-modiﬁed Standard Model Lagrangian, we must include all of
the possible interactions of the axion with other particles. The number and strength of such
possible interactions depends on model, and in particular there are two leading models, KSVZ
and DFSZ 5,6,7,8 . However, in all possible models, the couplings are proportional to 1/fa and so
are suppressed by the large energy scale of PQ symmetry breaking.
Most experiments, including ABRACADABRA, use axions’ coupling to photons to search
for them. Axions modify QED as
1
L ⊃ gaγγ aFμν F̃ μν = −gaγγ aE · B
4

(2)

where gaγγ is the coupling strength of the axion to two photons. We can use this to modify the
sourceless Ampère’s law to the form


∂a
∂E
− gaγγ E × ∇a −
B
∇×B=
(3)
∂t
∂t
We take it in the limit that ∇a → 0 because we expect the axion ﬁeld to be quite uniform
over the distance scale that our detector probes. The rightmost, axion-induced term has the
same time-dependent form of the classical eﬀective current term and so we can rewrite the axion
interaction as an eﬀective current,
Jef f = gaγγ


∂a
B = gaγγ 2ρDM cos(ma t)B
∂t

(4)

where the second step comes from plugging in the axion ﬁeld from Eq. 1.
2.2

ABRACADABRA Detection Concept

ABRACADABRA (A Broadband/Resonant Approach to Cosmic Axion Detection with an Amplifying B-ﬁeld Ring Apparatus) looks for the axion eﬀective current with a toroidal magnet
and superconducting sensors 9 . The toroid’s strong azimuthal magnetic ﬁeld sources an eﬀective current parallel to it given by Eq. 4. Using classical Maxwell’s equations, we can see (see
Fig. 1a) that this oscillating azimuthal eﬀective current sources an oscillating real magnetic ﬁeld
in the central region of the toroid where there would otherwise be no ﬁeld. This change in the
magnetic ﬂux through the center can be detected with a pickup circuit. The pickup must be
superconducting with highly sensitive ampliﬁers because the expected signal is very small due
to the feeble coupling (gaγγ ) of the axion ﬁeld to the supplied magnetic ﬁeld.
Signal readout can be done in two modes: broadband and resonant (see Fig. 1b). The ﬁrst
involves reading out all frequencies simultaneously. In this scenario, the only ampliﬁcation is that
done by the sensor-ampliﬁer (a SQUID in ABRACADABRA-10 cm) that is directly coupled to
the pickup. The second mode has the addition of an LC resonator in the pickup circuit. Signals
at the resonance frequency are additionally enhanced by the Q-value of the resonator, with Q’s
of up to ∼ 106 being reasonable. However, this requires varying the resonator frequency to
scan over the possible axion masses. So, with the limiting factor being time, there is a trade-oﬀ
between averaging for a long time over a wide range of frequencies (broadband) and scanning
slowly over many axion masses (resonant).
With both readout methods the resulting signal is time series data that we Fourier transform
to look for peaks in frequency space corresponding to the axion mass. The axion signal peak
is very narrow, Δf /f ≈ 10−6 , because of the coherence of the axion ﬁeld. The shape of the
signal is determined by the velocity distribution of the axions; with the Standard Halo Model
we expect a Maxwell-Boltzmann distribution.
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(a)

(b)

Figure 1: (a), diagram of the ABRACADABRA detector. The toroid’s magnetic ﬁeld (B0 , blue) sources
an oscillating eﬀective axion current (Jeﬀ , purple). This eﬀective current then creates a real oscillating
magnetic ﬁeld (Ba , orange) in the center of the toroid. These changes in magnetic ﬂux are detected with
a pickup circuit (green). (b), the pickup circuit coupled to a SQUID ampliﬁer in, top, broadband mode
and, bottom, resonant mode. Taken from 9 .

3
3.1

ABRACADABRA-10 cm
Detector

The prototype detector, ABRACADABRA-10 cm, is a proof-of-concept located at MIT to
demonstrate the eﬃcacy of the method detailed in Sec. 2.2. The magnet toroid is 12 cm in
diameter by 12 cm in height and is mounted in a tin spin-coated copper can that is hung on the
bottom plate of an Oxford Instruments Triton 400 dilution refrigerator. The magnet is cooled
to 1.2 K. In the center of the magnet a 2.0 cm radius loop of 1 mm diameter solid NbTi wire is
mounted as a pickup loop. Its leads are run out of the shield can and up to the SQUIDs, which
are on a higher plate and kept at 870 mK. We calibrate the detector via another wire that lies
in the magnetic ﬁeld of the toroid to mimic an axion signal. We feed signals into it via 90 dB of
attenuation in order to simulate the tiny axion signal, as well as to isolate the calibration circuit
from environmental noise.
ABRACADABRA-10 cm’s ﬁrst physics run was last summer 2018. We calibrated the detector both before and after the run and at a range of frequencies and amplitudes with the magnet
on and oﬀ. The calibrations were consistent with each other, but we found that the detector
sensitivity was a factor of ∼ 6.5 lower than expected. We believe that this is primarily due to
parasitic inductance in the twisted pair wire that connects the pickup loop to the SQUIDs. This
will be ﬁxed in the next run of ABRACADABRA-10 cm, as explained in Sec. 4.
3.2

Data Collection and Analysis

Over the course of the four week run, the DAQ sampled continuously at 10 MS/s for a total of
25 trillion samples. The time series data was Fourier transformed and averaged in Tint = 10 s
buﬀers, creating a PSD that we call F̄10M . The time series data was also downsampled to
1 MS/s, transformed, and averaged in Tint = 100 s buﬀers to create a second PSD, F̄1M . The
frequency range of F̄10M (F̄1M ) is between f = 1/Tint = 100 mHz (10 mHz) and the Nyquist
frequency, f = 5 MHz (500 kHz). The frequency resolution of each data set is also given by
Δf = 1/Tint . Because of their diﬀerent frequency ranges and resolutions, the two PSDs are
used for the analysis of diﬀerent regions of axion mass.
An averaged ﬂux spectrum from the run is shown in Fig. 2, plotted with averaged spectra
from a magnet-oﬀ run and a digitizer-only run. On the low end of the ﬂux spectra there is
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Figure 2: Averaged ﬂux spectrum from the magnet-on run and magnet-oﬀ run, plotted in blue and
orange respectively, with an averaged spectrum from a digitizer-only run in grey. The axion search region
is between the dashed red vertical lines. Reproduced from 10 .

elevated noise that increases in magnitude with decreasing frequency. This we can attribute to
stray ﬁelds from the magnet and the environment that vibrate through our pickup loop. As
can be seen by comparing the blue and orange curves, these vibration-induced lines signiﬁcantly
decrease when the magnet is oﬀ. To check that the low frequency noise was indeed due to
vibration, we mounted an accelerometer on the top of the fridge. We saw a strong correlation
between the accelerometer and pickup ﬂux peaks in the region where our accelerometer was
sensitive, below 10 kHz, and believe that the forest of lines below around 100 kHz is also likely
due to vibration. In order to ﬁt the data into our digitizer window, we needed to ﬁlter away
some of the noise at low frequencies and so added a 10 kHz high-pass ﬁlter.
On the high frequency end of the spectrum are a series of wide bumps. We observe these in
both magnet-oﬀ and magnet-on runs, as well as when we take data from the SQUIDs with no
pickup loop attached to their input. They are likely due to either a ground loop or environmental
noise that is entering the system between the SQUIDs and the DAQ. These bumps are wide
enough that although they reduce our sensitivity there, we can ﬁt our background on top of
them.
In the middle region between ∼ 75 kHz−1 MHz, there is a wide ﬂat region with few peaks.
The noise here sits at ∼ 1 μΦ0 , our expected SQUID ﬂux noise ﬂoor. The slight diﬀerence in
magnitude between the magnet-on and magnet-oﬀ spectra corresponds to an expected drift over
time of total SQUID ﬂux noise.
The region between the dashed red vertical lines is where we performed an axion search,
between 75 kHz−2 MHz or equivalently 0.31 − 8.3 neV. The lower bound was ﬁxed to remove
most of the vibrational noise and the upper bound was set by the roll-oﬀ frequency of a 1.9 MHz
low-pass ﬁlter that we added for anti-aliasing.
In addition to frequency cuts, we made time cuts because certain frequencies exhibited
transient noise. There were two periods when this took place, at the beginning of the run
and then in the middle of the run for a couple of days after we went into the lab to do a
nitrogen reﬁll. The noise during these periods had many sharp peaks which could mimic an
axion signal. However, the axion signal should be constant over the entire run. To reduce
the signal contamination by these noisy periods, we removed spectra from the total dataset by
placing cuts on the total number of 3σ signals in each spectrum. Only spectra with less than
thirty 3σ detections were included in the axion search, which resulted in an ∼ 70% eﬃciency.
The ﬁnal set of cuts that we implemented allowed us to veto persistent environmental peaks.
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This type of background is also present when the magnet is oﬀ, which indicates that it cannot
be from an axion. For this, the magnet-oﬀ data was processed using the same method as that
with the magnet on. Any signals that passed the 5σ threshold in the magnet-oﬀ dataset were
vetoed in the magnet-on dataset.
For each mass point in our PSDs, we calculate a likelihood function, L, in order to perform
a log-likelihood ratio test between the best ﬁt and the null hypothesis. This was done as a joint
ﬁt over the 53 (24) averaged spectra in the F̄10M (F̄1M ) data sets. For our discovery search we
set a 5σ threshold on our test statistic,
⎡
TS(ma ) = 2 ln ⎣

L dma |Â, b̂
L dma |A = 0, b̂A=0

⎤
⎦

(5)

where d is our data, A is the signal strength, b is the background, and the hatted parameters are
those that maximize the likelihood. Note that our threshold accounts for the Look Elsewhere
Eﬀect because the spectra include ∼ 8.1 × 106 mass points. Where we did not observe a signal
we set 95% conﬁdence level limits with a similar test statistic.
3.3

Results

We found no 5σ excesses in the data from this ﬁrst, month-long run. We set 95% C.L. limits on
axion dark matter as shown in Fig. 3 that are competitive with the limits on solar axions set by
CAST 11 .

Figure 3: 95% C.L. limit in black with the 1 and 2σ containment in green and yellow respectively. The red
curve shows the expected limit and the grey marks the limits on solar axions set by CAST. Reproduced
from 12 .

4

Next Steps

The next step for ABRACADABRA-10 cm is another month-long run with modiﬁcations intended to improve or eliminate the factor of 6.5 reduction in sensitivity. To this end, we are
currently implementing changes in the readout circuit, modifying the geometry of the pickup
loop and shortening the twisted pair wires that run from the pickup to the SQUIDs. This run
should allow us to surpass the limits set by CAST.
After ABRACADABRA-10 cm’s second run, the detector will be repurposed as an R&D
testbench for future generations of ABRACADABRA. The next generations will be larger detectors with higher magnetic ﬁelds, and they will primarily use the resonant readout method.
The next generation will be a 40 cm diameter, 5 T toroidal magnet that should be able to probe
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into the QCD axion regime for axions with masses just below a μeV. Later, meter-scale experiments will be able to expand the range down to tens of neV for QCD axions, and both 40 cm
and 1 m magnets running in broadband mode will be able to probe a large swath of axion-like
particle parameter space for sub-μeV masses.
The ABRACADABRA program aims to ﬁnd or exclude axions and axion-like particles over
a wide range of couplings and masses below a μeV. ABRACADABRA-10 cm has demonstrated
the promise of this method, and with a month-long run has set competitive limits on axion-like
particles with masses 0.31 − 8.3 neV. ABRACADABRA-10 cm is continuing its search, and we
are presently preparing for another physics run with improved sensitivity.
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From Swampland to Phenomenology and Back a
Masahito Yamazaki
Kavli Institute for the Physics and Mathematics of the Universe (WPI),
University of Tokyo, Kashiwa, Chiba 277-8583, Japan
Swampland conjectures are a set of proposed necessary conditions for a low-energy eﬀective
ﬁeld theory to have a UV completion inside a theory of quantum gravity. Swampland conjectures have interesting phenomenological consequences, and conversely phenomenological
considerations are useful guidelines in sharping our understanding of quantum gravity.

1

Swampland Conjectures

During the Moriond electroweak session we have seen many examples of fruitful interplays between theory and experiment—theorists try to explain experimental ﬁndings, while experimentalists turn to theorists for useful guidelines for what to look for.
From a theorist’s viewpoint, coming up a “theory” often involves picking up a certain lowenergy quantum ﬁeld theory (QFT). One can then discuss experimental constraints on the
parameters of the theory, possible new signatures predicted by the theory, and so on. The big
problem, however, is that there are tremendous numbers of possible quantum ﬁeld theories you
can write down, and hence one has to face with huge numbers of possibilities.
One might therefore wish that there are new ingredients in theorist’s toolkit. I am going
to argue that such a new tool comes from quantum gravity, albeit in somewhat unconventional
forms (Fig. 1).

Figure 1 – A phenomenologist often comes up with a speciﬁc low-energy QFT and works out its experimental
consequences. It is often not clear, however, which QFT one should start with, since there are simply too many
possibilities. If one starts with quantum gravity, one sometimes ﬁnds good evidence that certain low-energy
QFTs are not possible. This is the content of the swampland conjectures. Such conjectures help to narrow down
possibilities, and could reduce the the diﬃcult job of a “low-energy” phenomenologist.

Quantum gravity in itself is typically believed to be located at an extremely high energy
scale. We can, however, ask whether or not a given low-energy eﬀective ﬁeld theories can be
reproduced from a theory of quantum gravity.
Traditionally, this involves a speciﬁc string theory setup—this can be heterotic string theory
on Calabi-Yau three-fold, F-theory on elliptically-ﬁbered Calabi-Yau four-fold, M-theory on G2
a
The slides for the talk are available from http://member.ipmu.jp/masahito.yamazaki/files/2019/Moriond_
2019.pdf. Since this proceeding is limited to strictly 6 pages with references included, we will not have space to
list all the relevant references. Interested readers are referred to INSPIRE-HEP database.
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holonomy manifolds, etc. By contrast we are asking a more universal question, at least in spirit:
does the low-energy eﬀective ﬁeld theory have a UV completion in quantum gravity? If the
answer is yes, we say that the theory is in the landscape, while if no we say that the theory is in
the swampland.1, 2 In this terminology (by C. Vafa), if you are a “low-energy” phenomenologist
you need to make sure that your favorite theory is in the landscape, and not in the swampland.

Figure 2 – Inside the space of possible low-energy QFTs, some are realized by speciﬁc string theory constructions,
such as Calabi-Yau three-fold compactiﬁcations of the Heterotic theory. The consequences from these speciﬁc
constructions, may well be setup-dependent, and might not be obeyed in other string theory constructions. In
the swampland conjectures, by contrast, one tries to formulate universal consequences from the existence of UV
completion with gravity. If such conjectures are true, that has some interesting implications to low-energy model
building. There are indications that the constraints from swampland conjectures are so strong that “landscape”
is actually tiny inside the space of all possible low-energy QFTs.

One might ask “isn’t quantum gravity notoriously diﬃcult”? For proper treatment of quantum gravity, you have to wait for your quantum gravity colleagues to solve it, and as of this
writing there is no indication that this will happen in anytime soon. Does this mean that you
can forget about this altogether?
Despite the lack of full understanding of quantum gravity, we do have some useful clues
about quantum gravity. First, we know about semiclassical description of black holes, such as
that black holes have Bekenstein-Hawking entropy, that black holes evaporate with Hawking
radiation.We can devise many gedanken-experiments on black holes, and think about the consequences, loopholes, and so on. Second, there are many examples/data from string theory,b e.g.
results based on a speciﬁc class of compactiﬁcation manifolds.
The way to proceed is look at various data available, and formulate swampland conjectures,
a set of necessary conditions for the existence of UV completion. Once we formulate these
conjectures, we can set these conjectures by looking many more examples, this often leads to
quantitative tests. We can also try to verify the mutual consistency between diﬀerent conjectures.
There are many swampland conjectures in the market, indeed too many to be listed here
and readers are referred to comprehensive reviews.3, 4 Here, to illustrate the idea let me mention
one particular conjecture by M. Reece.5
Consider a U (1) gauge ﬁeld A, namely a photon, with Suückelberg mass m.c Let us denote
the gauge coupling constant by e. Then the conjecture states that the UV-cutoﬀ ΛUV of the
b
String theory is a rather proimising theory of quantum gravity, and makes it possible to do many quantitative
computations, thus providing invaluable data for swampland constraints. For this reason we often use string
theory in swampland discussions. One should note, however, that the arguments from semiclassical black holes,
as mentioned previously, are independent of string theory. Consistency between black-hole-inspired conjectures
and string-theory-inspired conjectures have also been discussed.
c
This is a gauge-invariant mass of the form L ⊃ m2 (Aμ − ∂μ θ)2 for a scalar ﬁeld θ, with gauge transformation
δAμ = ∂μ χ, δθ = χ.
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theory should satisfy the inequality

ΛUV  min

mMPl 1
, e 3 MPl
e


.

(1)

This places interesting constraints on light dark photons5 ; note scenarios involving such light
dark photons were discussed during the Moriond conference.d
This conjecture is motivated by many other swampland conjectures, in particular the distance conjecture2, 7 and the weak gravity conjecture,8 where the latter is an upgrade of the old
conjecture that there is no global symmetry in quantum gravity.9 In this respect, the conjecture (1) is an excellent example for an outcome from interrelations between several diﬀerent
approaches to the swampland program.
2

De Sitter Swampland Conjecture

While the swampland program by now has history of more than 10 years, recently there has
been renewal of interest in this topic. One of the reasons for this is the paper10 on the “de
Sitter swampland conjecture” (hereafter dS conjecture) in June 2018. This paper immediately
generated interest and and controversies in the community.
The dS conjecture states that the total scalar potential V of any eﬀective ﬁeld theorye satisﬁes
an inequality
MPl |∇V | ≥ c V .

(2)

Here MPl 2 × 1018 GeV is the Planck scale, c is an O(1) positive constant.
After the proposal of the conjecture, problems of this conjecture has been pointed out—the
dS conjecture excludes local maximum with positive energy
∇V = 0 ,

∇2 V < 0 ,

V >0.

(3)

Such local maximum, however, clearly exists in the potential of the Higgs ﬁeld, and of the
axion(if an axion exists).
This in itself does not exclude the dS conjecture, since one can think of various loopholes—for
example, we can enlarge the ﬁeld space by coupling the Higgs/axion to the quintessence ﬁeld.
However, after several independent analysis (involving many fun ingredients, such as no-go
theorem for electroweak modiﬁcation, ﬁfth-force constraints, etc.), one comes to the conclusion
that most such loopholes can be eliminated, except for some rather exotic scenarios.11–14
In view of these results, a number of reﬁnements of the dS conjecture have been proposed.12, 15–18 For example, one possible modiﬁcation17, 18 states that
MPl |∇V | ≥ c V

or

min(∇2 V ) ≤ −c V ,

(4)

c

where c and are O(1) positive constants. This is slightly stronger than the another conjecture,12 which corresponds to the special value c = 0 of the conjecture above. We here call these
conjectures the reﬁned de Sitter conjectures (hereafter RdS conjectures).
While the RdS conjectures evades the problems with the local maxima of the Higgs or axion
potential, they still have an important consequence—the conjectures forbid the stable de Sitter
vacua:
∇V = 0
d

,

∇2 V > 0 ,

6

V >0.

(5)

See, however, Craig et al. for discussion on possible loopholes.
We choose canonical normalization for scalar ﬁelds. We assume there are only ﬁnitely many scalar ﬁelds in
the Lagrangian.
e
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This conjecture is therefore tension with the literature (e.g. KKLT scenario19 ) for de Sitter
vacua in string theory (see also recent articles20, 21 ). It seems fair to say that the RdS conjectures
are speculative, at least as a general statement, and might only hold only in the asymptotic region
of the moduli space where we have parametric control.f In the following we will assume the RdS
conjectures and work out the consequences. This will lead us to interesting scenarios, and in
my opinion it is of value to explore these possibilities, irrespective of the validity of the RdS
conjectures—ultimately the ﬁnally verdict is up to the Nature.
2.1

Dark Energy

If RdS conjectures are correct, dark energy cannot be the cosmological constant. One possibility
is then to consider a dynamical scalar ﬁeld the quintessence.24–26
There are enormous challenges in quintessence model building. First of all, the quintessence
potential should be extremely ﬂat, to avoid rapid change of the size of the dark energy. Second,
the potential in itself should have a correct size to explain the present-day energy scale of dark
4
4.
MPl
energy Λ4 10−120 MPl
In our recent paper,27 we looked into the possibility of the electroweak quintessence axion,
where the quintessence is the axion ﬁeld28–30 for the electroweak SU (2) gauge group.28, 31, 32
If such an electroweak axion exists, it can explain the ﬂatness of the potential since the
shift symmetry of the axion is broken only by non-perturbative instanton eﬀects. Moreover, the
energy scale of the axion potential is given by the dynamical scale, which is estimated to be31, 32
4
Λ4 = MPl
e

−α

2π
2 (MPl )

4
10−130 MPl
,

(6)

where we use the value of the electroweak coupling constant α2 = g22 /(4π) at the Planck scale.
This is very close to the present-day scale of the dark energy. Since the axions are often generated
by string theory, one hope such electroweak quintessence axions arise from string theory, and
further motivations for the existence of such axion are provided by the RdS conjectures.27, 33
Of course, irrespective of the validity of the RdS conjectures, the existence of the quintessence
can be probed by observation, from the measurement of the equation-of-state parameter w = p/ρ
for various values of redshift. While the current results show no sign of deviation from w = −1,34
it is important to continue observational searches in higher precision.
2.2

Inﬂation

What are the consequences of the RdS conjecture for the early universe, namely inﬂation?
If we insist on the two O(1) parameters c, c in Eq. (4) to be c, c ∼ 1 (and not c, c ∼ 0.01,
for example), then we found35 that the simplest type of inﬂationary models, namely single-ﬁeld
inﬂationary models with canonical kinetic terms, can generate inﬂation with suﬃcient number of
e-foldings, but have trouble reproducing the observed value36 of the spectral index. The problem
can be evaded in multi-ﬁeld inﬂationary models, e.g. by the curvaton scenario.37–40 This could
lead to interesting signatures, such as primordial non-Gaussianities,41 which could be tested in
future improved observations of the cosmic microwave background radiation.
3

Summary

In this paper we have introduced the swampland program, which is an attempt to extract
universal consequences of quantum gravity in low-energy eﬀective ﬁeld theory. The swampland
f
It would be interesting to fully justify the RdS conjectures even in such weakly-coupled regions of the parameter space (there has recently been attempts in this direction;17, 22 note that the classic argument by Dine and
Seiberg23 in itself does not automatically guarantee this). As we emphasized before, the point of the swampland
conjectures is to work out the consequences which holds irrespective of speciﬁc string theory setups, and even the
“weakly-coupled RdS conjecture” is universal in this sense.
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conjectures, if correct, have many implications to physics in vastly diﬀerent energy scales, ranging
from the energy scale of dark energy all the way up to the energy scale of inﬂation. Conversely, we
have presented examples where the bottom-up phenomenological constraints aﬀect the on-going
discussion about swampland conjectures.

Figure 3 – While quantum gravity in itself might be associated with very high energy scale (such as the Planck
scale), swampland conjectures originating from quantum gravity have implications phenomena in vastly diﬀerent
energy scales, as explained in this paper.

In this sense, the search for quantum gravity is tied with the study of “low-energy physics”,
either in theory and experiment (as expressed in Fig. 1). In order to “make sure that no stones
are left unturned”g , swampland program is a useful approach to keep in mind for any particle
phenomenologist and cosmologist.
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Search of primordial black holes from microlensing observations with HSC and
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We use the microlensing search results of stars in the Andromeda galaxy (M31) and the
Galactic bulge, which were done with the Subaru Hyper Suprime-Cam (HSC) and the OGLE
experiment, respectively, to constrain primordial black holes (PBHs) that could exist in the
Milky Way (and M31) halo regions if PBHs make up dark matter (DM) even by some mass
fraction. For the HSC data, we found only one possible microlensing event compared to
thousands of events if PBHs make up all DM, which were translated into most stringent
upper bound on the abundance of PBHs in the mass range MPBH = [10−11 , 10−6 ]M . From
the public OGLE events, we updated the upper limit on PBHs in MPBH = [10−6 , 10−3 ]M .
We also report a possible implication that the 6 ultra short timescale microlensing events in
the OGLE catalog can be explained by Earth-mass PBHs.

1

Primordial black holes as dark matter

The nature of dark matter (DM) remains studied both theoretically and observationally, and
is one of the most important problems in cosmology. Unknown stable particle(s) beyond the
Standard Model of Particle Physics, so-called Weakly Interacting Massive Particle(s) (WIMP),
have been thought of as a viable candidate of DM, but have not to be detected either in direct
experiments, collider experiments or indirect searches.1,2,3 Primordial black holes (PBH), which
can be formed during the early universe, are alternative viable candidate of DM.4,5,6,7 PBHs
can be formed by gravitational collapse of Hubble patch in the early universe if the patch has
a large primordial overdensity. Various works have proposed a mechanism to generate such a
large overdensity such as an inﬂation model, 8,9,10 producing PBHs with a target mass scale
and a target abundance. Furthermore, there is a recent interest in PBH study because of the
claims 11,12,13,14,15,16 that PBHs can be progenitors of binary black holes whose gravitational
wave events have been detected by the LIGO/Virgo experiments.17,18
PBH γ γfemtolensing PBH
There are various attempts at constraining PBHs over almost twenty orders of magnitudes
in their mass scales; gamma-ray background from PBH evaporation,19 femtolensing of gammaray bursts20 (although Katz et al. 21 recently pointed out that a ﬁnite-source size eﬀect of
the gamma-ray burst progenitor signiﬁcantly relaxes or even removes the constraint), supernovae of white dwarfs triggered by PBH,22 PBH capture by neutron stars,23,24 microlensing
constraints,25,26,27 caustics-network lensing in the galaxy cluster region,28,29,30 X-ray background
from gas accretion on PBH,31 and the eﬀect of PBH gas accretion on the cosmic microwave
background optical depth 32,33,34 the eﬀect of PBH on pulsar timing array observation 35 and the
eﬀect on type-Ia supernova observation.36 Except for a mass window of MPBH = [10−16 , 10−9 ]M ,
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these constraints rule out a scenario that PBHs constitute the dominant fraction of DM if PBH
has a narrow mass spectrum.
In this paper, we search microlensing events caused by PBHs, aiming at obtaining hints
about the origin of dark matter. Microlensing is the most robust, powerful tool among various
methods to probe a compact, macroscopic DM in the Milky Way (MW) halo region,37,38 because
lensing is a gravitational eﬀect and can directly probe mass (gravity strength) of a lensing object
irrespective of whether a lensing object is visible or not. We especially discuss the two possible
observational cases, where all the dark matter in the Galactic halo is composed by black holes
in the mass range of (I) MPBH = [10−11 , 10−6 ]M or (II) MPBH = [10−6 , 10−3 ]M .a
2

Microlensing observation of M31 with Subaru/HSC

With the aim of constraining the abundance of PBH within the unexplored mass window of
MPBH = [10−16 , 10−9 ]M , we carried out dense cadence observations of the Andromeda galaxy
(M31), with the Subaru Hyper Suprime-Cam (HSC).41 In order to explore this mass window by
microlensing observations, we require frequent photometry of many stars with cadence shorter
than 10 minutes. However, frequent photometry of many stars has been challenging, which
prevent us from probing microlensing events with such short cadence in previous studies.27
Our HSC/Subaru observation yields an ideal dataset to search for such PBH microlensing
events for the following reasons. First, the 1.5 degree diameter ﬁeld-of-view of HSC allows us
to cover the entire region of M31 (the bulge, disk and halo regions) with a single pointing.
Secondly, the 8.2m large aperture and its superb image quality (typically 0.6 seeing)42 allow
us to detect ﬂuxes from M31 stars even with a short exposure of 90 sec. These two facts allow
us to simultaneously monitor a suﬃciently large number of stars in M31. Thirdly, the 90 sec
exposure and a short camera readout of ∼35 sec enable us to take data at an unprecedented
cadence of 2 min. Finally, the huge volume between M31 and the Earth, leads to a large optical
depth for PBH microlensing to each star in M31, which allows us to put meaningful constraints
on the PBH DM scenario.
The analysis of M31 time domain data also presents a formidable challenge, as it is a dense
stellar ﬁeld. We are in the pixel lensing regime, where we need to detect the microlensing of a
single unresolved star among many stars that contribute photons to each CCD pixel. 43,44,45 In
order to search for pixel lensing, we used the image subtraction technique described in Alard
& Lupton.46 From one-night observations in 2014 and 2017 we succeeded to extract more than
10,000 candidate variable stars, and found one candidate from microlensing analysis. Fig. 1
shows the images and the light curve for this candidate of microlensing event. Although the
light curve looks noisy, it is consistent with the microlensing prediction.
Fig. 1 shows our result in comparison with other observational constraints on the abundance
of PBHs on diﬀerent mass scales. For the results, we took into account the eﬀect of ﬁnite source
star size 47 as well as the eﬀect of wave optics on the microlensing cross section.20,48 The ﬁnitesource size results in the magniﬁcation of only a small part of the star and hence aﬀects the
detectability of the event. The eﬀect modiﬁes our constraints on mass scales, MPBH ≤ 10−7 M
where the Einstein radii of the PBHs become comparable to or smaller than the size of the
source stars. The wave eﬀect arises from the fact that the Schwarzschild radii of light PBHs
with M ≤ 10−11 M become comparable to the wavelength of the HSC r-band ﬁlter (centered
around 600 nm). In this regime, the wave nature of light becomes important and can further
lower the maximum magniﬁcation of the microlensing light curve. This results in a lower event
rate for a given detection threshold. The ﬁgure shows that a single night of HSC data on M31
results in a tight upper bound on the mass fraction of PBHs to DM, ΩPBH /ΩDM . Our results
constrain PBHs in an open window of PBH masses, MPBHs = [10−11 , 10−9 ]M , as well as give
tighter constraints than those reported by previous work in the range of MPBH = [10−9 , 10−6 ]M .
a

We refer to Niikura et al. 39,40 for more detail.
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Figure 1 – Left: the red-color shaded region show the 95% C.L. upper bound on the PBH mass fraction to DM in
the halo regions of MW and M31, derived from our microlensing search of M31 stars based on the “two-nights”
HSC/Subaru data. To derive this constraint, we took into account the eﬀect of ﬁnite source size, assuming that all
source stars in M31 have a solar radius, as well as the eﬀect of wave optics in the HSC r-band ﬁlter on the microlensing event (see text for details). Our constraint can be compared with other observational constraints as shown by
the gray shaded regions: extragalactic γ-rays from PBH evaporation,19 femtolensing of γ-ray burst (“Femto”),49
microlensing search of stars from the satellite 2-years Kepler data (“Kepler”),27 MACHO/EROS/OGLE microlensing of stars (“EROS/MACHO”),25,26 and the accretion eﬀects on the CMB observables (“CMB”).32,33 Right: one
remaining candidate that passed all the selection criteria of microlensing event. The images in the upper plot
show the postage-stamped images around the candidate: the reference image, the target image, the diﬀerence
image and the residual image after subtracting the best-ﬁt PSF image, respectively. The lower panel shows that
the best-ﬁt microlensing model gives a fairly good ﬁtting to the measured light curve.

3

Microlensing observations by OGLE

The Optical Gravitational Lensing Experiment (OGLE b ) collaboration 50,51 has been making
invaluable long-term eﬀorts, more than a decade, to make monitoring observations of million
stars in the Galactic bulge ﬁelds. The OGLE team has been ﬁnding more than two thousands
of microlensing events and obtained various constraints on exoplanetary systems, brown dwarfs,
low-mass stars as well as presented even an indication of free-ﬂoating planets in inter-stellar
space 52 (also see 53,54 for the similar constraints from the MOA microlensing experiments).
Here we use the 5-years OGLE data containing 2622 microlensing events in Mróz et al 52 to
constrain the PBH abundance. The majority of microlensing events display a single or at least
continuous population that has a peak around the light curve timescale tE 20 days and a wide
distribution over the range tE [1, 300] days, while the data also indicates a second population
[0.1, 0.3] days, which are advocated to be due to freeof 6 ultrashort-timescale events in tE
ﬂoating planets. We ﬁrst study the standard Galactic bulge and disk models to estimate event
rates of microlensing events due to astrophysical objects including brown dwarfs, main sequence
stars and stellar remnants (white dwarfs, neutron stars and astrophysical black holes) following
the pioneer work in Han & Gould.55,56 We conﬁrm that the main population of OGLE events
can be well modeled by microlensing due to such astrophysical objects in the standard Galactic
bulge and disk models for their spatial and velocity distributions. Using the dark matter (DM)
model for the Milky Way (MW) halo relative to the Galactic bulge/disk models, we obtain the
tightest upper bound on the PBH abundance in the mass range MPBH [10−6 , 10−3 ]M , if we
employ “null hypothesis” that the OGLE data does not contain any PBH microlensing event.
Interestingly the OGLE data indicates 6 ultrashort-timescale microlensing events that have
[0.1, 0.3] days,57 which is a distinct population from the
their light curve timescales of tE
majority of OGLE events. The ultrashort-timescale events indicate Earth-mass “unbounded”
wide-orbit or free-ﬂoating planets.52,54 However, the origin of such free-ﬂoating planets is poorly
b

http://ogle.astrouw.edu.pl
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Figure 2 – Left: red shaded region corresponds to the 95% C.L. upper bound on the PBH mass fraction to DM,
derived assuming the null hypothesis that there is no PBH microlensing event in the 5-year OGLE data. This
constraint can be compared with other observational constraints as shown by the gray shaded regions (see Fig. 1
and Niikura et al.40 for details). Right: shaded blue region is the 95% CL allowed region of PBH abundance,
obtained by assuming that 6 ultrashort-timescale microlensing events in the OGLE data are due to PBHs. Dark
shaded region shows the result when combining the allowed region of the ultrashort-timescale events with the
upper bounds from the Subaru constraints and the longer timescale OGLE data.

understood because it involves complicated physics of star formation, planetary system formation and interaction of planetary system with other stars/planets. Hence we pay a particular
attention to a possibility of whether PBHs can give an alternative explanation of the ultrashorttimescale events. We show that Earth-mass PBHs can well reproduce the 6 ultrashort-timescale
events, without the need of free-ﬂoating planets, if the mass fraction of PBH to DM is at a
per cent level, which is consistent with other constraints such as the microlensing search for
Andromeda galaxy (M31) and the longer timescale OGLE events. Our result gives a hint of
PBH existence, and can be conﬁrmed or falsiﬁed by microlensing search for stars in M31, because M31 is towards the MW halo direction and should therefore contain a much less number
of free-ﬂoating planets, even if exist, than the direction to the MW center.
4

Summary

In this paper we have examined the PBH dark matter hypothesis observationally, and put stringent constraint on the abundance of PBHs in MPBH = [10−11 , 10−3 ]M . This upper bound on
PBH abundance will have some impact on the structure formation scenario in the early Universe,
including axion minihalo dark matter models. The one remaining microlensing candidate from
the HSC observations can be a discovery, unveiling some contribution of PBHs to DM. Moreover,
the nature of Earth-mass PBHs derived from OGLE data can also be the ﬁrst implication of
PBHs, and future observations should provide important veriﬁcation of the existence of PBHs.
As a future work to improve the constraint on PBH abundance, there are two ways to
explore. The ﬁrst one is to extend the constraints to smaller mass scales than we achieved in
M31 study, so as to close the open window in the PBH fraction to the total DM. Our study
with Subaru/HSC is hard to probe microlensing events by PBHs with mass MPBH ≤ 10−12 M ,
due to ﬁnite source size eﬀect and wave eﬀect. One strategy to overcome these eﬀects is to
monitor distant objects with high cadence observations in shorter wavelength. For example,
one can fulﬁll this requirement by monitoring distant pulsars with X-ray satellites.58 Although
current constraint from 10-days observations by RXTEc is too weak to put meaningful constraint
on PBH abundance, future experiments such by Athena/Lynx,59,60 AstroSat61 and LOFT62 are
c

see https://heasarc.gsfc.nasa.gov/docs/xte/RXTE_tech_append.pdf
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expected to set meaningful constraint around MPBH ∼ 10−14 M from observations of SMC X-1.
Another way to explore is to extend our HSC constraints to heavier mass scales. If we could
repeat observations of M31 with HSC every month over 10 years, say 10 minutes observation for
each observation run, we should be able to improve the constraints at heavier mass scales. These
long-term observations would be very powerful to make comparison with population synthesis
of black holes probed by future gravitational wave experiments.63 Future space-based missions
such as WFIRST64 and Euclid,65 can also improve the statistics of microlensing events.
Acknowledgments
HN would like to thank the organizers of the 54th Rencontres de Moriond for invitation, and
also thank Hiroaki Aihara and Masahiro Takada for all the supports. She also give thanks to
all her collaborators who have provided her stimulating research environment. This work was
in part supported by JSPS KAKENHI Grant Numbers JP17J03653 (HN).
References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.

G. Jungman, M. Kamionkowski, and K. Griest, Phys. Rept. 267, 195 (1996), 9506380.
C. Arina, Front. Astron. Space Sci. , 30 (2018), 1805.04290.
D. Hooper, “TASI Lectures on Indirect Searches For Dark Matter”, 2018, 1812.02029.
S. Hawking, Mon. Not. Roy. Astron. Soc. 152, 75 (1971)
B. J. Carr and S. W. Hawking, Mon. Not. Roy. Astron. Soc. 168, 399 (1974)
B. J. Carr, Mon. Not. Roy. Astron. Soc. 201, 1 (1975)
B. Carr, F. Kühnel and M. Stanstad, Phys. Rev. D 94, 083504 (2016)
K. Inomata, M. Kawasaki, K. Mukaida, Y. Tada, and T. T. Yanagida, Phys. Rev. D 95,
123510 (2016), 1611.06130.
E. Cotner and A. Kusenko, Phys. Rev. Lett. 119, 031103 (2017), 1612.02529.
E. Cotner, A. Kusenko, and V. Takhistov, Phys. Rev. D 98, 083513 (2018), 1801.03321.
M. Sasaki, T. Suyama, T. Tanaka and S. Yokoyama, Phys. Rev. Lett. 117, 061101 (2016),
1603.08338.
S. Bird et al, Phys. Rev. Lett. 116, 201301 (2016), 1603.00464.
M. Sasaki, T. Suyama, T. Tanaka and S. Yokoyama, Classical and Quantum Gravity 35,
063001 (2018), 1808.05235.
Y. Ali-Haı̈moud, E. D. Kovetz, and M. Kamionkowski, Phys. Rev. D 96, 123523 (2017),
1709.06576.
T. Nakamura et al, Progress of Theoretical and Experimental Physics 9, 093E01 (2016),
1607.00897.
K. Ioka, T. Chiba, T. Tanaka, and T. Nakamura, Phys. Rev. D 58, 063003 (1998),
9807018.
B. P. Abbott et al, Phys. Rev. Lett. 116, 061102 (2016), 1602.03837.
B. P. Abbott et al (LIGO Scientiﬁc Collaboration and Virgo Collaboration), Phys. Rev.
Lett. 119, 141101 (2017)
B. J. Carr, K. Kohri, Y. Sendouda, and J. Yokoyama, Phys. Rev. D 81, 104019 (2010),
0912.5297.
A. Gould, Astrophys. J. Lett. 386, L5 (1992)
A. Katz, J. Kopp, S. Sibiryakov, and W. Xue, JCAP 12, 005 (2018)
P. W. Graham, S. Rajendran, and J. Varela, Phys. Rev. D 92, 063007 (2015), 1505.04444.
F. Capela, M. Pshirkov, and P. Tinyakov, Phys. Rev. D 87, 123524 (2013), 1301.4984.
G. M. Fuller, A. Kusenko, and V. Takhistov, Phys. Rev. Lett. 119, 061101 (2017),
1704.01129.
C. Alcock et al, Astrophys. J. 542, 281 (2000), 0001272.

245

26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.

P. Tisserand et al, Astronomy and Astrophysics 469, 387 (2007), 0607207.
K. Griest, A. M. Cieplak, and M. J. Lehner, Astrophys. J. 786, 158 (2014), 1307.5798.
P. L. Kelly et al, Nature Astronomy 2, 334 (2018), 1706.10279.
J. M. Diego et al, Astrophys. J. 857, 25 (2018), 1706.10281.
M. Oguri, J. M. Diego, N. Kaiser, P. L. Kelly, and T. Broadhurst, Phys. Rev. D 97,
023518 (2018), 1710.00148.
Y. Inoue and A. Kusenko, JCAP 10, 034 (2017), 1705.00791.
M. Ricotti, R. P. Ostriker, and K. J. Mack, Astrophys. J. 680, 829 (2008), 0709.0524.
Y. Ali-Haı̈moud and M. Kamionkowski, Phys. Rev. D 95, 043534 (2017), 1612.05644.
D. Aloni, K. Blum, and R. Flauger, JCAP 5, 017 (2017), 1612.06811.
K. Schutz and A. Liu, Phys. Rev. D 95, 023002 (2017), 1610.04234.
M. Zumalacárregui and U. Seljak, Phys. Rev. Lett. 121, 141101 (2018), 1712.02240.
B. Paczynski, Astrophys. J. 304, 1 (1986)
K. Griest, Astrophys. J. 366, 412 (1991)
H. Niikura, M. Takada, N. Yasuda, R. H. Lupton, T. Sumi, S. More, T. Kurita, S.
Sugiyama, A. More, M. Oguri and M. Chiba, Nature Astronomy , 238 (2019), 1701.02151.
H. Niikura, M. Takada, S. Yokoyama, T. Sumi, and S. Masaki, Phys. Rev. D 99, 083503
(2019), 1901.07120.
S. Miyazaki et al, PASJ 70S, 1 (2018)
H. Aihara et al, PASJ 70S, 8 (2018), 1702.08449.
A. P. S. Crotts, Astrophys. J. 399, 43 (1992)
P. Baillon, A. Bouquet, Y. Giraud-Heraud, and J. Kaplan, Astronomy and Astrophysics
277, 1 (1993), 9211002.
A. Gould, Astrophys. J. 470, 201 (1996), 9509009.
C. Alard and R. H. Lupton, Astrophys. J. 503, 325 (1998), 9712287.
H. J. Witt and S. Mao, Astrophys. J. 430, 505 (1994)
T. T. Nakamura, Phys. Rev. Lett. 80, 1138 (1998)
A. Barnacka, J.-F. Glicenstein and R. Moderski, Phys. Rev. D 86, 043001 (2012),
1204.2056.
A. Udalski, M. Szymanski, J. Kaluzny, M. Kubiak, M. Mateo and W. Krzeminski, Astrophys. J. 426, 69 (1994)
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Dpto. and Instituto de Fisica Teorica, IFT-UAM/CSIC, Cantoblanco, 28049, Madrid, Spain
g

Skobeltsyn Institute of Nuclear Physics, Moscow State University, Moscow 119992, Russia
h

i

Kyungpook National University, Physics Dept., Daegu, South Korea

Department of Physics and Astronomy, Michigan State University, East Lansing, MI, U.S.A
j

IKP, Karlsruhe Institute of Technology, Hermann-von-Helmholtz-Platz 1, D-76344
Eggenstein-Leopoldshafen, Germany
k
TTP, Karlsruhe Institute of Technology, Engesserstraße 7, D-76128 Karlsruhe, Germany
We present a class of dark matter models, in which the dark matter particle is a feebly interacting massive particle (FIMP) produced via the decay of an electrically charged and/or
colored parent particle. Given the feeble interaction, dark matter is produced via the freeze-in
mechanism and the parent particle is long-lived. The latter leads to interesting collider signatures. We study current LHC constrains on our models arsing from searches for heavy charged
particles, disappearing tracks, displaced leptons and displaced vertices. We demonstrate not
only that collider searches can be a powerful probe of the freeze-in dark matter models under
consideration, but that an observation can lead as well to interesting insights on the reheating
temperature and thus on the validity of certain baryogenesis models.

1

Introduction

For many years already, the so called Weekly Interacting Massive Particle (WIMP) miracle has
guided (astro)particle physics in its endeavor to identify the nature of dark matter (DM), naively
expecting a WIMP mass around the electroweak scale. However, as neither direct or indirect
detection experiments, nor the LHC has provided any hint for a WIMP so far, new directions
are currently being pursued. One possible explanation for the non-observation of DM so far
could be that DM is a Feebly Interacting Massive Particle (FIMP) 1 . In contrast to a WIMP
that is in thermal equilibrium at early times and creates the DM abundance via the freeze-out
mechanism, a FIMP is assumed not to be in equilibrium at early times. It gets produced via
the decay of a parent particle F that has sizable couplings to the SM. Once the temperature
∗
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falls below mF , the production gets suppressed and the DM abundance freezes-in. Due to its
feeble interaction to the DM particle s, F occurs to be a long lived particle (LLP) and leads
to a variety of non-prompt signatures at collider experiments 2 . Via a bottom-up approach, we
deﬁned a class of models 3 that is motivated by the least number of exotic ﬁelds for successful
DM freeze-in but can, at the same time, be explored by collider signatures. We performed a
recasting of the relevant LLP searches for our freeze-in models.
2

The class of models

We extended the SM by a real scalar DM candidate s, a singlet under SU (3)c × SU (2)L × U (1)Y ,
and a vector-like fermion F , a singlet under SU (2)L . Both s and F are chosen to be odd under
a Z2 symmetry. The corresponding Lagrangian reads
μ2s 2 λs 4
s + s + λsh s2 H † H
2
4

   1 + γ5 
 
/ F − mF F̄ F −
f + h.c. ,
+ F̄ iD
ysf sF̄
2

L = LSM + ∂μ s ∂ μ s −

(1)

f

with f = {e, μ, τ }, {u, c, t} or {d, s, b} being the right-handed SM fermion. This leads to
three possible models with the left-handed component of the vector-like fermion F transforming as (1, 1, −1) (leptonic model) or (3, 1, −2/3) and (3, 1, 1/3) (hadronic model) under
SU (3)c × SU (2)L × U (1)Y . In the following, we will only consider the up-type case for the
hadronic model and generally neglect couplings to the third generation fermions. Moreover,
we set the DM self-coupling λs = 0 and the Higgs portal term λsh = 0 3 . Hence, we are
left with three free parameters ms , mF , {ysf }. We assume ms < mF and a feeble coupling
{ysf } ∼ O(10−13 − 10−7 ). We implemented this class of models in FeynRules. The corresponding model ﬁles can be downloaded from 4 .
3

Cosmological and indirect constraints

Relic density. In our set-up, DM is mainly produced via the decay of a vector-like particle
F . We make the assumption that the initial DM density is ns = 0 and DM is produced during
radiation domination. Thus, the DM yield Ys is given by

Ys ≈

90 MPl gF
Γ
8π 4 · 1.66 m2F



mF /T0

dx x3

mF /TR

K1 (x)

,
g∗ (mF /x)

g∗s (mF /x)

(2)

with gF being the internal degrees of freedom of F , and g∗ and g∗s the eﬀective degrees of freedom
for the energy and entropy densities, respectively. The temperature today is denoted by T0 , TR is
the reheating temperature, and x = mF /T . The function K1 (x) is the modiﬁed Bessel function
of the second kind. By assuming that s contributes to the DM abundance, we can relate the
decay length cτ to the particle masses ms and mF , and the reheating temperature TR ,

cτ ≈ 9 m gF

0.12
Ω s h2



ms
100keV



200GeV
mF

The relation above indicates that for mF

2 

102
g∗ (mF /3)

⎡
⎤
3/2  mF /T0 dx x3 K (x)
1
⎣ mF /TR
⎦ .
3π/2

(3)

TR , long particle lifetimes are expected.

Lyman-alpha forest and Big Bang Nucleosynthesis. However, if F decays too late,
it may eﬀect the predictions from Big Bang Nucleosynthesis (BBN). In our collider analysis we
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Figure 1 – Drell-Yan pair-production of F and its subsequent decay.

focused on decay lengths in the range [1cm, 104 m], where the longest corresponds to a temperature of roughly 150 MeV. This means that the decay happens much before the onset of BBN
and will not alter the history of BBN.
Besides, DM with a non-negligible velocity dispersion can possibly lead to the washout of
small scale structures. The most stringent limit results from the Lyman-α forest and we found
a lower bound on the DM mass of ms  12 keV 3,5 .
Indirect constraints. Additionally, we checked for diﬀerent indirect constraints. For the
leptonic case, we can exclude any violation of the muon life time 6 or lepton ﬂavour violation
observables 7 , as the DM particle generally interacts too feebly to make any signiﬁcant impact.
Furthermore, we do not expect any relevant contributions to electroweak precision observables,
as our vector-like fermion F does not mix with the SM fermions and is a SU (2)L singlet 8 . For
the hadronic case, we can further exclude any violation of current limits of meson-mixing or rare
meson decay constraints again due to the feeble interaction F − f − s. Moreover, eﬀects on the
running of the strong coupling are not expected for masses of a few hundred GeV 9 .
4

Collider constraints

For the leptonic case, as depicted in Fig. 1, the collider signature proceeds via Drell-Yan pairproduction of F and a subsequent decay into two leptons and two scalar singlets. Prompt
searches at LEP2 put a bound on mF > 104 GeV for the leptonic case. It has been shown
that prompt searches do not compete with dedicated LLP searches for cτ  0.5 cm. For the
hadronic process, the production proceeds via s-channel gluon exchange or t-channel exchange
of F fermions and we similarly do not expect to be constrained by prompt searches.
Due to the feeble F − f − s coupling, the F → f s decay can be displaced or even happen
outside the detector. Depending on the lifetime and thus on the decay length of our LLP F , we
can distinguish between three main search strategies for both the leptonic and hadronic model:
Heavy Stable Charged Particles (HSCP). If the charged particle F is suﬃciently long
lived, it will decay after having passed as Heavy Stable Charged Particle (HSCP) through the
tracker (or even the muon chambers). Hereby, the HSCP signature depends strongly on the
speciﬁc nature of F . As colour-neutral particle in the leptonic model, it would appear as ionizing track, while as colour-charged one in the hadronic model, it would hadronize into neutral
and/or charged R-hadrons. Being heavier than a SM particle, a HSCP can be distinguished
from background by its higher ionziation energy loss and, when decaying outside the detector,
by a longer time-of-ﬂight (TOF) in the muon chambers in contrast to relativistic muons. Thus,
we distinguish between a tracker-only analysis with decays happening after the tracker and a
tracker+TOF analysis with the HSCP decaying after the muon chamber. The expected signatures of our models are comparable to those in 10,11 , in which limits on staus and stops were
set in a gauge mediated SUSY breaking model. We have recasted the limits of these two CMS
analyses (8 TeV analysis with 18.8 fb−1 10 and 13 TeV analysis with 12.9 fb−1 11 ). To account for
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a ﬁnite lifetime of F , we rescaled our production cross section of F (which was computed with
MadGraph5 aMC@NLO). For further details, we refer to 3 . For the leptonic model, we found
that the 13 TeV tracker+TOF data is more constraining for larger cτ ≈ O(10m − 100m), while
the 8 TeV tracker-only data is more constraining for smaller cτ ≈ O(1m) due to more integrated
luminosity. As R-hadrons can ﬂip their charge when traversing the detector, the tracker-only
selection may fail the tracker+TOF selection. Thus, the tracker-only analysis leads to the most
stringent constraints for the hadronic model.

Disappearing tracks (DT). For medium life times, searches for disapearing tracks (DT)
are relevant. Hereby, the LLP decays within the innermost tracker, while other decay products
either escape the detector without interaction (DM candidate) or are too soft to be reconstructed.
For our purposes we recasted two analyses of 13 TeV data of ATLAS (36.1 fb−1 ) 12 and CMS
(138.4 fb−1 ) 13 for an AMSB motivated scenario with mass degenerate lightest charginos and
neutralinos. The object to be identiﬁed is an isolated track reconstructed in the pixel and strip
detectors without any hit in the outer tracker (CMS) or a track with only hits in the pixel
detector (ATLAS). For further details on the selection criteria, we refer to 3 . However, we want
to note that ATLAS requires no activity in the muon system, such that our ATLAS limits correspond to BR(F → es) = 1.0. For recasting, generator-level eﬃciency tables depending on
the resonant mass and the lifetime are provided by the experimental collaborations 12,13 . The
number of events passing the selection criteria are obtained by the product of the production
cross section times eﬃciency and luminosity (N = σpp→FF̄ × ε(m, τ ) × L). As expected by the
general experimental features, our results show that ATLAS leads to stronger exclusion limits
for smaller decay lengths (e.g. excluding mF < 275 GeV for cτ ∼ 20cm), while CMS constrains
more eﬃciently larger decay lengths (e.g. excluding mF < 335 GeV for cτ ∼ 1m).
Displaced lepton searches (DL). In case of the leptonic model and smaller expected
lifetimes, the decay F → s is expected to take place as displaced lepton (DL) decay within the
detector. In that case, the CMS searches for non-prompt R-parity violating SUSY decays (e.g.
t̃1 → b) with oppositely charged, displaced muons and electrons at 8 TeV with 19.7 fb−1 14
and at 13 TeV with 2.6 fb−1 15 can constrain our model. As these searches are maximally
sensitive for yse ≈ ysμ , our results depend on the ﬁnal branching ratios. For the event selection
exactly one muon and one electron
 is required. The decay of the LLP has to happen within
a distance of Lz < 300 mm and L2x + L2y < 40 mm. Further details on the selection criteria
are given in 3 . We used MadGraph5 aMC@NLO to simulate the production of F and its
subsequent decay considering diﬀerent branching ratios for the decay into muons or electrons.
We generated 200k MC events for each set of {mF , cτ }, applied the provided eﬃciencies and
the CMS event selection, in order to obtain the 95 % C.L. exclusion limits for our leptonic model.

Displaced vertices plus MET (DV+MET). In case of the hadronic model and smaller
expected lifetimes, displaced jets with missing energy can be searched for. ATLAS performed an
analysis with 13 TeV data and 32.8 fb−1 for a simpliﬁed split SUSY model, in which a long-lived
gluino hadronizes into an R-hadron and decays subsequently 16 . As selection criteria, multi-track
(≥ 5) displaced vertices in association with large missing transverse momenta (ETmiss > 250 GeV)
and a visible invariant mass greater than 10 GeV were required. We used MadGraph 5 and
Pythia 8 to simulate the production and decay of F . For hadronization, we used the Pythia 8
hadronization model for long-lived stops. We generated 50k MC events for each set of {mF , cτ }.
In order to account for detector response and event reconstruction, we applied the eﬃciencies
that are given as a function of vertex radial distance, number of tracks and mass 16 to our truth
signal MC events.
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5

Link to baryogenesis

In order to generate the baryon asymmetry of our universe (BAU), the three Sakharov conditions
have to be fulﬁlled: baryon number (B) violation, C and CP violation have to occur out of
equilibrium. Only B violation is suﬃciently realised in the SM via sphaleron transitions which
are only active above a certain critical temperature T ∗ . Many models that explain the BAU, e.g.
leptogenesis, rely on active sphaleron interactions. In leptogenesis a lepton asymmetry is ﬁrstly
generated and then translated into a BAU via sphalerons. However, only if the lepton asymmetry
is generated above the critical temperature T ∗ , sphalerons are active and can generate the BAU.
Comparing with Eq. 3, we see that in case of an observation of a particle F with mass mF and
decay length cτ , we are left with the two free parameters ms and TR . Under the assumption
that ms contributes to DM, we can constrain the reheating temperature TR . For a conservative
estimate, we assume the lightest possible mass according to constraints from the Lyman-α forest,
ms = 12 keV, and can hence identify TR under the assumption that s makes up the full DM
density. Note, that a higher DM mass ms > 12 keV or the possibility that s only makes up a part
of the DM abundance, will imply an even smaller TR . If a possible observation indicates that
TR < T ∗ , sphaleron interactions will not be active. This would allow to exclude baryogenesis
and leptogenesis models with a critial temperature T ∗ that rely on active sphaleron transitions.
6

Conclusions

In Fig. 2 and Fig. 3, we summarize our results for the leptonic and hadronic model, respectively.
For each type of analysis, we have created a single 95 % C.L “envelope” exclusion line, considering
the largest exclusion interval for cτ for each mF . For the detailed results of the single analyses
we refer to 3 . For comparison with possible model parameter values, we ﬁxed the reheating
temperature to TR = 1010 GeV, much higher than all other scales in our model. For the mass
of the DM particle s, we have chosen three values ms = {12 keV, 1 MeV, 10 MeV}. The black
curves in Figs. 2 and 3 show the corresponding lines in the parameter space {mF , cτ } for which
the observed DM abundance is matched. When ﬁxing the DM mass to the lightest possible
value ms = 12 keV, we show for three additional reheating temperatures TR = {50, 100, 160}
GeV the corresponding line in parameter space for the leptonic model. This demonstrates that
when measuring a particle F with mass mF decaying with a decay length cτ , we can extract the
highest reheating temperature possible. Note, that every DM mass heavier than ms = 12 keV,
would only lead to an even lower reheating temperature. If we ﬁnd TR < T ∗ , with T ∗ being the
critical temperature at which sphalerons cease to be active in a speciﬁc model, we can falsify
these baryogenesis models. For the SM, T ∗ = (131.7 ± 2.4) GeV 17 , while other models can have
diﬀerent critical temperatures, e.g. a supercooled scenario can feature a critical temperature as
low as T ∗ ∼ 50 GeV. As this interesting area is already excluded by displaced vertex searches
for the hadronic model, we show only TR = 160 GeV in Fig. 3. Similarly, we have performed an
extrapolation for the high luminosity LHC (HL-LHC), for which we refer to 3 . We found that
the HL-LHC will be able to almost fully cover the parameter space of the leptonic model for
TR ≤ 160 GeV by displaced lepton searches, except of a small area for mF  800 GeV and very
small decay lengths.
This study clearly demonstrates the impact of LLP searches at the LHC for freeze-in models.
Especially, with the absence of DM signals from direct and indirect detection experiments, this
avenue of research is promising to explore in the near future.
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Figure 2 – Summary of the LHC constraints for the lepton-like FIMP scenario.

Figure 3 – Summary of the LHC constraints for the quark-like FIMP scenario.
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MIXING AND TIME-DEPENDENT CP VIOLATION IN BEAUTY AT LHCB
E. GOVORKOVA on behalf of the LHCb Collaboration
Nikhef National Institute for Subatomic Physics,
Science Park 105, Amsterdam, The Netherlands

Recent measurements of the time-dependent CP violation are presented. The decays of Bs0
mesons to J/ψ K + K − and J/ψ π + π − ﬁnal states are used to measure CP-violating parameters
with proton-proton collision data, corresponding to an integrated luminosity of 1.9 fb−1 ,
collected by the LHCb detector at a centre-of-mass energy of 13 TeV in 2015 and 2016.

CP violation in the Bs0 − B̄s0 system

1

The LHCb detector 1,2 is a general purpose detector in the forward region, situated at the
Large Hadron Collider at CERN. The broad physics program of the LHCb experiment covers
various topics including study of the CP violation (CPV) in B mesons. The CP-violating
phase φs arises in the interference between the amplitudes of a Bs0 meson a decaying via b →
ccs transition directly to its ﬁnal state or after oscillation to a B meson. In the Standard
Model (SM) ignoring subleading penguin contributions, this phase is constrained via global
ﬁts to the experimental data to be −0.0364 ± 0.0016 rad 3 . This precise prediction makes the
measurement of φs interesting since it is possible that new physics processes could modify the
phase, if new particles were to contribute to the Bs0 − B̄s0 mixing diagrams 4,5 . The value of φs
measured to be signiﬁcantly diﬀerent from the SM would be a clear evidence for physics beyond
the SM.
Measurement of φs at LHCb

2

Two recent measurements of the phase φs at the LHCb experiment are presented. Both analyses
measure the CP-violating phase φs using Bs0 meson decays. One analysis explores the Bs0 →
J/ψ K + K − decay mode 7 , while the other studies the Bs0 → J/ψ π + π − decay 6 . Since the
analysis strategies are very similar, the baseline strategy adopted by both is covered and relevant
diﬀerences between the two are highlighted.
a

The inclusion of charge-conjugate processes is implied throughout this manuscript, unless otherwise noted.
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Both analyses use proton-proton collision data collected with the LHCb detector in 2015
and 2016, corresponding to the total integrated luminosity of 1.9 fb−1 . A Bs0 (B̄s0 ) meson after
being produced in a proton-proton collision in the LHCb detector (so-called primary vertex),
ﬂies approximately 1 cm before decaying inside the vertex locator, VELO, of the LHCb detector.
The excellent resolution of the VELO detector, which is equal to 45.5 (41.5) fs for the Bs0 →
J/ψ K + K − (Bs0 → J/ψ π + π − ) mode, allows to resolve oscillations in the Bs0 − B̄s0 system. The
decay products of a Bs0 (B̄s0 ) meson, J/ψ K + K − or J/ψ π + π − where J/ψ decays to μ+ μ− pair,
ﬂy from the decay point of Bs0 (so-called secondary vertex) through the rest of the detector,
traversing the magnet, where tracks of charge particles are bent; tracking stations; Cherenkov
detectors, which allows to identify hadron type; calorimeter system and muon stations. The
distance between the secondary and primary vertices is translated to the Bs0 meson decay-time
using estimate of its momentum.
CP-violating parameters φs and |λ| are measured. The Bs0 → J/ψ K + K − channel allows
measuring lifetime parameters of the Bs0 meson: the decay-width diﬀerence between the heavy
and light Bs0 meson eigenstates, ΔΓs = ΓL − ΓH , and the average decay-width of the states,
H
Γs = ΓL +Γ
. However, since J/ψ π + π − ﬁnal state is almost entirely CP-odd, only decays of the
2
heavy Bs0 meson eigenstate are possible, therefore one can measure ΓH with Bs0 → J/ψ π + π − .
In order to disentangle CP-even from CP-odd component, angular analysis is required. For the
four-body ﬁnal state, three independent angles are needed to describe the system. Both analyses
make use of helicity angles formalism 8 . In the measurements the decay-width diﬀerence between
the Bs0 (BH ) and B 0 meson is ﬁtted for, in order to keep results independent of the value of B 0
meson width. In this way, the value of the Γs/H can be extracted using the latest world average
of the value of ΓB 0 .
The experimental diﬀerential decay-time rate for an initial Bs0 meson as a function of decay
time and angles is given as 9
10

d4 Γ
ε(t, Ω)fk (Ω)hk (t) ⊗ G(t|σt ),
∝
dt dΩ k=1

(1)

where ε(t, Ω) is eﬃciency as a function of decay-time and angular observables, fk (Ω) are angular
functions, G(t|σt ) is experimental decay-time resolution and the decay-time-dependent functions
hk (t) for the decay of Bs0 meson produced as Bs0 meson are given as
"

hk (t) =

)

3 −Γt
ΔΓt
ΔΓt
ak cosh
e
+ bk sinh
+ ck cos(Δmt) + dk sin(Δmt) .
4π
2
2

(2)

For an initial B̄s0 at production, the signs of ck and dk should be reversed. The end goal is
to perform a simultaneous maximum likelihood ﬁt to the decay-time and three angles in order
to extract CP-violating parameters. As can be seen from the equation 1, there are several
experimental inputs that are required for the time-dependent ﬁt to be performed: eﬃciency,
decay-time resolution of the detector and the knowledge of the ﬂavour of the Bs0 meson at
production. The details on these inputs are given in the following.
2.1

Selection and mass ﬁt

The time-dependent angular ﬁt is performed on background-subtracted data. For both decays
under study a corresponding boosted decision tree 10 , BDT, is used to select signal and reject
background candidates. The BDTs are trained using data sidebands as background proxy and
simulated events as signal proxy. After the training, the optimal cut is found and applied on
the data sample.
In case of Λb → J/ψ p+ K − decays, it can happen that the proton in the ﬁnal state is
mis-identiﬁed as a kaon and resulting J/ψ K + K − wrong combination might end up peaking
under the signal peak. Since this contribution is signiﬁcant for the Bs0 → J/ψ K + K − mode
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Figure 1 – Distribution of the invariant mass of selected (a) Bs0 → J/ψ K + K − 7 and (b) Bs0 → J/ψ π + π − 6 decays.
The color-coding of PDFs is explained on the each plot.

it is subtracted by injected negatively weighted simulated sample of Λb → J/ψp+ K − decays
with the total weight equal to the expected contribution of the Λb background. Other peaking
background contributions coming from decays B 0 → J/ψK + K − , B 0 → J/ψπ + π − and B 0 →
J/ψK ∗0 (→ K + π − ) are either vetoed using particle identiﬁcation requirements or accounted for
directly in the mass ﬁt.
In order to disentangle combinatorial background events from signal candidates the signal
weights are used. Those weights are obtained using the sPlot procedure 11 , which assigns a
weight to each event based on the probability density function (PDF) that is used to describe the
invariant mass spectra and are later used to statistically subtract the background contribution.
The invariant mass distributions of J/ψ K + K − and J/ψ π + π − are shown in Fig. 1 together with
the analytical shapes that are used to extract signal weights.
2.2

Decay time resolution

The decay-time resolution of the detector directly aﬀects the precision of the measured CPviolating parameters. Therefore, detailed understanding of the time resolution is required. The
decay-time error that is estimated on an event-by-event basis during the reconstruction step is
underestimated and therefore requires calibration. In order to perform decay-time resolution
calibration both analyses use a prompt data sample that consists of J/ψ → μ+ μ− candidates that
originate from the primary vertex and therefore have zero lifetime. The decay-time distribution
of prompt Bs0 → J/ψ K + K − candidates is shown in Fig. 2 (a). Events with negative lifetime
are present which can only be possible due to the resolution eﬀect of the detector. This is
used to assess the eﬀective decay-time resolution of the detector. In order to correct the decaytime uncertainty estimation, a binned procedure is implemented where the prompt sample is
divided in several subsamples with diﬀerent values of the per-event error. In each subsample the
eﬀective resolution is assessed by ﬁtting the decay-time distribution. The result of this procedure
is shown in Fig. 2 (b). The relation between the eﬀective resolution and the per-event error is
parametrised with a linear dependency and the linear calibration parameters are extracted using
a χ2 ﬁt.
2.3

Reconstruction and selection eﬃciency

The geometry of the detector together with the selection requirements cause non-uniform eﬃciency as a function of the observables (three helicity angles and decay-time). In the case of
Bs0 → J/ψ π + π − decay, the invariant mass of two pions is also an observable in the ﬁt and the
eﬃciency as a function of it is studied separately. For both decay modes, eﬃciency as a function
of decay angles is evaluated using simulated samples and then taken into account in the ﬁnal ﬁt.
The non-uniform shape of the eﬃciency as a function of decay-time is caused by biasing
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Figure 2 – (a) Decay-time distribution of the prompt Bs0 → J/ψ K + K − calibration sample 7 with the result of an
unbinned maximum likelihood ﬁt overlaid in blue. The overall resolution is represented by the dashed red line.
(b) Variation of the eﬀective decay-time resolution, σeﬀ , as a function of the estimated per-candidate decay-time
uncertainty, δt . The red line shows the result when ﬁtting a linear function. The shaded histogram shows the
normalized distribution of δt .

selection introduced already in the trigger stage and is described with cubic splines. Since
simulation is not completely reliable in modeling of trigger response, a data-driven method is
used. The control channel B 0 → J/ψ K ∗0 (→ K + π − ) is used since it has a well-known lifetime
and kinematics of the decay is similar to the signal channels. Signal candidates of the control
channel are selected following the selection procedure used for the signal channel. Then the
decay-time acceptance is evaluated and corrected by the ratio of acceptances in simulated signal
and control channels to take into account diﬀerences between the two channels. The ﬁnal
eﬃciency is represented in the following form:
B0

B0

0

s
εdata
(t) = εB
data (t) ×

s
(t)
εsim
,
0
B
εsim (t)

(3)

The diﬀerential decay-time rate is then multiplied with evaluated eﬃciency as shown in equation 1.
3

Results

Taking into account all the inputs described above, a time-dependent maximum likelihood ﬁt
is performed in order to extract the parameters of interest. The corresponding backgroundsubtracted data distributions with ﬁt projections for the Bs0 → J/ψ K + K − channel are shown
in Fig. 3 and in Fig. 4 for the Bs0 → J/ψ π + π − decay mode. Table 1 summarises parameter
estimates obtained by the both analyses.
Table 1: Parameters estimates obtained with Bs0 → J/ψ K + K − and Bs0 → J/ψ π + π − decay modes. If two
uncertainties are given, the ﬁrst one is statistical and the second one is systematic. If only one is given then
it is a combination of both statistical and systematic uncertainties calculated under the assumption that those
contributions are independent.

φs , rad
|λ|
Γs/H − ΓB 0 , ps−1
ΔΓs , ps−1

Bs0 → J/ψ K + K −
−0.080 ± 0.041 ± 0.006
1.006 ± 0.016 ± 0.006
−0.0041 ± 0.0024 ± 0.0015
0.0772 ± 0.0077 ± 0.0026
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Bs0 → J/ψ π + π −
−0.057 ± 0.060 ± 0.011
1.01+0.08
−0.06 ± 0.03
−0.050 ± 0.004 ± 0.004
-

LHCb
Preliminary
LHCb
Preliminary

LHCb Preliminary

LHCb
Preliminary

1000

(a)

Yields/ 0.05

Yields/ 0.05

Figure 3 – Decay-time and helicity-angle distributions for background subtracted Bs0 → J/ψ K + K − decays 7 with
the one-dimensional projections of the PDF. The solid blue line shows the total signal contribution, which contains
CP-even (long-dashed red), CP-odd (short-dashed green) and S-wave (dotted-dashed purple) contributions.

LHCb

1200

800

(b)

LHCb

1000

600

800
600

400
400
200

200

Yields/ (0.1 π rad)

1000

−0.5

0

(c)

0.5

0
−1

1

cos θ π π

Yields/ (0.1 ps)

0
−1

LHCb

800
600
400

0

0.5

(d)

1

cos θ J /ψ

LHCb

102
10
1

200
0

103

−0.5

−2

0

2

10−1

χ

5

10

t [ps]

Figure 4 – Decay-time and helicity-angle distributions for background subtracted Bs0 → J/ψ π + π − decays 6 with
the one-dimensional projections of the PDF. The solid blue line shows the total signal contribution.
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Using a minimum χ2 ﬁt, the presented results are combined with all the previous measurements of the φs phase performed by the LHCb experiment 12,13,14,15 . The combined values
are
φs = −0.040 ± 0.025 rad ,
|λ| = 0.991 ± 0.010 ,
Γs − ΓB 0

= −0.0024 ± 0.0018 ps−1 ,

ΔΓs = 0.0813 ± 0.0048 ps−1 .

(4)

The results are compatible with the SM expectations and with no CPV in the decay modes
under study.
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OBSERVATION OF CP VIOLATION IN CHARM DECAYS AT LHCb
F. BETTI on behalf of the LHCb collaboration
Università di Bologna, Dipartimento di Fisica e Astronomia,
Istituto Nazionale di Fisica Nucleare - Sezione di Bologna,
viale Berti Pichat 6/2, Bologna (40127), Italy
A search for charge-parity (CP ) violation in D0 → K − K + and D0 → π − π + decays is reported,
using pp collision data corresponding to an integrated luminosity of 5.9 fb−1 collected at a
center-of-mass energy of 13 TeV with the LHCb detector. The ﬂavor of the D0 meson is
determined from the charge of the pion in D∗ (2010)+ → D0 π + decays or from the charge of the
muon in B → D0 μ− ν̄μ X decays. The diﬀerence between the CP asymmetries in D0 → K − K +
and D0 → π − π + decays is measured to be ΔACP = [−18.2 ± 3.2 (stat.) ± 0.9 (syst.)] × 10−4
for π-tagged and ΔACP = [−9 ± 8 (stat.) ± 5 (syst.)] × 10−4 for μ-tagged D0 mesons. The
combination with previous LHCb results leads to
ΔACP = (−15.4 ± 2.9) × 10−4 ,
where the uncertainty includes both statistical and systematic contributions. The measured
value diﬀers from zero by more than ﬁve standard deviations. This is the ﬁrst observation of
CP violation in the decay of charm hadrons.

1

Introduction

The noninvariance of fundamental interactions under the combined action of charge conjugation (C) and parity (P ) transformations, so-called CP violation, is a necessary condition for
the dynamical generation of the baryon asymmetry of the universe1 . CP violation is included
in the Standard Model (SM) of particle physics through an irreducible complex phase in the
Cabibbo-Kobayashi-Maskawa (CKM) quark-mixing matrix2, 3 . Several experiments established
the presence of CP violation in weak interactions in the K- and B-meson systems4–12 , and all
results are well interpreted within the CKM formalism. However, the size of CP violation in the
SM is too small to account for the observed matter-antimatter asymmetry13–15 , suggesting the
existence of beyond-the-SM sources of CP violation.
Despite decades of experimental searches, the observation of CP violation in the charm sector
has not yet been achieved. Because of the presence of low-energy strong-interaction eﬀects,
theoretical predictions of the size of CP violation in charm decays are diﬃcult to compute
reliably, and the asymmetries are expected to be of the order of 10−4 –10−3 in magnitude16–34 .
Searches for CP violation in D0 → K − K + and D0 → π − π + modesa have been performed by
the BaBar35 , Belle36 , CDF37, 38 and LHCb39–43 collaborations, which measured values of CP
asymmetries consistent with zero within a precision of a few per mille. This document presents
a measurement of the diﬀerence of the time-integrated CP asymmetries in D0 → K − K + and
D0 → π − π + decays, performed using pp collision data collected with the LHCb detector between
a

The inclusion of charge-conjugate decay modes is implied throughout except in asymmetry deﬁnitions.

263

2015 and 2018 at a center-of-mass energy of 13 TeV, corresponding to an integrated luminosity
of 5.9 fb−1 .
The time-dependent CP asymmetry, ACP (f ; t), between states produced as D0 or D0 mesons
decaying to a CP eigenstate f at time t is deﬁned as
ACP (f ; t) ≡

Γ(D0 (t) → f ) − Γ(D0 (t) → f )
,
Γ(D0 (t) → f ) + Γ(D0 (t) → f )

(1)

where Γ denotes the time-dependent rate of a given decay. For f = K − K + or f = π − π + ,
ACP (f ; t) can be expressed in terms of a direct component associated to CP violation in the
decay amplitude and another component associated to CP violation in D0 –D0 mixing or in the
interference between mixing and decay. The corresponding time-integrated asymmetry, ACP (f ),
can be written to ﬁrst order in the D0 –D0 mixing parameters as37, 44
ACP (f ) ≈ adir
CP (f ) −

t(f )
AΓ (f ),
τ (D0 )

(2)

where t(f ) denotes the mean decay time of D0 → f decays in the reconstructed sample,
0
0
adir
CP (f ) is the direct CP asymmetry, τ (D ) the D lifetime and AΓ (f ) the asymmetry between
0
0
45,
the D → f and D → f eﬀective decay widths 46 . Taking AΓ to be independent of the ﬁnal
state19, 47, 48 , the diﬀerence between CP asymmetries in D0 → K − K + and D0 → π − π + decays is
ΔACP

≡ ACP (K − K + ) − ACP (π − π + )
Δt
≈ Δadir
AΓ ,
CP −
τ (D0 )

(3)

dir
− +
dir
− +
where Δadir
CP ≡ aCP (K K ) − aCP (π π ) and Δt is the diﬀerence of the mean decay times
−
+
−
+
t(K K ) and t(π π ).
The D0 mesons considered in this analysis are produced in two ways: promptly at a pp collision point (primary vertex, PV) in the strong D∗ (2010)+ → D0 π + decay (hereafter D∗ (2010)+
is referred to as D∗+ ) or at a vertex displaced from any PV in semileptonic B → D0 μ− ν̄μ X
decays, where B denotes a hadron containing a b quark and X stands for additional particles.
The ﬂavor at production of D0 mesons from D∗+ decays is obtained from the charge of the
accompanying pion (π-tagged), whereas that of D0 mesons from semileptonic b-hadron decays
is determined from the charge of the accompanying muon (μ-tagged). The raw asymmetries
measured for π-tagged and μ-tagged D0 decays are deﬁned as




N D∗+ → D0 (f )π + − N D∗− → D0 (f )π −
π -tagged

,
Araw
(f ) ≡
N (D∗+ → D0 (f )π + ) + N D∗− → D0 (f )π −
(4)
N (B → D0 (f ) μ− ν̄μ X) − N (B → D0 (f ) μ+ νμ X)
μ-tagged
,
(f ) ≡
Araw
N (B → D0 (f ) μ− ν̄μ X) + N (B → D0 (f ) μ+ νμ X)

where N is the measured signal yield for each given decay. These can be approximated as
π -tagged
Araw
(f ) ≈ ACP (f ) + AD (π) + AP (D∗ ),
Aμ-tagged (f ) ≈ A (f ) + A (μ) + A (B),
raw

CP

D

(5)

P

where AD (π) and AD (μ) are detection asymmetries due to diﬀerent reconstruction eﬃciencies
between positive and negative tagging particles, whereas AP (D∗ ) and AP (B) are the production
asymmetries of D∗ mesons and b hadrons, arising from the hadronization of charm and beauty
quarks in pp collisions. The involved terms, averaged over phase space for selected events are
O(10−2 ) or less49–52 , hence the approximations in Eqs. 5 are valid up to corrections of O(10−6 ).
The values of the detection and production asymmetries are independent of the ﬁnal state f ,
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and thus cancel in the diﬀerence, if the kinematic distributions of the two channels are equal,
resulting in
(6)
ΔACP = Araw (K − K + ) − Araw (π − π + ).
The relation between ΔACP and the measurable raw asymmetries in K − K + and π − π + makes
the determination of ΔACP largely insensitive to systematic uncertainties.
2

Selection

The LHCb detector is a single-arm forward spectrometer designed for the study of particles
containing b or c quarks53, 54 . The magnetic-ﬁeld polarity of the dipole magnet used by the
LHCb tracking system is reversed periodically during data taking to mitigate the diﬀerences of
reconstruction eﬃciencies of particles with opposite charges, though the analysis presented in
this document is expected to be insensitive to such eﬀects.
The online event selection is performed by a trigger, which consists of a hardware stage based
on information from the calorimeter and muon systems, followed by two software stages. D0
candidates are fully reconstructed in the second software stage using kinematic, topological and
particle-identiﬁcation (PID) criteria. In the μ-tagged sample, D0 candidates are combined with
muons to form B candidates, under the requirement that they are consistent with originating
from a common vertex. In addition, requirements on the invariant mass of the D0 μ system,
m(D0 μ), and on the corrected massb are applied in the μ-tagged sample.
In certain kinematic regions very large raw asymmetries, up to 100%, occur because, for a
given magnet polarity, low-momentum particles of one charge at small or large polar angles in
the horizontal plane may be deﬂected out of the detector or into the LHC beam pipe, whereas
particles with the other charge are more likely to remain within the acceptance. For this reason,
in the oﬄine selection, ﬁducial requirements are imposed to exclude kinematic regions characterized by large detection asymmetries for the tagging particle. About 35% and 10% of the
selected candidates are rejected by these ﬁducial requirements for the π-tagged and μ-tagged
samples, respectively. For π-tagged D0 mesons, a requirement on the D0 χ2IP is appliedc to
suppress the background of D0 mesons produced in B decays, and PID requirements on the D0
decay products are tightened. The D0 and pion candidates are combined to form D∗+ candidates by requiring a good ﬁt quality of the D∗+ vertex, that is constrained to coincide with the
nearest PV56 . The invariant mass of D0 candidates is required to lie within a range of about ±3
standard deviations around the known D0 mass. For μ-tagged mesons, in order to suppress the
combinatorial background due to random combinations of charged kaon or pion pairs not originating from a D0 decay, the B candidates are further ﬁltered using a dedicated boosted decision
tree (BDT) that uses variables related to the topology and the kinematics of the reconstructed
decay. A veto in the invariant mass of the μ∓ π ± (μ∓ K ± ) pair, where the pion (kaon) is given
the muon mass hypothesis, is applied to suppress background from b-hadron decays to ccπ ± X
(ccK ± X), where the cc resonance decays to a pair of muons.
The data sample includes events with multiple D∗+ and B candidates, that are mostly due
to a common reconstructed D0 meson combined with diﬀerent tagging particles. The fractions of
events with multiple candidates are about 10% and 0.4% in the π-tagged and μ-tagged samples,
respectively. When multiple candidates are present in the event, only one is kept randomly.
Since the detection and production asymmetries are expected to depend on the kinematics
of the reconstructed particles, the possible diﬀerence between the kinematic distributions of
reconstructed D∗+ or B candidates and of the tagging pions or muons in the K − K + and
π − π + decay modes may induce an incomplete cancellation in the diﬀerence in Eq. 6. Hence,

The corrected mass is deﬁned as mcorr ≡ m(D0 μ)2 + p⊥ (D0 μ)2 + p⊥ (D0 μ)55 , where p⊥ (D0 μ) is the mo0
mentum of the D μ system transverse to the ﬂight direction of the b hadron.
c
The χ2IP is deﬁned as the diﬀerence between the χ2 of the PV reconstructed with and without the considered
particle.
b
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Figure 1 – Mass distributions of selected (top) π ± -tagged and (bottom) μ± -tagged candidates for (left) K − K +
and (right) π − π + ﬁnal states of the D0 -meson decays, with ﬁt projections overlaid.

a small correction to the K − K + sample is applied by means of a weighting procedure: for the
π-tagged sample, the ratio between the three-dimensional background-subtracted distributions
of pseudorapidity, transverse momentum and azimuthal angle of the D∗+ meson in the K − K +
and π − π + modes is taken and candidate-by-candidate weights are calculated. An analogous
procedure is followed for the μ-tagged sample, where D0 distributions are used in place of those
of the D∗+ meson. It is then checked a posteriori that the distributions of the same variables
for tagging pions and muons are also equalized by the weighting. The application of the weights
results in a small variation of ΔACP , below 10−4 for both the π-tagged and μ-tagged samples.
3

Measurement of the Asymmetries

For each decay mode, simultaneous least-square ﬁts to the binned mass distributions of D∗+
and D∗− candidates for the π-tagged sample, or D0 and D0 candidates for the μ-tagged sample,
are performed to obtain the raw asymmetries of signal and background components, which are
free parameters of the ﬁts.
In the analysis of the π-tagged sample the ﬁts are performed to the m(D0 π + ) and m(D0 π − )
distributions, that are deﬁned using the known value of the D0 mass37 . The signal mass model
consists of the sum of three Gaussian functions and a Johnson SU function57 , whereas the
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combinatorial background is described by an empirical function of the form [m(D0 π + )−m(D0 )−
0 +
m(π + )]α eβ m(D π ) . All the parameters of the models are free to be adjusted by the ﬁt and are
shared among positive and negative tags, except for the mean values of the Gaussian functions,
which are diﬀerent to take into account small shifts in the raw mass measurements between
opposite tags.
In the analysis of the μ-tagged sample, the ﬁts are performed to the m(D0 ) distributions. The
signal is described by the sum of two Gaussian functions convolved with a truncated power-law
function accounting for ﬁnal-state photon radiation eﬀects, while the combinatorial background
is modeled by an exponential function. A small contribution from D0 → K − π + decays with
a misidentiﬁed kaon or pion is visible and is modeled as the tail of a Gaussian function. The
ﬁt parameters are shared among positive and negative tags, except for the mean values of the
Gaussian functions.
Fits are performed to subsamples of data split according to magnet polarities and years of
data taking. The ﬁnal results are obtained by averaging the partial ΔACP values corresponding
to each subsample, which are found to be in good agreement. Performing single ﬁts the overall
π-tagged and μ-tagged samples gives small diﬀerences of the order of a few 10−5 . Figure 1
displays the m(D0 π + ) and m(D0 ) distributions corresponding to the entire samples. The πtagged (μ-tagged) signal yields are approximately 44 (9) million D0 → K − K + decays and 14 (3)
million D0 → π − π + decays.
4

Systematic Uncertainties

Several sources of systematic uncertainties aﬀecting the measurement are considered and studied independently for the π-tagged and μ-tagged samples. In the case of π-tagged decays, the
dominant systematic uncertainty is related to the knowledge of the signal and background mass
models. It is evaluated by generating pseudoexperiments according to the baseline ﬁt model,
then ﬁtting both baseline and alternative models to those data and considering the diﬀerence between the resulting values of ΔACP . A value of 0.6 × 10−4 , corresponding to the largest observed
variation, is assigned as a systematic uncertainty. A similar study with pseudoexperiments is
also performed with the μ-tagged sample and a value of 2 × 10−4 is found.
In the case of μ-tagged decays, the main systematic uncertainty is due to the possibility
that the D0 ﬂavor is not tagged correctly by the muon charge because of misreconstruction.
The probability of wrongly assigning the D0 ﬂavor (mistag) is measured on a large sample of
μ-tagged D0 → K − π + decays by comparing the charges of kaon and muon candidates. Mistag
rates are found to be at the percent level and compatible for positively and negatively tagged
decays, and the corresponding systematic uncertainty is estimated to be 4 × 10−4 .
Systematic uncertainties of 0.2 × 10−4 and 1 × 10−4 accounting for the knowledge of the
weights used in the kinematic weighting procedure are assessed for π-tagged and μ-tagged decays,
respectively. A fraction of D0 mesons from B decays (secondary decays) is still present in
the ﬁnal π-tagged sample even after the requirement that the D0 trajectory points back to
the PV. Possible diﬀerent levels of contamination from secondary decays in D0 → K − K + and
D0 → π − π + samples may bias the value of ΔACP because of an incomplete cancellation of
the production asymmetries of b hadrons. The fractions of secondary decays are estimated by
performing a ﬁt to the distribution of the D0 -candidate impact parameter in the plane transverse
to the beam direction, and the corresponding systematic uncertainty is estimated to be 0.3 ×
10−4 . A systematic uncertainty associated to the presence of background components peaking
in m(D0 π) and not in m(D0 ) is determined by ﬁts to the m(D0 ) distributions after the removal
of the signal window requirement, where these components are modeled using fast simulation.
The main sources are the D0 → K − π + π 0 decay for the K + K − mode, and the D0 → π − μ+ νμ
and D0 → π − e+ νe decays for the π + π − mode. Yields and raw asymmetries of the peakingbackground components measured from the ﬁts are then used as inputs to pseudoexperiments
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Table 1: Systematic uncertainties on ΔACP for π- and μ-tagged decays (in 10−4 ). The total uncertainties are
obtained as the sums in quadrature of the individual contributions.

Source
Fit model
Mistag
Weighting
Secondary decays
Peaking background
B fractions
B reco. eﬃciency
Total

π-tagged
0.6
–
0.2
0.3
0.5
–
–
0.9

μ-tagged
2
4
1
–
–
1
2
5

performed to evaluate the corresponding eﬀects on the determination of ΔACP , resulting in a
systematic uncertainty of 0.5 × 10−4 .
In the case of μ-tagged decays, the fractions of reconstructed B decays can be slightly
diﬀerent between the K − K + and π − π + decay modes, which could lead to a small bias in
ΔACP . Using the LHCb measurements of the b-hadron production asymmetries49 , the associated
systematic uncertainty on ΔACP is estimated to be 1 × 10−4 . The combination of a diﬀerence
in the B reconstruction eﬃciency as a function of the decay time between the D0 → K − K +
and D0 → π − π + modes and the presence of neutral B-meson oscillations may also cause an
imperfect cancellation of AP (B) in ΔACP , and the related systematic uncertainty is estimated
to be 2 × 10−4 .
The total systematic uncertainties on ΔACP are given by the sum in quadrature of all
individual contributions, and are equal to 0.9 × 10−4 and 5 × 10−4 for the π-tagged and μ-tagged
samples, respectively. A summary of all systematic uncertainties is reported in Table 1.
Numerous additional robustness checks are carried out. The measured value of ΔACP is
studied as a function of several geometrical and kinematic variables. Furthermore, the total
sample is split into subsamples taken in diﬀerent run periods within the years of data taking,
also distinguishing diﬀerent magnet polarities. No evidence for unexpected dependences of ΔACP
is found in any of these tests. A check using more stringent PID requirements is performed,
and all variations of ΔACP are found to be compatible within statistical uncertainties. An
additional check concerns the measurement of ΔAbkg , which is the diﬀerence of the background
raw asymmetries in K − K + and π − π + ﬁnal states. The prompt background is mainly composed
of genuine D0 candidates paired with unrelated pions originating from the PV, so ΔAbkg is
expected to be compatible with zero. A value of ΔAbkg = (−2 ± 4) × 10−4 is obtained.
5

Results

The measured diﬀerences of time-integrated CP asymmetries of D0 → K − K + and D0 → π − π +
decays are58
ΔAπ-tagged = [−18.2 ± 3.2 (stat.) ± 0.9 (syst.)] × 10−4 ,
CP

μ-tagged
= [−9 ± 8 (stat.) ± 5 (syst.)] × 10−4 ,
ΔACP

both in good agreement with world averages59 and previous LHCb results41, 42 .
The full combination with previous LHCb measurements41, 42 gives the following value of
ΔACP
ΔACP = (−15.4 ± 2.9) × 10−4 ,
where the uncertainty includes statistical and systematic contributions. The signiﬁcance of the
deviation from zero corresponds to 5.3 standard deviations. This is the ﬁrst observation of CP
violation in the decay of charm hadrons.
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As shown in Eq. 3, the interpretation of ΔACP in terms of direct CP violation and AΓ
requires knowledge of the diﬀerence of reconstructed mean decay times for D0 → K − K + and
D0 → π − π + decays normalized to the D0 lifetime. The values corresponding to the present measurements, using the world average of the D0 lifetime60 , are Δtπ-tagged /τ (D0 ) = 0.135 ± 0.002
and Δtμ-tagged /τ (D0 ) = −0.003 ± 0.001, whereas that corresponding to the full combination is
Δ t /τ (D0 ) = 0.115 ± 0.002. The uncertainties include statistical and systematic contributions.
By using the LHCb average45, 46 AΓ = (−2.8 ± 2.8) × 10−4 , from Eq. 3 it is possible to derive
−4
Δadir
CP = (−15.7 ± 2.9) × 10 .

As expected, ΔACP is primarily sensitive to direct CP violation.
In summary, this document reports the ﬁrst observation of a nonzero CP asymmetry in
charm decays, using large samples of D0 → K − K + and D0 → π − π + decays collected with the
LHCb detector. The result is consistent with, although in magnitude at the upper end of,
SM expectations. In the next future, further measurements with charmed particles, along with
possible theoretical improvements, will help clarify the present physics picture, to establish
whether this result is consistent with the SM or indicates the presence of new physics processes
in the up-quark sector.
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Time-integrated CP -violation in beauty at LHCb
Emilie Bertholet on behalf of the LHCb collaboration
LPNHE, Sorbonne Université, Paris Diderot Sorbonne Paris Cité, CNRS/IN2P3,
Paris, France

Precision measurements of time-integrated CP violation in beauty decays permit a better
understanding of the diﬀerent mechanisms underlying CP violation. They allow to better
constrain the Standard Model and probe for new physics. A selection of recent LHCb results
that highlight diﬀerent aspects of CP violation in b-hadron decays are presented here.

1

Update of the LHCb combination of the CKM angle γ

The CKM phase γ can be measured either in tree dominated decays or in processes that contain a signiﬁcant contribution from loop diagrams. The latter are potentially sensitive to New
Physics (NP) while no signiﬁcant NP eﬀects are expected in the former. Thus, the tree-level
measurements constitute a benchmark for the Standard Model (SM). The comparison of the
results obtained via these two approaches give valuable input to constrain the SM and set limits
on NP.
This analysis 1 combines several tree-level LHCb measurements of γ in B → Dh decay
modes, where h represents a hadron. The diﬀerent methods to extract γ exploit the interference
between b → c (favoured) and b → u (suppressed) transitions. The ratio of the corresponding
amplitudes is related to γ by
Ab→u
Dh ±γ)
Dh i(δB
= rB
e
,
(1)
Ab→c
Dh is the ratio of magnitudes, δ Dh the strong phase diﬀerence between A
where rB
b→u and Ab→c ,
B
and the +(-) sign is associated with the decay of a meson containing a b (b) quark. Diﬀerent
methods are employed depending on the decay channel of the D-meson. The theoretical uncertainties on such tree-level determination are very small, thus the uncertainties on γ depend
mainly on the experimental precision. As the B → Dh decay modes have low branching ratios,
the best precision on γ is obtained by combining results from many decay modes. A list of all
the modes used by LHCb in this combination along with the status of the analyses since the
last combination is given in Table 1.
The result is obtained using a frequentist approach, following the strategy of the previous
combination 6 , with auxiliary inputs coming form HFLAV, CLEO and LHCb. The likelihood
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Table 1: List of the LHCb measurements used in the combination.

B decay

D decay

Method

Dataset

B + → DK +
B + → DK +
B + → DK +
B + → DK +
B + → DK +
B + → DK +
B + → DK +
B + → D∗ K +
B + → DK ∗+
B + → DK ∗+
B + → DK + π + π −
B 0 → DK ∗0
B 0 → DK + π −
B 0 → DK ∗0
Bs0 → Ds∓ K ±
B 0 → D∓ π±

D → h+ h−
D → h+ h−
D → h+ π − π + π −
D → h+ h− π 0
D → KS0 h+ h−
D → KS0 h+ h−
D → KS0 K + π −
D → h+ h−
D → h+ h−
D → h+ π − π + π −
D → h+ h−
D → K +π−
D → h+ h−
D → KS0 π + π −
Ds+ → h+ h− π +
D+ → K + π− π+

GLW
ADS
GLW/ADS
GLW/ADS
GGSZ
GGSZ
GLS
GLW
GLW/ADS
GLW/ADS
GLW/ADS
ADS
GLW-Dalitz
GGSZ
TD
TD

Run
Run
Run
Run
Run
Run
Run
Run
Run
Run
Run
Run
Run
Run
Run
Run

1
1
1
1
1
2
1
1
1
1
1
1
1
1
1
1

†

&2

&2
&2
&2

Status since last
combination 6
Minor update
As before
As before
As before
As before
New
As before
Minor update
Updated results
New
As before
As before
As before
As before
Updated results
New

†

Run 1 corresponds to an integrated luminosity of 3 fb−1 taken at centre-of-mass energies of 7 and 8 TeV.
Run 2 refers to the data collected in 2015 and 2016, which corresponds to an integrated luminosity of 2 fb−1
taken at a centre-of-mass energy of 13 TeV.

function is built from the product of probability density functions of 98 experimental observables,
Dh and δ Dh , deﬁned in
and 40 parameters are left free in the ﬁt. The hadronic parameters rB
B
Eq. (1), are also extracted along with γ. Table 2 also gives a summary of the central values and
conﬁdence levels for the parameters of interest.
◦
The combination results in γ = (74.0+5.0
−5.8 ) , including both statistical and systematic uncertainties. This result supersedes the previous LHCb combination and consists in the most precise
determination of γ from a single experiment to date.
Table 2: Conﬁdence intervals and central values for the parameters of interest.

Quantity
γ [◦ ]
DK
rB
DK [◦ ]
δB
D∗ K +
rB
D ∗ K + [◦ ]
δB
∗+
DK
rB
∗+ ◦
DK
[ ]
δB
∗0
DK
rB
DK ∗0 [◦ ]
δB
DKππ
rB
DKππ [◦ ]
δB
∓

Ds K
rB

±

Ds∓ K ±

[◦ ]
δB
∓ π± ◦
D
[ ]
δB

Value
74.0
0.0989
131.2
0.191
331.6
0.092
40
0.221
187
0.081
351.4

68.3% CL
[68.2, 79.0]
[0.0939, 0.1040]
[125.3, 136.3]
[0.153, 0.236]
[321.4, 339.8]
[0.059, 0.110]
[20, 132]
[0.174, 0.265]
[167, 210]
[0.054, 0.106]
[314.0, 359.8]

95.5% CL
[61.6, 83.7]
[0.0891, 0.1087]
[118.3, 140.9]
[0.121, 0.287]
[309, 346]
[0.034, 0.126]
[5, 155]
[0.123, 0.309]
[148, 239]
[0.000, 0.125]
[180, 360]

0.301

[0.215, 0.391]

[0.14, 0.49]

355
17

[339, 372]
[0, 46]

[321, 390]
[0, 76]

272

2

Amplitude analysis of B ± → π ± K + K −

Previous LHCb analysis of B → hh h decay modes 14 reported localised CP asymmetries in some
regions of the Dalitz plane (DP). In particular, signiﬁcant positive (negative) CP asymmetry was
seen in the K + K − (π + π − ) invariant mass region below 1.5 GeV/c2 . These asymmetries, not
clearly related to any resonant component, could be due to long-distance ππ ↔ KK hadronic
rescattering. Better understanding of these eﬀects require Dalitz plot analyses.
A DP amplitude analysis of B ± → π ± K + K − decays is performed for the ﬁrst time 3 , using
3 fb−1 of data collected by the LHCb experiment at centre-of-mass energies of 7 TeV and 8 TeV.
This analysis uses the isobar model, which gives a description of the decay amplitude as a
function of the DP coordinates (m2π± K ∓ , m2K ± K ∓ ) within a quasi two-body approach:
A(m2π± K ∓ , m2K ± K ∓ ) =

nRes


cj Fj (m2π± K ∓ , m2K ± K ∓ ),

(2)

j=1

where the index j runs over the nRes components included in the model, Fj are functions that
describe the momentum-dependent part of the strong dynamics and the coeﬃcients cj are the
so-called isobar parameters. These are complex numbers that describe the weak interaction and
the momentum-independent part of the strong interaction. The information on CP violation is
encoded into these coeﬃcients so that the CP asymmetry for each contribution can be obtained
by
|c̄i |2 − |ci |2
,
(3)
ACP,i =
|c̄i |2 + |ci |2
where the index i designates one of the isobar components. Other relevant observables are the
ﬁt fractions, which are the ratio of the integral of one partial amplitude squared, |Ai |2 , over the
integral of the total amplitude squared. They relate to the relative rate of an isobar component.
The ﬂavour-averaged ﬁt fractions are given by

 
|ci Fi (m2π± K ∓ , m2K ± K ∓ )|2 + |c̄i F̄i (m2π± K ∓ , m2K ± K ∓ )|2 dm2π± K ∓ dm2K ± K ∓

 
. (4)
F Fi =
|A|2 + |Ā|2 dm2π± K ∓ dm2K ± K ∓
After a careful selection of the candidates, a ﬁt to the invariant (πKK) mass is performed
to obtain the B ± signal yields. The amplitude model is then built in two steps. At ﬁrst, all
the known resonances that may contribute to the ﬁnal state are included. The model is then
further reﬁned by adding or removing components following a systematic procedure in order to
ﬁnd the conﬁguration that best describes the data. Seven contributions to the total amplitude
are retained in the ﬁnal result. Among them, a rescattering component 13 is found to give a
good description of the data in the invariant mass window 1.0 GeV < mKK < 1.5 GeV. The
non-resonant contribution is described by a polar form factor 12 , which is a phenomenological
description of the partonic interaction that produces the ﬁnal state. Five resonances are also
included: K ∗ (892)0 , K ∗0 (1430), ρ(1450), f2 (1270) and φ(1020).
The dominant contribution is found to originate from the non-resonant component, with a
ﬁt fraction of 32.3%. A signiﬁcant contribution, 16.4%, from the rescattering component is also
observed, along with a very small, non signiﬁcant, contribution from the φ(1020), 0.3%. The
rescattering amplitude comes with a very large negative CP asymmetry, −66.4%, which seems to
indicate that the large localised CP asymmetries observed previously can be explained through
ππ ↔ KK rescattering.
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3

Study of B 0 → ρ(770)0 K ∗ (892)0

The study B 0 → ρ(770)0 K ∗ (892)0 , through a full amplitude analysis of the 4-body (π + π − )(K + π − )
ﬁnal state, is performed for the ﬁrst time. The analysis uses 3 fb−1 of data collected by the
LHCb experiment at centre-of-mass energies of 7 TeV and 8 TeV. Three leading-order diagrams
contribute to the ﬁnal state: the tree-level contribution is doubly Cabbibo suppressed so that
the dominant contributions comes from gluonic and electoweak (EW) penguins, which have
similar sizes. Additionally, the sign of the EW-penguin contribution depends on the helicity
eigenstate, which can have an impact on the value of the polarisation fraction. Furthermore, an
enhanced direct CP -violating eﬀect is expected due to the interference with B 0 → ωK ∗ (892)0
decay mode 7 . Finally, the study of B → V V modes can help to understand the so-called polarisation puzzle: using naı̈ve arguments from the quark helicity conservation and the V-A nature
of the weak interaction one expects very large polarisation fractions for B decays into light
vector mesons. This turns out to hold for tree dominated decays but not for penguin dominated
decays. Recent calculations in perturbative QCD 8 and QCD factorisation 9 can accommodate
for low longitudinal polarisation fractions in penguin-dominated decays by taking into account
a strong-interaction eﬀect.

103

Yield / ( 7 MeV/c2 )

Yield / ( 7 MeV/c2 )

The best candidates are retained by applying trigger requirements and a selection based
on topological variables. Cross-feed and combinatorial backgrounds are further reduced by
using particle identiﬁcation and multivariate analysis. The (π + π − ) and (K + π − ) candidates
are selected within invariant mass windows around the masses of the ρ and the K ∗ resonances:
300 MeV/c2 < mππ < 1100 MeV/c2 and 750 MeV/c2 < mππ < 1200 MeV/c2 . A ﬁt to the
4-body invariant mass spectrum is then performed (see Fig.1), and the sPlot 10 technique is used
to obtain background-subtracted samples. These background-subtracted samples are then used
to perform a full amplitude analysis.
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Figure 1 – Fit to the invariant-mass distributions of the selected (a) B and (b) B candidates.

The ﬁnal state can be described by using combinations of S-waves (spin 0) and P-waves
(spin 1). The contributions to the total amplitude included in the ﬁt are listed in Table 3;
they correspond to resonances that are expected in the (ππ) and (Kπ) channels considering
the invariant mass regions selected. The amplitude is then built by combining the diﬀerent
contributions together; the ﬁnal state can thus be vector-vector (VV), vector-scalar (VS), scalarvector (SV) or scalar-scalar (SS). In the case of the VV ﬁnal state, three amplitudes with diﬀerent
polarisations contribute to the decay rate: longitudinal AL , parallel A|| or transverse A⊥ . A
total of fourteen amplitudes is accounted for and modelled using the isobar model. An angular
analysis is needed to study the 4-body ﬁnal state so that the decay-rate is ﬁve-dimensional (two
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Table 3: List of the diﬀerent contributions to the total amplitude.

Scalar
Vector

(ππ)

(Kπ)

f0 (500), f0 (980), f0 (1300)
ω, ρ0 (770)

K0∗ (1430)0 +NR
K ∗ (892)0

invariant masses and three helicity angles)

2


d5 Γ


∝ Φ4 (mππ , mKπ ) 
Ai Ri (mππ , mKπ )gi (θππ , θKiπ , φ) , (5)


d cos θππ d cos θKπ dφdmππ dmKπ
i

where Φ4 (mππ , mKπ ) is the four-body phase-space density, Ri and gi correspond to the mass
and the angular distributions, respectively, and Ai are the decay amplitudes for each component
i.
Polarisation fractions are computed for the the VV ﬁnal state
fλ =

|AλV V |2
||

⊥ 2
2
2
|AL
V V | + |AV V | + |AV V |

,

(6)

where λ represent one of the polarisation conﬁgurations. The CP -averaged fraction, f˜λ = (fλ +
f¯λ )/2, and CP asymmetries, AλCP = (f¯λ − fλ )/(fλ + f¯λ ), can be obtained from the polarisation
fractions of a mode and its conjugate. CP -averages and asymmetries are measured for each
amplitude included in this analysis. Detailed results can be found in Ref. 2 .
A small longitudinal polarisation fraction and a rather large CP asymmetry are measured
for the B 0 → ρ(770)0 K ∗ (892)0 mode
L
f˜ρK
∗ = 0.164 ± 0.015 ± 0.022,

AL
ρK ∗ = −0.62 ± 0.09 ± 0.09.

(7)

These results hint for a relevant contribution from the EW-penguin diagram. The signiﬁcance
of the CP asymmetry is about ﬁve standard deviations, which consists in the ﬁrst signiﬁcant
observation of CP asymmetry in angular distributions of B 0 → V V decays. Comparison of these
results to the most recent theoretical predictions pQCD 8 and QCDf 9 show a good agreement.
The longitudinal polarisation fraction and the CP asymmetry for B 0 → ωK ∗ (892)0 result in
L
f˜ωK
∗ = 0.68 ± 0.017 ± 0.16,

AL
ωK ∗ = −0.13 ± 0.27 ± 0.13.

(8)

Triple Product Asymmetries (TPA) are also measured and are found to be below 5%, which
is in agreement with theoretical predictions 11 .
4

Measurements of the CP asymmetries in charmless four-body Λ0b and Ξ0b decays

Despite theoretical predictions of about 20% CP violation for some charmless Λb decays 15 , CP
violation was not observed in the baryon sector so far. The abundant production of b-hadrons
at the LHC and the characteristics of the LHCb detector make this experiment particularly
suitable to study the decays of these particles.
Six decay modes of Λ0b , Ξ0b → phh h are studied in this analysis, with 3fb−1 of data collected
by the LHCb experiment at centre-of-mass energies of 7 TeV and 8 TeV 4 . These decays proceed
through b → u and b → s, d transitions. Experimental eﬀects, such as detection and production
asymmetries are cancelled out by computing the diﬀerence, ΔACP , between the raw values of the
CP asymmetries of the considered modes and the CP asymmetries obtained in control modes,
where no measurable CP violation is expected. Further corrections are then applied to account

275

for kinematical diﬀerences between signal and control modes and charge-dependent selection
eﬃciencies.
The results obtained for ACP integrated over the whole phase space are:
ΔACP (Λ0b → pπ − π + π − ) = (+1.1 ± 2.5 ± 0.6)%,
ΔA (Λ0b → pK − K + π − )
ΔACP (Ξ0b → pK−π + π − )
CP

ΔACP (Λ0b → pK−π + π − ) = (+3.2 ± 1.1 ± 0.6)%,

= (−6.9 ± 4.9 ± 0.8)%,

ΔACP (Λ0b → pK − K + K − ) = (+0.2 ± 1.8 ± 0.6)%,

= (−17 ± 11 ± 1)%,

ΔACP (Ξ0b → pK−π + K − ) = (−6.8 ± 8.0 ± 0.8)%.

In addition to the these inclusive results, measurements are also performed in speciﬁc regions
of the phase space, for example at low two-body invariant mass or in quasi two- or three-body
decay regions. A total of eighteen CP asymmetries are measured and no signiﬁcant CP violation
is observed in any of the measurements.
A previous LHCb analysis 16 , performed with the same dataset, reported an evidence for
CP violation in a speciﬁc region of the phase space of Λ0b → pπ − π + π − decay, using TPA while
the present result shows no CP violation for this mode. A comparison of the two results and
methods can shed a light on the nature of this eﬀect.
5

Conclusion

The LHCb collaboration has a very broad program of analyses searches for CP asymmetries
and the four analyses presented here only represent a small part of this program. During the
presentation, measurements of the CP asymmetry and branching fractions
of B + → J/ψρ+

−5
obtained with run 1 data were also presented 5 : B(B + → J/ψρ+ ) = 3.81+0.25
−0.24 ± 0.35 × 10
+0.056
CP
+
+
and A (B → J/ψρ ) = −0.045−0.057 ± 0.008. These results are the most precise ones form
a single experiment to date.
The run 2 data taking period is now over, and analyses with the full run 2 dataset, corresponding to an integrated luminosity of 6 fb−1 taken at a centre-of-mass energy of 13 TeV, are
ongoing. The additional data sample will increase the sensitivity to the CP observables and give
access to more decay channels.
References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.

LHCb collaboration, Aaij, R. and others, LHCb-CONF-2018-002.
LHCb collaboration, Aaij, R. and others, JHEP 05 (2019) 026
LHCb collaboration, Aaij, R. and others, LHCb-PAPER-2018-051 (in preparation)
LHCb collaboration, Aaij, R. and others, arXiv:1903.06792 [hep-ex]
LHCb collaboration, Aaij, R. and others, arXiv:1812.07041 [hep-ex]
LHCb collaboration, Aaij, R. and others, LHCb-CONF-2017-004.
Gronau, M. and Zupan, J., Phys. Rev. D 71, 074017 (2005).
Zou, Zhi-Tian and Ali, Ahmed and Lu, Cai-Dian and Liu, Phys. Rev. D 91, 054033
(2015).
Beneke, Martin and Rohrer, Johannes and Yang, Deshan, Nucl. Phys. B774, 64-101
(2007).
Pivk, Muriel and Le Diberder, Francois R., Nucl. Instrum. Meth. A555, 356-369 (2005).
Datta, Alakabha and London, David, Int. J. Mod. Phys. A19, 2505-2544 (2004).
Alvarenga Nogueira, J. H. and Bediaga, I. and Cavalcante, A. B. R. and Frederico, T. and
Loureno, O.,Phys. Rev. D 92, 054010 (2015).
Pelaez, J. R. and Yndurain, F. J., Phys. Rev. D 71, 074016 (2005).
LHCb collaboration, Aaij, R. and others, Phys. Rev. D 90, 112004 (2014).
Hsiao, Y. K. and Geng, C. Q., Phys. Rev. D 91, 116007 (2015).
LHCb collaboration, Aaij, Roel et al., Nature Physics 13, 391 (2017).

276

Status of ε /ε in the Standard Model
Hector Gisbert
Departament de Fı́sica Teòrica, IFIC, Universitat de València – CSIC
Apt. Correus 22085, E-46071 València, Spain
A recent lattice prediction of ε /ε, with a 2.1 σ deviation from the experimental value, has
triggered several studies of possible contributions from physics beyond the Standard Model.
We have recently updated the SM prediction, including all known short-distance and longdistance contributions, our result1 Re (ε /ε) = (15±7)·10−4 is in complete agreement with the
experimental measurement. In addition, we emphasize on the importance of the long-distance
re-scattering of the ﬁnal pions in K → ππ for a correct prediction of ε /ε.

1

Introduction

The CP violating ratio ε /ε constitutes a fundamental test for our understanding of ﬂavourchanging phenomena. The present experimental world average,2–10


Re ε /ε = (16.6 ± 2.3) · 10−4 ,

(1)

demonstrates the existence of direct CP violation in the decay transitions K 0 → ππ.
Recently, the RBC-UKQCD lattice collaboration has published a prediction for the direct
CP violation ratio in the Standard Model (SM),11, 12 Re(ε /ε) = (1.4 ± 6.9) · 10−4 , which is
in clear conﬂict with the experimental value in Eq. (1). This result has triggered many new
studies of possible contributions from physics beyond the SM in order to explain this “anomaly”.a
However, the same lattice simulation fails in its attempt to reproduce the (ππ)I phase shifts,
which provide a quantitative test of the lattice results. Although, the extracted δ2 is only 1 σ
away from its physical value, the lattice analysis of Ref.11 ﬁnds a result for δ0 which disagrees
with the experimental value by 2.9 σ, a much larger discrepancy than the one quoted for ε /ε.
Therefore, this discrepancy cannot be taken as evidence of new physics. Lattice practitioners
are working on a better lattice understanding of the pion dynamics and improved results are
expected soon.15
Since the publication of the SM ε /ε prediction in Ref.,16 there have been a lot of improvements in the isospin-breaking corrections,17–19 the quark masses20 and a better understanding
of the chiral perturbation theory Low-Energy-Constants (LECs).21–38 Therefore, the current
situation makes mandatory to revise and update the analytical SM calculation of ε /ε.16 In the
following, we give a brief summary of the new determination of ε /ε from Ref.1
a
Several studies can be found at the Inspire data basis from the earliest times13 to the recent ones.14 We
refrain to quote them here
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2

Anatomy of ε /ε

The kaon decay amplitudes can be decomposed as

1 
1
A(K 0 → π + π − ) = A1/2 + √ A3/2 + A5/2 = A0 eiχ0 + √ A2 eiχ2 ,
2
2
√ 
√

A(K 0 → π 0 π 0 ) = A1/2 − 2 A3/2 + A5/2 = A0 eiχ0 − 2 A2 eiχ2 ,


+
3
3
2
A3/2 − A5/2 = A+
eiχ2 ,
A(K + → π + π 0 ) =
2
3
2 2

(2)

where the complex amplitudes AΔI are generated by the ΔI = 12 , 32 , 52 components of the electroweak eﬀective Hamiltonian, in the limit of isospin conservation. The A0 , A2 and A+
2 amplitudes are real and positive in the CP-conserving limit. Moreover, in the isospin limit, A0 and
A2 = A+
2 denote the decay amplitudes into (ππ)I=0,2 states and the phase diﬀerences χ0 and
χ2 = χ+
2 are the corresponding S-wave scattering phase shifts. From the measured K → ππ
branching ratios, one gets:39
A0 = (2.704 ± 0.001) · 10−7 GeV,
A2 = (1.210 ± 0.002) · 10−8 GeV,

(3)

◦

χ0 − χ2 = (47.5 ± 0.9) .

In the CP violation case, A0 , A2 and A+
2 acquire imaginary parts and ε can be written to ﬁrst
order in CP violation as


i
Im A0
Im A2
ε = − √ ei(χ2 −χ0 ) ω
,
(4)
−
Re A0
Re A2
2

showing that ε is suppressed by the ratio ω ≡ Re A2 /Re A0 ≈ 1/22 and ε /ε is approximately
real since χ2 − χ0 − π/2 ≈ 0 from Eqs. (3). The CP-conserving amplitudes ReAI are ﬁxed to
their experimental values in order to reduce the theoretical uncertainty. In addition, Eq. (4)
presents a delicate numerical balance between the two isospin contributions which makes the
result very sensitive to the theoretical predictions of the CP-violating amplitudes. Hence, naive
estimates of ImAI give rise a strong cancellation between the two terms, leading to low values
of ε /ε40–45 as was recently indicated in Refs.1, 46, 47
Due to the “ΔI = 1/2 rule”, the isospin breaking eﬀects are very important in ε /ε.17–19
Including isospin violation,

(0)
Im A0
Im Aemp
ε
ω+
2
Re
,
(5)
(1
−
Ω
)
−
= −√
eﬀ
(0)
ε
2 |ε| Re A(0)
Re A2
0
where ImAemp
are the electromagnetic penguin operator contributions with I = 2, ω+ ≡
2
−2
Re A+
2 /Re A0 and the superscript (0) denotes the isospin limit. Then, Ωeﬀ = (6.0 ± 7.7) · 10
17,
18
48
encodes all ﬁrst order isospin-breaking corrections.
An update of Ωeﬀ is under way.
3

Eﬀective Field Theory description

At the electroweak scale, all ﬂavour-changing transitions are described in terms of quarks and
gauge bosons. The K → ππ decay is a ΔS = 1 transition in which due to the diﬀerent mass
MW ), the gluonic corrections are ampliﬁed with large logarithms. Using
scales (Mπ < MK
the operator product expansion and the renormalization group equations in all the way down
to scales μ < mc , one can sum up all these large logarithmic corrections and, ﬁnally, one gets
an eﬀective ΔS = 1 Lagrangian deﬁned in the three-ﬂavour theory,49
10

GF
ΔS=1
∗
Leﬀ
= − √ Vud Vus
Ci (μ) Qi (μ) ,
2
i=1
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(6)

which is a sum of local four fermion operators, Qi , constructed with the light degrees of freedom
and weighted by the Wilson coeﬃcients Ci (μ) which are functions of the heavy masses and CKM
∗
Vtd Vts
parameters, Ci (μ) = zi (μ) + τ yi (μ) with τ ≡ − Vud
∗ being the source of CP violation.
Vus
At very low energies below the resonance region, one can use symmetry considerations to
deﬁne another eﬀective ﬁeld theory in terms of Nambu-Goldstone bosons. Chiral Perturbation
Theory (χPT) describes the pseudoscalar octet dynamics through a perturbative expansion in
powers of momenta and quark masses over the chiral symmetry breaking scale Λχ ∼ 1 GeV.50–52
At lowest order, the nonleptonic electroweak Lagrangian contains three terms,
L2ΔS=1 = G8 L8 + G27 L27 + G8 gewk Lewk .

(7)

Then, LΔS=1
determines the K 0 → ππ amplitudes at O(p2 ) in terms of electroweak chiral
2
couplings. In addition, G8 , G27 and G8 gewk hide all the quantum information of heavy particles
that are not dynamical at this regime and then they can not be ﬁxed by the symmetries. A
ﬁrst-principle computation of these three LECs requires to perform a matching between the
short-distance and eﬀective Lagrangians in Eqs. (6) and (7). This can be easily done in the limit
of an inﬁnite number of quark colours, where the four-quark operators factorize into currents
with well-known chiral realizations. Since the large-NC limit is only applied in the matching
between the two eﬀective ﬁeld theories, the only missing contributions are 1/NC corrections that
are not enhanced by any large logarithms.
4

Impact of K → ππ amplitudes on ε /ε

At leading-order in χPT, the phase shifts are predicted to be zero, because they are generated
through loop diagrams with ππ absorptive cuts. The large value of the measured phase-shift
diﬀerence in Eq. (3) indicates a very large absorptive contribution. Analyticity relates the
absorptive and dispersive parts of the one-loop diagrams, which implies that the dispersive
correction is also very large. A proper calculation of chiral loop corrections is then compulsory
in order to obtain a reliable prediction for ε /ε, since Eq. (4) presents a strong cancellation
between the two isospin contributions in simpliﬁed analyses. Naive estimates, which completely
ignore the importance of these absortive cuts, obtain small SM values of ε /ε highlighting the
importance of these contributions, since they are not able to predict a phase shift diﬀerence
compatible with Eq. (3).53–55
At the next-to-leading order (NLO) in χPT, the AΔI amplitudes can be written in the form
*
+
(8)
(g)
(27)
2
2
− Mπ2 ) AΔI − e2 Fπ2 gewk AΔI − G27 Fπ (MK
− Mπ2 ) AΔI ,
(8)
AΔI = − G8 Fπ (MK
(8)

(27)

(g)

where AΔI and AΔI represent the octet and 27-plet components, and AΔI contains the electroweak penguin contributions. Moreover, these quantities can be further decomposed as
(X)

(X)

AΔI = aΔI
(X)

(X)

(X)

1 + ΔL AΔI + ΔC AΔI
(X)

,

(9)
(X)

with aΔI the tree-level contributions, ΔL AΔI the one-loop chiral corrections and ΔC AΔI the
(X)
(X)
NLO local corrections at O(p4 ). The numerical values of the diﬀerent A1/2 and A3/2 components
are displayed in Tables 1 and 2, respectively.
The absorptive chiral corrections are large and positive for the ΔI = 1/2 amplitudes and
much smaller and negative for ΔI = 3/2. Furthermore, they do not depend on the chiral
renormalization scale νχ . Besides, Table 1 shows a huge dispersive one-loop correction to the
(27)
A1/2 amplitude. However, since Im(g27 ) = 0, the 27-plet components do not contribute to the
CP-odd amplitudes and, therefore, do not introduce any uncertainty in the ﬁnal numerical value
of ImA0 .
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(X)

Table 1: Numerical predictions for the A1/2 components. The local NLO correction to the CP-even ([ΔC A1/2 ]+ )
and CP-odd ([ΔC A1/2 ]− ) amplitudes is only diﬀerent in the octet case.
(X)

X a1/2
ΔL A1/2
[ΔC A1/2 ]+
[ΔC A1/2 ]−
√
8
2 0.27 + 0.47 i
0.01 ± 0.05
0.02 ± 0.05
√
g 2√3 2 0.27 + 0.47 i −0.19 ± 0.01 −0.19 ± 0.01
2
27
1.03 + 0.47 i
0.01 ± 0.63
0.01 ± 0.63
9
(X)

(X)

(X)

(X)

Table 2: Numerical predictions for the A3/2 components.
(X)

(X)

(X)

X

a3/2

ΔL A3/2

ΔC A3/2

g
27

2
3
10
9

−0.50 − 0.21 i
−0.04 − 0.21 i

−0.19 ± 0.19
0.01 ± 0.05

The relevant NLO loop corrections for ε /ε are ΔL A1/2 and ΔL A3/2 . The ﬁrst one generates
(8)

(g)

(8)

a signiﬁcant enhancement of ImA0 , |1 + ΔL A1/2 | ≈ 1.35, while the second one produces a
(g)
ImAemp
2 , |1 + ΔL A3/2 |

suppression in
≈ 0.54. Consequently, the numerical cancellation between
the I = 0 and I = 2 terms in Eq. (4) is completely destroyed by the chiral loop corrections.
In addition, Tables 1 and 2 show the numerical predictions for the NLO local corrections
(X)
ΔC AΔI , which have been estimated in the large-NC limit. The most signiﬁcant local correc(8)
(g)
tions for ε /ε are [ΔC A1/2 ]− and ΔC A3/2 ; nevertheless, they are much smaller than the loop
contributions. Further details can be found in Ref.1
5

The SM prediction for ε /ε

Taking into account all computed corrections in Eq. (5), our SM prediction for ε /ε is1

 

Re ε /ε = 15 ± 2μ ± 2ms ± 2Ωeﬀ ± 61/NC × 10−4 = (15 ± 7) × 10−4 .

(10)

The ﬁrst uncertainty has been estimated by varying the short-distance renormalization scale μ
between Mρ and mc . The second error shows the sensitivity to the strange quark mass, within its
allowed range, while the third one displays the uncertainty from the isospin-breaking parameter
Ωeﬀ . The last error is our dominant source of uncertainty and reﬂects our ignorance about
1/NC -suppressed contributions that we have missed in the matching process.
In ﬁgure 1, we plot the prediction for ε /ε as function of the χPT coupling L5 , which clearly
shows a strong dependence on this parameter. The experimental 1 σ range is indicated by the
horizontal band, while the dashed vertical lines display the current lattice determination of
Lr5 (Mρ ). The measured value of ε /ε is nicely reproduced with the preferred lattice inputs. The
current error on L5 is the largest parametric contribution to the 1/NC uncertainty in (10).
Our SM prediction for ε /ε is in perfect agreement with the measured experimental value.
We have shown the important role of ﬁnal state interactions in K 0 → ππ. When ππ re-scattering
corrections are taken into account, the numerical cancellation between the Q6 and Q8 terms in
Eq. (4) is completely destroyed because of the positive enhancement of the Q6 amplitude and
the negative suppression of the Q8 contribution. Once these important corrections are included,
(0)
become numerically
the contributions from other four-quark operators to ImA0 and ImAemp
2
less relevant, since the cancellation is no longer operative.
The claims53–55 of a ﬂavour anomaly in ε /ε are either based on the recent lattice simulation
that fails to reproduce the correct phase shifts or they originate in naive approximations that
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Figure 1 – SM prediction for ε /ε as function of L5 (red dashed line) with 1 σ errors (oblique band). The horizontal
blue band displays the experimentally measured value with 1 σ error bars. The dashed vertical line shows the
current lattice determination of Lr5 (Mρ ).

overlook the important role of pion chiral loops. These incorrect estimates are using simpliﬁed ansatzs for the K → ππ amplitudes, without any absorptive contributions, in complete
disagreement with the strong experimental evidence of a very large phase shift diﬀerence.
Our SM prediction of ε /ε agrees well with the measured value and provides a qualitative
conﬁrmation of the SM mechanism of CP violation. Although the theoretical error is still large,
improvements can be achieved in the next years via a combination of analytical calculations,
numerical simulations and data analyses.1
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Rare, radiative and EW penguin decays in Heavy ﬂavor hadrons
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Rare decays of b-hadrons provide high sensitivity to New Physics eﬀects. Several deviations
with respect to the Standard Model predictions have been observed in recent years, leading to
signiﬁcant tensions in global ﬁt analyses. It is thus crucial to update the existing measurements
and study new decay modes to conﬁrm the pattern. The latest results from LHCb on the
measurement of branching fractions and angular distributions in rare b-hadron decays are
presented.

1

Introduction

Rare decays of b-hadrons are Flavor-Changing Neutral-Currents (FCNC), which are forbidden at
tree level in the Standard Model (SM) and are thus very suppressed. Consequently they are very
sensitive to potential new particles entering the loops virtually, allowing to probe higher scales
than direct searches. As an example, the Feynman diagrams of the FCNC b → sγ transition in
the SM and in a Two-Higgs-Doublet Model are shown in Fig. 1.

γ

W−

γ

u, c, t

W−

b

u, c, t

u, c, t

s

b

H−

s

Figure 1 – Feynman diagram of the FCNC b → sγ transition in the SM (left) and in a two Higgs doublet model
(right).

From the theoretical viewpoint, these decays can be described in a model-independent way by
means of the Operator Product Expansion. The eﬀective Hamiltonian of the theory is expressed
as a sum over all the possible operators, which are modulated by a set of coeﬃcients, known
as Wilson coeﬃcients (Ci ). The most relevant eﬀective couplings are those parametrising the
vector (C9 ), vector-axial (C10 ) and photon mediated (C7 ) operators. The Wilson coeﬃcients can
be computed in the SM and compared to the values extracted from global ﬁts to experimental
data. Any signiﬁcant deviation from the SM calculations taking into account both experimental
and theory uncertainties would point to New Physics (NP) eﬀects.
In recent years several deviations with respect to SM predictions have been observed in this
type of processes. Diﬀerential branching fraction (B) measurements in b → s decays exhibit
a trend towards values lower than the SM predictions in the low di-lepton mass squared, q 2 ,
a
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Figure 2 – Corrected mass distribution of B + → μ+ μ− μ+ νμ selected candidates. The data is represented by black
dotes and the total ﬁt by a red curve. Diﬀerent ﬁt components are shown as ﬁlled histograms. The black dashed
curve shows the expected signal using the prediction from the vector-dominance model.16

region,1–3 although theoretical predictions for these observables are aﬀected by large hadronic
uncertainties. Deviations have been also observed in the theoretically cleaner P  angular observables in the B 0 → K ∗0 μ+ μ− decay.4 Lepton Flavor Universality tests, which are complementary
to these measurements and provide theoretically very precise observables, also show a deviation
with respect to the universal SM prediction.5–7 Global ﬁts to all the FCNC b-hadron observables
have been performed by various groups with similar conclusions: a signiﬁcant deviation with
respect to the SM predictions is observed, which can be accommodated by additional contributions to C9 or both C9 and C10 .8–12 Several NP models have been proposed following these
observations. Among them, Leptoquarks13 and Z’ models14 are the most recurrent.
In view of all these anomalies in rare b-hadron decays, it is crucial to improve the previous
measurements and study new complementary modes. The most recent results from LHCb on
branching ratios and angular analyses of rare b decays are reported in the following sections.
2

Search for the very rare decay B + → μ+ μ− μ+ νμ

The B + → μ+ μ− μ+ νμ decay is highly-suppressed in the SM with a branching fraction proportional to the CKM matrix element |Vub |2 . LHCb has performed a search for this mode15 using
the full Run 1 dataset together with the data collected during 2016, corresponding to a total
integrated luminosity of 4.7 fb−1 . In order to recover the missing energy from the non-detected
neutrino and improve the resolution on the discriminating
mass variable, the analysis exploits

2
+ pT 2 + pT  , where pT  is the mothe corrected mass distribution, deﬁned as Mcorr = Mμμμ
mentum component perpendicular to the b-meson ﬂight direction. This direction is determined
from the position of the pp collision vertex where the B + meson is produced and its decay vertex. A boosted decision tree (BDT) classiﬁer is trained to reject combinatorial background and
speciﬁc vetos are placed to remove φ and charmonium resonance contributions. The corrected
mass distribution for selected candidates is shown in Fig. 2. No hint of signal is found. The
normalisation mode B + → J/ψ K + is then used to set a limit on the signal branching ratio:
B(B + → μ+ μ− μ+ νμ ) < 1.6 × 10−8

(1)

at 95% CL, which is the best limit to date. Our result is in tension with the only theoretical
estimate available for this observable, which is based on a vector-dominance model,16 that
predicts B(B + → μ+ μ− μ+ νμ ) ∼ 1.3 × 10−7 . More theoretical input on this mode is desirable to
obtain a more precise SM prediction that would allow a fair comparison.
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3

Angular analysis of Λ0b → Λμ+ μ−

The Λ0b → Λμ+ μ− decay is a b → s+ − transition complementary to B 0 → K ∗0 μ+ μ− with a
richer angular distribution due to the half-integer spin of the baryons and the potential initial
polarisation of the Λ0b hadron. The analysis17 is performed using the data recorded by LHCb
in the period 2011 – 2016, corresponding to an integrated luminosity of 5 fb−1 , and focuses on
the low recoil region, 15 < q 2 < 20 GeV2 /c4 , where most of the signal lies. The angular analysis
exploits the method of moments18 to measure for the ﬁrst time the full set of angular observables
for this decay. The 5-dimensional angular distributions are described by the sum of 35 angular
functions,
34
d5 Γ
3 
Ki fi (Ω),
(2)
=
2
dΩ
32π i
where Ki are the angular coeﬃcients extracted from the ﬁt to data. The results for these
parameters are shown in Fig. 3. All the coeﬃcients are compatible with the SM predictions
computed with the EOS19 software using the Λ0b production polarisation measured by LHCb.20
The K11,...,34 coeﬃcients are found to be compatible with zero, which implies that the Λ0b has
no initial polarisation. Forward-backward asymmetries in the lepton and hadron systems and
between the two can be derived from the combination of diﬀerent coeﬃcients. They are found
to be
3
K3 = −0.39 ± 0.04 ± 0.01
2
1
= K4 + K5 = −0.30 ± 0.05 ± 0.02
2
3
=
K6 = +0.25 ± 0.04 ± 0.01,
4

AF B =
AhF B
Ah
FB

which are also in agreement with the SM predictions.
4

First observation of Λ0b → Λγ

The Λ0b → Λγ decay is a FCNC b → sγ transition previously unobserved. The SM prediction
for its branching ratio stands in the range 10−7 − 10−5 , with the large uncertainty originating
from the computation of form factors.21–24 The best limit on this observable was set by CDF at
B(Λ0b → Λγ) < 1.9 × 10−3 at 90% CL,25 which leaves large room for experimental improvement
to reach the SM prediction. This decay oﬀers direct access to the photon polarisation in b → sγ
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Figure 4 – Invariant mass distribution of selected Λ0b → Λγ (left) and B 0 → K ∗0 γ (right) candidates (black
dots). The result of a simultaneous unbinned maximum likelihood ﬁt is shown by the blue curve, with diﬀerent
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decays through the angular distribution of the ﬁnal state particles and can thus probe the
existence of right-handed currents.26 LHCb has performed a search for this decay mode using
the dataset collected in 2016, which corresponds to 1.7 fb−1 of integrated luminosity.27
The particular topology of this decay poses a great challenge for its reconstruction at LHCb.
The Λ0b decay vertex, typically exploited to suppress prompt background, cannot be reconstructed in this case due to the long lifetime of the Λ baryon and the lack of information on
the direction of the photon detected in the electromagnetic calorimeter. Consequently, a dedicated online and oﬄine reconstruction was developed to be able to study this mode, where the
Λ0b momentum is computed from the direct sum of the Λ and γ momenta, without a vertex
ﬁt. A large combinatorial background is expected due to the impossibility of applying tight
requirements on the Λ0b decay vertex. A high performance BDT is trained using the XGBoost28
algorithm to reduce this background. At the optimal working point a 99.8% background rejection is achieved while still retaining 33% of the signal. Neutral particle identiﬁcation tools29
are exploited to reject potential background from π 0 misidentiﬁcation. Several other sources of
background are studied and found to be negligible. On top of combinatorial candidates, only a
small contamination from Λ0b → Λη with η → γγ is expected.
The well-known B 0 → K ∗0 γ decay is used as normalisation mode to extract a branching
ratio measurement from the observed yields using the expression:
fΛ0
B(Λ0b → Λγ)
B(Λ → pπ − )
(Λ0b → Λγ)
N (Λ0b → Λγ)
= b ×
×
×
,
0
∗0
0
∗0
∗0
+
−
N (B → K γ)
fB 0
B(B → K γ) B(K → K π )
(B 0 → K ∗0 γ)
f Λ0

fB 0 is
13 TeV,30 the

where

b

(3)

the hadronisation fraction ratio, obtained from a recent LHCb measurement at

normalisation mode and intermediate state branching fractions are taken from the
PDG31 and the eﬃciencies, , are computed from simulation and calibration samples.
The results of a simultaneous unbinned maximum likelihood ﬁt to signal and normalisation
candidates are shown in Fig. 4. A clear signal peak of 65 ± 13 events is observed, together with
32670 ± 290 B 0 → K ∗0 γ events. The signiﬁcance of the signal excess is evaluated from a proﬁle
likelihood and cross-checked with pseudoexperiments. It is found to be 5.6σ, which represents
the ﬁrst observation of the Λ0b → Λγ decay mode. The branching fraction is measured to be
B(Λ0b → Λγ) = (7.1 ± 1.5 ± 0.6 ± 0.7) × 10−6 ,

286

(4)

Table 1: Dominant systematic uncertainties on the measurement of B(Λ0b → Λγ). The uncertainties arising from
external measurements are given separately.

Source

Uncertainty (%)

Data/simulation agreement
Λ0b ﬁt model
B 0 → K ∗0 γ backgrounds
Size of simulated samples
Eﬃciency ratio

7.7
3.0
2.7
1.7
1.4

Sum in quadrature

9.0

fΛ0 /fB 0
b
Input branching fractions

8.7
3.0

Sum in quadrature

9.2

where the ﬁrst uncertainty is statistical, the second systematic and the third arises from external
inputs, which are dominated by the systematic uncertainties on the determination of the ratio
of hadronisation fractions. The dominant systematic uncertainties are listed in Table 1. The
measurement is well within the range of SM predictions and can be used to determine the
Λ0b → Λ form factors at the photon pole. With a larger dataset this decay mode can be exploited
to obtain a measurement of the photon polarisation in radiative b-baryon decays.
5

Summary

Rare decays of b-hadrons provide high sensitivity to NP eﬀects. Several deviations with respect
to the SM predictions have been observed in recent years, leading to signiﬁcant tensions in
global ﬁt analyses. The latest results from LHCb on the measurement of branching fractions
and angular distributions are presented. The best world limit on the branching fraction of
B + → μ+ μ− μ+ νμ , B(B + → μ+ μ− μ+ νμ ) < 1.6 × 10−8 at 95% CL, has been obtained and
more theoretical work is needed for a proper comparison to the SM prediction. The full angular
distribution of Λ0b → Λμ+ μ− has been measured for the ﬁrst time with results compatible with the
SM and null Λ0b polarisation at production. Finally, the Λ0b → Λγ decay has been observed for the
ﬁrst time and its branching fraction measured to be B(Λ0b → Λγ) = (7.1 ± 1.5 ± 0.6 ± 0.7) × 10−6 ,
compatible with the SM prediction. This is the ﬁrst observation of a radiative b-baryon decay
and opens the doors to the measurement of the photon polarisation in this system.
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In this work, the most recent heavy-ﬂavour results from the CMS Collaboration with data
collected during LHC Run-2 period are presented. Firstly, the search for χb (3P ) states,
through their decays to Υ(3S)γ, is presented. Using data corresponding to an integrated
luminosity of 80 fb−1 , the χb1 (3P ) and χb2 (3P ) states have been resolved for the ﬁrst time.
Secondly, the search for excited Bc+ (2S) states, through their decay to Bc+ π + π − , is presented.
With the full Run-2 data set, corresponding to 140 fb−1 , the Bc+ (2S) and Bc+ ∗ (2S) states
have been resolved for the ﬁrst time. Finally, the search for the charge-lepton ﬂavour violating
decay τ → μμμ, using an integrated luminosity of 33 fb−1 , is presented. No signal has been
observed and a 90% conﬁdence level upper limit on the branching fraction is set to 8.8 · 10−8 .

1

Introduction

During the Run-2 period, started in 2015 and concluded in 2018, the Large Hadron Collider
(LHC) provided proton-proton collisions with unprecedented intensity. The luminosity, integrated over the four years, delivered to the two largest particle detectors is about 150 fb−1 , six
times the correspondent luminosity of the Run 1 period. The Compact Muon Solenoid (CMS)
detector has been very eﬃcient in collecting good quality data in Run-2.
Many of the analyses related to the physics of the heavy-ﬂavour hadrons and leptons are
limited by the available statistics of signal events, either because of the low production cross
section, or because of the low branching fraction of the analysed decay. For these analyses,
Run-2 data provides an opportunity to improve the precision of the measurement or the reach
of the search.
New challenges do arise with the increased luminosity of LHC collisions in Run-2. More
ingenious algorithms for online event selection (trigger) have been deployed during the data
taking to maintain high eﬃciency for signal events, while reducing background contamination. In
addition, sophisticated analysis techniques have been studied, to face the increased combinatorial
background caused by a higher number of simultaneous collisions. These techniques include a
wider use of multi-variate analyses (MVA) for candidate classiﬁcation.
2

χb1 (3P ) and χb2 (3P ) observation

The study of the bottomonium family, the set of bound states of a b quark-antiquark pair, is very
important to test QCD models involved in hadron binding. In this family, the χb (3P ) states are
of particular interest; since they allow a study of the models in the proximity of the open-beauty
threshold. An unresolved peak, compatible with the overlap of these states, has been observed
by the ATLAS 1 , D0 2 , and LHCb 3 collaborations, through the χb (3P ) → Υ(nS)γ decay (with
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Figure 1 – Left: the dimuon invariant mass distribution, in two equidistant |y| ranges. The midrapidity dimuons
have a signiﬁcantly better mass resolution. Centre: the invariant mass distributions of the χbJ → Υ(nS)γ
candidates (n = 1, 2, 3), after the PES correction. The inset shows the χb1 (1P ) and χb1 (2P ) masses ﬁtted
before (open squares) and after (ﬁlled circles) the PES correction, with vertical bars representing the statistical
uncertainties. The world-average values are shown by the horizontal bands, with dashed lines representing their
total uncertainties. Right: the invariant mass distribution of the χbJ (3P ) → Υ(3S)γ candidates. The vertical
bars are the statistical uncertainties. The curves represent the ﬁtted contributions of the two signal peaks, the
background, and their sum.

n = 1, 2, 3). The CMS collaboration performed an analysis 4 of the Υ(3S) + γ ﬁnal state,
searching for resonant states, using the data collected in 2015, 2016, and 2017, corresponding to
an integrated luminosity of 80 fb−1 .
The events have been collected using a trigger requiring two muons with invariant mass in the
range 8.5-11.5 GeV, and whose trajectories are compatible with originating at a common vertex.
In these events, Υ candidates are built with two reconstructed tracks identiﬁed as muons and
compatible with the ones that satisﬁed the trigger requirements. The Υ candidates are required
to have transverse momentum greater than 14 GeV, with absolute value of their rapidity smaller
than 1.2. The resolution of the two-muon invariant mass is in the range 60-120 MeV, and
depends on their rapidity, as shown in Figure 1 (left). Three samples of Υ(1S), Υ(2S), and
Υ(3S) candidates are selected applying dimuon mass selections. The photon candidates are
reconstructed through γ → e+ e− conversion on beam-pipe or on silicon tracker material, by
matching two electrons candidates reconstructed in the silicon tracker detector. The photon
candidate is selected to have a transverse momentum greater than 500 MeV and an absolute
value of the rapidity less than 1.2. Finally, the χb candidates are composed by matching Υ
and photon candidates. The momenta of muons and electrons are reﬁtted within uncertainties,
imposing the muons’ trajectories and the line of ﬂight of the photon to have originated from a
common vertex, and the ﬁt χ2 probability is required to be greater than 1%.
An energy scale factor, to correct the energy of the photon candidates, has been computed
on a reconstructed sample of χc1 → J/ψ(μμ)γ decays, which has higher statistics than the signal
sample, comparing the reconstructed mass of the χc1 state with the value in the PDG 5 . This
scale factor, computed in bins of the photon energy, has been applied event by event on the χb
candidates, and it has been validated by verifying that the mass of the χb (1P ) and χb (2P ) are
compatible with the published values 5 , as shown in Figure 1 (centre).
A maximum likelihood ﬁt is performed on the Υ(3S)+γ invariant mass distribution, as shown
in Figure 1 (right). The background component is described with an exponential function, while
the signal peaks are parametrised with two double-sided Crystal Ball functions. Many sources
of systematic uncertainty have been studied and included in the ﬁt results; the dominant one
is the uncertainty on the photon energy correction, producing a systematic uncertainty of 0.16
MeV on the measured masses.
The ﬁt results in the ﬁrst observation of two resolved states, identiﬁed as χb1 (3P ) and
χb2 (3P ). The combined event yield for the two states is 372 ± 36, and the masses of the two
resonances are measured to be
M (χb1 (3P )) = 10513.42 ± 0.41(stat) ± 0.18(syst) ± 0.5(Υ(3S)) MeV
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M (χb2 (3P )) = 10524.02 ± 0.57(stat) ± 0.18(syst) ± 0.5(Υ(3S)) MeV.
The natural width of the two states is signiﬁcantly lower than the experimental resolution on
the masses, as veriﬁed with the use of simulated events. The mass diﬀerence between the peaks
is measured to be
ΔM = 10.60 ± 0.64(stat) ± 0.17(syst) MeV
and it is compatible with theoretical expectations.
3

Bc+ (2S) and Bc∗+ (2S) observation

Another family of hadronic states, whose study is important to probe the QCD models that
describe the production of heavy-ﬂavour hadrons in hadronic collisions, is the set of bound
states of a b quark and a c anti-quark, or vice versa. The lowest-mass bound state of this family
is the Bc+ meson, whose production cross-section in pp collisions is ∼ 10−3 of the other B meson
families, and the low number of mesons produced makes more diﬃcult to explore the set of its
excited states. With Run-1 data, the ATLAS Collaboration observed 6 for the ﬁrst time an
excited state Bc+ (2S) decaying in Bc+ π + π − .
The CMS Collaboration searched 7 for Bc excited states decaying to Bc+ π + π − , using the
data collected in full Run-2 period, corresponding to an integrated luminosity of 140 fb−1 . This
is the ﬁrst published LHC analysis using the full statistics of the Run-2 data taking period.
The events have been collected using a trigger requiring two muons and a hadronic particle,
whose trajectories are compatible with a common vertex that is displaced, in the transverse plane
of the experiment, from the proton-proton interaction region. The Bc+ candidates are selected
from two muons and a hadronic particle, to which is assigned the pion mass. They are required
to be compatible with the particles that satisﬁed the trigger requirements. The muons (pion)
are required to have transverse momenta larger than 4 GeV (3.5 GeV), while the Bc+ candidate
is selected to have transverse momentum larger than 15 GeV. The trajectories of the three
particles have to be compatible with coming from a common vertex, which is displaced more
than 100 μm from the interaction point. A maximum likelihood ﬁt is performed on the invariant
mass spectrum of the Bc+ candidates, as shown in Figure 2 (left). The ﬁtted yield of signal Bc+
candidates is 7495 ± 225. The sources of background considered are the partially reconstructed
background from Bc+ → J/ψ + π + X, which is excluded by selecting a narrow region around the
peak of the signal events, the combinatorial background, whose yield is estimated from the ﬁt,
and the peaking background from Bc+ → J/ψ + K decay, whose contribution has been studied
with simulations and is kept ﬁxed with respect to the signal yield in the whole analysis. The
Bc+ (2S) candidates are built by adding two hadronic particles, to which is assigned the pion
mass, whose trajectories, together with the Bc+ candidate’s line of ﬂight, are compatible with a
common vertex. The transverse momenta of these two pions are required to be larger than 800
MeV and 600 MeV, respectively.
A maximum likelihood ﬁt is performed on the Bc ππ invariant mass spectrum, as shown in
Figure 2 (right). Gaussian functions are used to parameterise the signal peaks, as well as for the
peaking background contribution. The combinatorial background is modelled with a third-order
polynomial function. Many sources of systematic uncertainty have been studied and included in
the ﬁt results; the dominant one is obtained using diﬀerent functions to parameterise the signal.
The ﬁt results in the ﬁrst observation of two resolved exited states, identiﬁed as Bc+ (2S)
and Bc+ ∗ (2S). Each state has a signiﬁcance greater than ﬁve standard deviations, and the
signiﬁcance of the peaks being two instead of one is greater than six standard deviations. The
measured mass of the Bc+ (2S) excited state is
M (Bc+ (2S)) = 6871.0 ± 1.2(stat) ± 0.8(syst) ± 0.8(Bc+ ) MeV ,
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Figure 2 – Left: the invariant mass distribution of the Bc+ candidates. The vertical dashed lines indicate the
mass window retained for the reconstruction of the Bc+ (2S) and Bc+ ∗ (2S) candidates. The vertical bars on the
points represent the statistical uncertainty. The contributions from various sources are shown by the stacked
distributions. The solid line represents the result of the ﬁt. Right: the M (Bc+ ππ) − M (Bc+ ) + mB + distribution.
c
The Bc+ (2S) is assumed to be the right-most peak. The vertical bars on the points represent the statistical
uncertainty. The contributions from the various sources are shown by the stacked distributions. The solid line
represents the result of the ﬁt.

where the last uncertainty is due to the current precision of the Bc+ mass in literature. Since the
excited state Bc+ ∗ (2S) decays in Bc+ ∗ + ππ, and the Bc+ ∗ decays in the unexcited state emitting
a photon that is not detected, the mass diﬀerence visible in the Bc ππ mass spectrum is
ΔM = [M (Bc+ ∗ ) − M (Bc+ )] − [M (Bc+ ∗ (2S)) − M (Bc+ (2S))]

,

which is measured to be ΔM = 29.0 ± 1.5(stat) ± 0.7(syst) MeV. All the results are compatible
with Standard Model expectations.
4

Search for τ → μμμ decay

The search for the decays of the τ lepton predicted to be very rare or forbidden within the
Standard Model are an excellent laboratory to probe eﬀects of Beyond the Standard Model
interactions. The charge-lepton ﬂavour violating decay τ → μμμ is particularly interesting.
It is predicted to occur through neutrino oscillations, but with an exceedingly small branching
fraction, many orders of magnitude lower than the reach of the current and foreseen experiments.
Several new-physics models predict an enhancement of its branching fraction, up to presently
accessible experimental values. In addition, this decay is experimentally accessible, because of
the fully-charged ﬁnal state composed of three muons, which is relatively clean from background
contamination. The search for this decay has been performed by Belle 8 , BaBar 9 , LHCb 10 and
ATLAS 11 collaborations with no observed signal. The most stringent limit has been set by
Belle with a branching fraction BF < 2.1 · 10−8 at 90% of Conﬁdence Level (CL). The CMS
Collaboration has performed this search 12 using a sample of τ leptons produced in D and B
hadron decays, with the data collected in 2016, corresponding to an integrated luminosity of 33
fb−1 .
The events have been collected using a trigger requiring two muons and a track in the silicon
detector, with invariant mass in the range 1.60-2.02 GeV and whose trajectories are compatible
with a common vertex, which is required to be displaced from the pp interaction region. The
τ candidate is built using three muons with global charge of ±1, compatible with the muons
and track that satisﬁed the trigger requirement. The two muons compatible with the trigger
muons are required to have transverse momenta greater than 3 GeV, while the muon compatible
with the trigger track needs to have transverse momentum greater than 2 GeV. The invariant
mass of the τ candidate is required to fall in the range 1.62 − 2.00 GeV, and the trajectories
of the three muons are reﬁtted within their uncertainties, imposing a common vertex. In case
multiple candidates are found in the same event, the one with largest trajectory-ﬁt probability
is retained.
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Figure 3 – Left: distributions of trimuon mass resolutions for simulated τ → 3μ events (solid line) and 3μ sideband
data events (dots), passing all selection criteria. The vertical lines at δm/m = 0.007 and 0.01 separate three event
categories (A, B, and C) used in the analysis. Centre and right: BDT score distributions for signal and background
events passing all selection criteria and falling into category A (left) or category C (right). All distributions are
normalised to unity. The vertical lines separate subcategories with diﬀerent signal-to-background ratios. The two
subcategories on the right are used in the signal search.

The candidates are categorised in two ways. First, the three-muon mass resolution is computed event-by-event, ranging from 0.4% to 1.5% according to the candidate’s rapidity, and the
spectrum is divided in three ranges deﬁning three event categories, deﬁned with letters A, B,
and C, as shown in Figure 3 (left). Second, for each of these three categories a Boosted Decision Tree (BDT) is trained to distinguish signal (modelled with simulation) from background
(modelled with data sidebands) using a set of vertex-quality and muon-quality variables. The
spectrum of each BDT output is divided in three ranges deﬁned by values of the signal-overbackground ratios, as shown in Figure 3 (centre and right). Events in the last range, with the
lowest signal-over-background ratio, are discarded, while the other two ranges deﬁne the second
type of categories. In total the selected sample is divided in six categories.
A set of Ds± candidates is reconstructed through the Ds± → φπ ± → μ+ μ− π ± decay and
applying the same trigger requirement and same selections as the signal candidates. The invariant mass spectrum of the Ds± candidates is shown in Figure 4 (left). These events are used as
normalisation sample, to estimate the number of τ produced in the decay of D and B mesons
and avoid the dependence on collected collision luminosity and on D and B meson production
cross sections. The signal τ leptons can be either produced in B meson decays or in Ds decays,
where the Ds are produced both directly in the pp interaction and in B-hadron decays. A binned
template ﬁt is performed on the spectrum of the proper decay length, with respect to the pp
interaction point, of Ds candidates of the normalisation sample, as shown in Figure 4 (centre).
Two templates are produced from simulated events and used in the ﬁt: for the Ds candidates
produced directly in the pp interaction, and for the Ds candidates produced in B-hadron decays.
The ratio of the yield of the latter candidates is deﬁned as f . The number of expected τ leptons
from D meson decay is then:
Nsig(D) = N

A3μ(D)
B(Ds → τ ν)
B(Ds → φπ → μμπ) A2μπ

3μ
reco
2μπ
reco

2μ
trig,sig
2μ
trig(μμπ)

B(τ → 3μ)

,

(1)

while the number of expected τ leptons from direct B meson decay is:
Nsig(B) = f

A3μ(B)
B(B → τ + ...)
N
B(B → Ds + ...)B(Ds → τ ν) A3μ(D) sig(D)

,

(2)

where N is the yield of the normalisation channel, A3μ(D) , A3μ(B) and A2μπ are the detector
acceptance for the signal from D and direct B decay, and normalisation topologies, 3μ
reco and
2μπ are the reconstruction and selection eﬃciency for the signal and normalisation topologies,
reco
2μ
respectively, and ﬁnally 2μ
trig,sig and trig(μμπ) are the equivalent eﬃciencies for trigger selections.
All the acceptance and eﬃciency values are measured on simulated samples.
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Figure 4 – Left: the invariant mass distribution for two muons and a pion after applying signal-like kinematic
cuts on two muons and a pion, and after requiring that the two muons have opposite signs and their invariant
mass is consistent the φ meson mass. The two peaks are associated with Ds (1.97 GeV) and D+ (1.87 GeV)
decays, and modelled with Crystal-Ball functions, while the background is ﬁtted with an exponential function.
Centre: ﬁt prompt and non-prompt Ds contributions to data. The histograms are from Ds → φ(μμ)π MC. The
ﬁlled histogram is the B → Ds component, while the opened histogram stacked on the other is the prompt Ds
component. They ﬁt to data (sideband subtracted) using the proper decay length (LM/p). Right: S/(S + B)weighted trimuon mass distribution including events from all the categories used in the analysis. The backgroundonly ﬁt and the expected signal for BF (τ → 3μ) = 10−7 are shown with lines.

A maximum likelihood ﬁt is performed on the three-muon invariant mass spectrum, simultaneously on the six categories. A weighted combination of the mass spectra in the six categories
is shown in Figure 4 (right). Among the many sources of systematic uncertainties studied, the
dominant one originates from the Ds normalisation, corresponding to 10% of the signal yield.
No excess has been observed in the signal region. The observed limit on the branching fraction
at 90% conﬁdence level in this analysis is BF (τ → 3μ) < 8.8 · 10−8 .
5

Conclusions

The most recent heavy-ﬂavour results from the CMS Collaboration using data collected in Run2 period are presented. Thanks to the large amount of data collected and the high resolution
on the momenta of the reconstructed particles, two analyses were able to resolve for the ﬁrst
time a pair of states in the invariant mass spectra of Υ(3S)γ, identiﬁed as χb1 (3P ) and χb2 (3P ),
and of Bc+ π + π − , identiﬁed as Bc+ (2S) and Bc∗+ (2S). The search of the charge-lepton ﬂavour
violating decay τ → μμμ has been performed, exploiting the large data statistics, the powerful
muon identiﬁcation algorithms, and ingenious data selection techniques. No signal is observed
and an upper limit on the branching fraction is set to 8.8 · 10−8 (90% CL).
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Study of Lepton Universality at Belle
Markus Tobias Prim for the Belle Collaboration
Karlsruhe Institute of Technology (KIT), Institute of Experimental Particle Physics (ETP),
Wolfgang-Gaede-Str. 1, 76131 Karlsruhe, Germany
The Belle Collaboration presented three recent Belle analyses: The search for B → νγ
( = e, μ) with improved hadronic tagging, the search for B → μνμ with inclusive tagging and
∗ + −
the test of lepton universality in B → K
( = e, μ) decays.

1

Introduction

The Belle experiment collected an integrated luminosity of 711 fb−1 at the Υ(4S) resonance,
corresponding to 772×106 BB-events, using the Belle detector and the KEKB asymmetric-energy
e+ e− collider. In this manuscript we present three recent results from the Belle Collaboration.
2
2.1

Search for the rare decay B → νγ with improved hadronic tagging
Motivation

Purely leptonic B decays are helicity suppressed in the Standard Model (SM). This helicity
suppression can be lifted if a high energetic ﬁnal state photon is radiated from, e.g. the u quark
in the initial bound state. This leads to the excitation of the B meson to a virtual S=1 resonance,
whose decay into a μνμ -pair is not helicity suppressed. The dominant Feynman diagram to this
process is shown in Figure 1. Although the suppression by the electromagnetic coupling constant
αem arises in this process, the lifting of the helicity suppression results in an enhanced branching
ratio for the process. The diﬀerential decay rate for the process as a function of the γ energy is
given by

 

 

2Eγ
e  f B 2
αem G2F |Vub |2
dΓ(B → νγ)
3
2


,
(1)
× |FV | + FA +
=
mB Eγ 1 −
dEγ
mB
Eγ 
6π 2
with Fermi’s coupling constant GF , the CKM matrix element Vub , the B meson mass mB , the
B decay constant fB , and the lepton charge e . The axial-vector FA and vector FV hadronic
μ

b
W

B+
u

+

γ

νμ

Figure 1 – Leading order diagram for the process B → νγ.
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currents parametrize the hadronic transition. In the limit of high photon energies Eγ > 1 GeV
the form factors can be expanded1 as
FV/A (Eγ ) =

eu fB mB
R(Eγ ,μ ) + ξ(Eγ ) ± Δξ(Eγ ) ,
2Eγ λB (μ)

(2)

where eu is the charge of the u quark. Further, the factor R(Eγ ,μ ) describes the photon emissions
from the light spectator quark in the B meson. The ξ and Δξ terms contain a symmetry
conserving and breaking part for both form factors FV /A and are suppressed by factors of 1/mB
and 1/(2Eγ ). The parameter λB is closely related to the ﬁrst inverse moment of the leading twist
∞
B meson light cone distribution amplitude φ+ in the high energy limit, λ−1
B = 0 dwφ+ (w),
where w is the light-cone momentum. This parameter is an important input into calculations
of QCD factorization, which is used to predict non-leptonic B meson decays.2,3,4 The parameter
can not be derived from ﬁrst principles and is unknown. For λB in the order of several hundred
MeV and for photon energies Eγ > 1 GeV the partial branching ratio ΔB(B → νγ) is expected
to be of O(10−6 ).1
2.2

Results

The key improvements of the presented analysis are an improved B tagging algorithm, the Full
Event Interpretation5 (FEI), improved modeling of the background arising from semileptonic B
decays, and a new method to determine the upper limit on λB via the ratio
Rπ =

ΔB(B → νγ)
,
B(B → πν)

(3)

where the dependence on |Vub | cancels. The theory prediction and measured ratio for Rπ is
shown in Figure 2. For a detailed description of the analysis see Reference 6 . The determined
upper limit of the partial branching ratio with Eγ > 1 GeV is
ΔB(B → νγ) < 3.0 × 10−6 at 90% CL ,

(4)

resulting in an upper limit of
λB > 0.24 GeV .

(5)

Figure 2 – The theory prediction for Rπ with the 1 σ uncertainty band is shown in red, where the dark red band is
the theoretical uncertainty and the light red contains the uncertainty from the light-cone distribution amplitude
model dependence. The measured value with its uncertainty is shown in blue.
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3
3.1

Search for B → μνμ and B → μN with inclusive tagging
Motivation

The branching ratio of the decay B → μνμ can be calculated within the SM and is predicted to
be

2
m2
G2F mB m2
1− 2
fB2 |Vub |2 τB .
(6)
B(B → μνμ )SM =
8π
mB
The tree level Feynman diagram of the process is shown on the left of Figure 3.
μ

b
W

B+
u

H

B+
νμ

μ

b

+

B+
νμ

u

b

N

+

LQ
u

μ

Figure 3 – Tree level Feynman diagram for the SM process B → μνμ (left). Tree level Feynman diagram for the
2HDM process B → μνμ (middle). One possible realization for the process B → μN with Leptoquarks (right).

From Equation 6 it is apparent that the decay is both helicity and CKM suppressed, which
results in the small branching ratio of B(B → μνμ )SM ≈ (4.26 ± 0.7) · 10−7 . Although rare,
the decay has a very clean experimental signature of a high energetic monochromatic lepton
momentum. Models beyond the SM can inﬂuence this branching ratio and/or the nominal
momentum of the lepton. In the following two models are discussed.
Within the 2 Higgs Doublet Models (2HDM) the SM Higgs sector is extended by an additional Higgs doublet, which results in a total of ﬁve Higgs bosons after electroweak symmetry
breaking, including a charged Higgs boson which can mediate the decay B → μνμ . The leading
order Feynman diagram where the charged Higgs mediates the decay is shown in the middle of
Figure 3. Depending on the parameters of the 2HDM model, the interference between the SM
and 2HDM processes is either constructive or destructive, modifying the experimental signature
by enhancing or reducing the observed branching ratio. In this manuscript we investigate the
type-II and type-III 2HDM models7,8,9 , where the modiﬁcation of the branching ratio is given
by
2




m2B tan2 β 
 ,
(7)
B(B → μνμ )Type-II = B(B → μνμ )SM × 1 −
2
m + 

H
with the ratio of the vacuum expectation values of the two Higgs Doublets tan β and the mass
of the charged Higgs boson mH+ , and
B(B → μνμ )Type-III

2


m2B CR − CL 

= B(B → μνμ )SM × 1 +
 ,

mb m CSM 

(8)

where the coeﬃcients CR/L encode the new physics contribution.
The search for the decay B → μνμ allows to search for a sterile neutrino in the ﬁnal state in
a model independent way. One possible realization with a Leptoquark as mediator is shown on
the right of Figure 3. The only requirement imposed on the sterile neutrino is a lifetime large
enough to not decay inside of the detector volume. With a massive sterile neutrino in the ﬁnal
state, the signal peak of the monochromatic lepton momentum shifts to lower energies, thus
revealing a second signal contribution in the lepton momentum spectrum, or an enhancement
of the measured branching ratio if the two signal peaks are indistinguishable.
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Figure 4 – 68% and 95% CL excluded model parameter space for the 2HDM type-II (tan β, mH+ ) and type-III
(CR , CL ) are shown.

3.2

Results

The key improvements of the presented analysis are an inclusive tagging approach with a dedicated calibration to improve the momentum resolution, which allows to measure the monochromatic signal peak in the parent B meson, an improved description of the semileptonic B → Xu ν
decays and an improved modeling the continuum background. For a detailed description see the
upcoming publication of the analysis. The measured branching ratio is
B(B → μνμ ) = (5.3 ± 2.0 ± 0.9) × 10−7

(9)

with a signiﬁcance of 2.8 standard deviations over the background only hypothesis. The allowed
region for the type-II and type-III 2HDM model parameters are calculated with the measured
central value of the branching ratio and are shown in Figure 4. The scan for a sterile neutrino
in the measured lepton momentum spectrum was performed by ﬁxing the SM process to its
expectation. The local p0 value in the scanned mass range is shown in Figure 5. No signiﬁcant
excess was observed.

Sterile Neutrino Scan

100

local p0

1

10

1

2
B

10

N stat. + sys.

Preliminary

2

0.00

0.25 0.50 0.75 1.00 1.25 1.50
Sterile Neutrino Mass mN / (GeV)

1.75

Figure 5 – The observed local p0 values for the sterile neutrino search B → μN are shown with the SM process
B → μνμ included. If the SM process is accounted for, no signiﬁcant excess is observed. The largest deviation
from the background-only hypothesis is at mN = 1 GeV. No correction for the look elsewhere eﬀect is included.

300

Test of lepton ﬂavor universality in B → K∗ + − decays at Belle

4
4.1

Motivation

The decays B → K∗ + − have been studied intensively and the experimental results suggest that
the underlying b → s transition could be aﬀected by BSM physics in the ﬁnal state containing
muons11,12,13,14,15 . The ratio of branching ratios
RK∗ =

B(B → K∗ μμ)
≈1
B(B → K∗ ee)

(10)

is well suited for testing lepton ﬂavor universality16 . In the SM the ratio is predicted to be close
to unity, i.e. the coupling of the gauge boson does not distinguish between electrons and muons.
The theoretical uncertainties originating from the form factors of the hadronic transition cancel
in the ratio, making it an excellent probe for new physics.17 In Figure 6 the leading order SM
process is shown together with a possible new physics model involving a Z  boson.

+
W+
B

Z0 /γ

+
Z

−

b

s

d

d

K∗

B

Figure 6 – Leading order SM process for the decay B → K

process with a Z boson (right).

4.2



−

b

s

d

d

∗ + −

K∗

(left) and one possible BSM realization of the

Results

The key improvements of the presented analysis are an improved reconstruction of the decay
with a hierarchical neural network approach and the optimization of the analysis to measure the
ratio and not the individual branching ratios. Additionally, the presented analysis includes for
the ﬁrst time the ﬁnal state with a K∗+ meson, i.e. the measurement of the ratio R ∗ + . For a
K

detailed description of the analysis see Reference 10 . The measured ratio of RK∗ over the whole
q 2 range is
RK∗ = 0.94+0.17
−0.14 ± 0.08 .

(11)

The value of RK∗ in individual bins of q 2 is shown in Figure 7 and tabulated in Table 1.
Table 1: Result for RK∗ , RK∗ 0 and RK∗ + . The ﬁrst uncertainty is statistical and the second is systematic.

q 2 in GeV2 /c4
[0.045, 1.1]
[1.1, 6]
[0.1, 8]
[15, 19]
[0.045, ]

All modes
0.52+0.36
−0.26 ± 0.05
0.96+0.45
−0.29 ± 0.11
0.90+0.27
−0.21 ± 0.10
1.18+0.52
−0.32 ± 0.10
0.94+0.17
−0.14 ± 0.08

B 0 modes
0.46+0.55
−0.27 ± 0.07
1.06+0.63
−0.38 ± 0.13
0.86+0.33
−0.24 ± 0.08
1.12+0.61
−0.36 ± 0.10
1.12+0.27
−0.21 ± 0.09
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B + modes
0.62+0.60
−0.36 ± 0.10
0.72+0.99
−0.44 ± 0.18
0.96+0.56
−0.35 ± 0.14
1.40+1.99
−0.68 ± 0.11
0.70+0.24
−0.19 ± 0.07

Figure 7 – Results for RK∗ compared to the SM predictions. The separate vertical error bars indicate the statistical
and total uncertainty.
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FLAVOUR FROM THE PLANCK TO THE ELECTROWEAK SCALE
S.F. KING
Department of Physics and Astronomy, University of Southampton,
Southampton, SO17 1BJ, U.K.

We discuss a theory of ﬂavour in which Higgs Yukawa couplings are related to those of the new
scalar triplet leptoquark and/or Z  responsible for RK (∗) , with all couplings arising eﬀectively
from mixing with a vector-like fourth family, whose mass may be anywhere from the Planck
scale to the electroweak scale for the leptoquarks explanation, but is pinned down to the TeV
scale if the Z  exchange plays a role. However, in this particular model, only leptoquark
exchange can contribute signiﬁcantly to RK (∗) , since Z  exchange is too constrained from Bs
mixing and τ → 3μ, although other Higgs Yukawa matrix structures may allow it.

1

Introduction

The Standard Model (SM) has almost thirty parameters, most of them arising from the unspeciﬁed Higgs Yukawa couplings. This motivates theories of ﬂavour beyond the SM. Here we shall
consider one simple example where the usual Higgs Yukawa couplings with the three families of
chiral fermions are forbidden by some symmetry, which is broken by some new scalar ﬁeld φ,
allowing the Higgs Yukawa couplings to arise eﬀectively from mixing with a vector-like fourth
family 2 . In principle the mass of the vector-like fourth family M4 (i.e. the ﬂavour scale in this
example) may be anywhere from the Planck scale to the electroweak scale, providing that the
ratios φ/M4 which govern the Yukawa couplings are held ﬁxed.
The LHCb Collaboration 1 and other experiments have reported a number of anomalies in
B → K (∗) l+ l− decays such as the RK and RK ∗ ratios of μ+ μ− to e+ e− ﬁnal states, which are
observed to be about 70% of their expected values with a 2.5σ deviation from the SM. Such
anomalies may be accounted for by a new physics operator of the form b̄L γ μ sL μ̄L γμ μL , with
a coeﬃcient Λ−2 where Λ ∼ 30 TeV. This hints that there may be new physics arising from
the non-universal couplings of leptoquarks and/or Z  in order to generate such an operator.
However the introduction of these new particles increases the parameter count still further, and
only serves to make the favour problem of the SM worse.
Motivated by such considerations, it is interesting to speculate that the above empirical hint
of ﬂavour non-universality is linked to a possible theory of ﬂavour. In this talk we consider an
example of this based on the vector-like fourth family discussed above. To achieve the desired
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link, one may introduce leptoquarks and/or Z  into the above theory of ﬂavour in such a way
that the eﬀective Higgs Yukawa couplings and the eﬀective leptoquark and/or Z  couplings are
generated at the same time, from mixing with the vector-like fourth family. In such a model,
the couplings of leptoquarks and/or Z  may be related to Yukawa couplings, leading to a very
predictive framework.

2

Model of ﬂavour and RK (∗ ) with leptoquarks and Z 

Consider the model in Table 1 with a vector-like fourth family of fermions of mass M4 2 . The
model also involves a gauged U (1) , which is broken by a singlet φ leading to a massive Z 
with non-universal couplings 3,4,5 . We have also included a scalar leptoquark triplet S3 of mass
MS3 6,7 . The model in Table 1, deﬁned in these proceedings for the ﬁrst time, may be regarded as
an amalgamation of the Z  model 5 and the leptoquark model 7 , where both models previously
included also a vector-like fourth family of fermions. The idea is that the usual three chiral
families of quarks and leptons do not have renormalisable couplings to Higgs or leptoquarks or
Z  (since they are neutral under U (1) ). However, as we shall see, such couplings are generated
via mixing with the vector-like fourth family, thereby relating all these couplings to each other.

φ

H

SU (3)c

SU (2)L

U (1)Y

U (1)

3
3
3
1
1
1

2
1
1
2
1
1

1/6
−2/3
1/3
−1/2
1
0

0
0
0
0
0
0

Q4
uc
4
dc
4
L4
ec
4
ν4c

3
3
3
1
1
1

2
1
1
2
1
1
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1
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1
1
1
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1
1
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4
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4
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4
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3
3
3
1
1
1

2
1
1
2
1
1

−1/6
2/3
−1/3
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−1
0

−1
−1
−1
−1
−1
−1

Hu
Hd

1
1

2
2

1/2
−1/2

−1
−1

φ

1

1

0

1

S3

3

3

1/3

−2

Field
Qi
uc
i
dc
i
Li
ec
i
νic

ψ4c

ψjc

M4Q

Z
M4ψ
ψ4

ψ4

φ

S3

Q4

L4

φ

M4ψ
ψ4

M4L
Q4

ψ4

Lj

L4

Z

φ

ψj

ψjc

ψ4

ψ4

Qi

ψi

M4ψ

ψi

ψ4c

φ

H

c

φ

Table 1: The model consists of three chiral fermion families, one
vector-like fermion family and two Higgs scalar doublets. The
gauged U (1) is broken by a singlet φ leading to a massive Z  .
We also include a scalar leptoquark triplet S3 .

2.1

M4ψ

ψi

φ

M4ψ

ψic
ψ4c

c

ψ4c

φ

M4ψ
ψ4c

c

ψjc

ψ4c

Table 2: Eﬀective Higgs couplings (upper)
(where H = Hu,d , ψi = Qi , Li and ψic =
uci , dci , eci ), leptoquark couplings (middle) and
Z  couplings (lower).

The Higgs couplings

We ﬁrst consider the couplings involving the two Higgs doublets Hu,d . This was ﬁrst discussed
in 2 , where a Z2 symmetry prevented the usual Yukawa couplings. Here it is the gauged U (1)
which forbids the usual Yukawa couplings since the Higgs carry the new charges while the chiral
fermions do not. However Higgs scalar doublets with U (1) charge −1 can couple a chiral fermion
to a vector-like fourth family fermion with U (1) charge +1, controlled by new Yukawa couplings
y4i . The U (1) also allows the scalar singlet φ to couple a chiral fermion to a vector-like fourth
family fermion, controlled by new Yukawa couplings xi . These couplings generate the 3 × 3
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H̃d

Hu

M4ν

Li

c

Lj

ν4c

ν4

Figure 1 – The fourth family vector-like neutrinos allows a new contribution to neutrino mass via a diagram
involving two diﬀerent Higgs doublets Hu , H̃d (left), which we refer to as the type Ib seesaw mechanism. The
leptoquark S3 contributes to RK (∗ ) at tree-level (centre), and to Bs mixing at one loop (right).

eﬀective Yukawa matrices, via the upper diagrams in Table 2, in a particular basis 2 :
⎛
e,u
yij

0

0

⎜
= ⎝ 0 εe,u
22

0 εe,u
32

⎞

0
εe,u
23
e,u
y33 + εe,u
33

⎟
⎠,

⎛

⎞

0 εd12
εd13
⎟
εd22
εd23
⎠,
d
d
d
0 ε32 y33 + ε33

⎜
=⎝ 0

d
yij

(1)

where the eﬀective Yukawa couplings εij are deﬁned as εeij Hd Li ecj , εuij Hu Qi ucj , εdij Hd Qi dcj , and
c c c
are given by the upper left diagrams in Table 2, hence εe,u,d
∝ 1/M4e ,u ,d . These couplings are
ij
c

c

c

suppressed εij
y33 , assuming M4L,Q
M4e ,u ,d (see 2 for more details).
To leading order the dominant third family Yukawa couplings are given by the upper right
diagrams in Table 2,

e
e
yτ ≈ y33
≈ y43

xL
3 φ
M4L



 Q

,

u
u
yt ≈ y33
≈ y43

x3 φ



M4Q

 Q

,

d
d
yb ≈ y33
≈ y43

x3 φ
M4Q



(2)

e H L ec ,
where the eﬀective Yukawa couplings are deﬁned for the two Higgs doublet model as y33
d 3 3
u
c
d
c
y33 Hu Q3 u3 and y33 Hd Q3 d3 . In this basis, only the third family Yukawa couplings originate from
such diagrams 2 .
Interestingly, the fourth family vector-like neutrinos provide a new contribution to neutrino
mass via the type Ib seesawa diagram in Fig. 1 (left) 8 . Below the mass scale of the fourth family
of vector-like neutrinos, this leads to a new Weinberg operator for neutrino mass of the form
1
H H̃ L L involving the two diﬀerent Higgs doublets Hu , H̃d , where the charge conjugated
M νc u d i j
4

doublet H̃d = −iσ2 Hd∗ , and Hd∗ is the complex conjugate of Hd . For more details including a
phenomenological analysis see 8 .
2.2

The leptoquark couplings

We now consider the couplings involving the scalar leptoquark triplet S3 as discussed in 7 . The
assigned U (1) charges allow the renormalisable leptoquark coupling, λ4 S3 Q4 L4 , involving the
fourth family, but not the ﬁrst three families. The middle diagram in Table 2 generates a single
eﬀective leptoquark coupling, which involves the third family (only) in the same basis as Eq.1 7 :


λ4

xL
3 φ
M4L

 Q

x3 φ
M4Q



S3 Q 3 L 3 ≈ λ 4

 e  u 
y
y
33

33

e
y43

u
y43

S3 Q 3 L 3 ≈ y τ y t S3 Q 3 L 3

(3)

where the ﬁrst equality in Eq.3 has used Eq.2, and the second equality sets y4i ≈ λ4 ≈ 1.
Eﬀective leptoquark couplings to ﬁrst and second family quarks and leptons are generated
when the Yukawa matrices in Eq.1 are diagonalised and so are suppressed by εij /y33 . Since
down quark mixing is larger than up quark mixing (due to the milder mass hierarchy), we
a
We refer to the seesaw mechanism involving two diﬀerent Higgs doublets Hu , H̃d as type Ib to distinguish it
from the usual seesaw mechanism involving two identical Higgs doublets Hu which we refer to as type Ia.
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d ≈ V , while the analogous charged lepton mixing angle θ e is similarly small. Hence
assume θ23
ts
23
in the diagonal Yukawa basis we have leptoquark couplings involving the left-handed lepton
doublets L3 = (ντ , τ )TL , L2 = (νμ , μ)TL , and quark doublets Q3 = (t, b)TL , Q2 = (c, s)TL , from Eq.3,
assuming yt ≈ 1,

y τ S3 Q 3 L 3 ,

e
yτ θ23
S3 Q 3 L 2 ,

yτ Vts S3 Q2 L3 ,

e
yτ θ23
Vts S3 Q2 L2 ,

...

(4)

Thus, after a number of reasonable dynamical assumptions, we have obtained the leptoquark
couplings in Eq.4 in terms of Yukawa couplings and mixing angles.
The leptoquark couplings in Eq.4 have a number of interesting phenomenological implications, mainly due to the the couplings of the electric charge +4/3 component of S3 to the physical
left-handed down quark and charged lepton mass eigenstates
λbτ S3 bL τL ,
λbτ ≈ yτ ,

λsτ S3 sL τL ,
λsτ ≈ yτ Vts ,

λbμ S3 bL μL ,
e
λbμ ≈ yτ θ23
,

λsμ S3 sL μL ,

(5)

e
λsμ ≈ yτ θ23
Vts .

(6)

The leptoquark S3 contributes to RK (∗ ) at tree-level, via the (centre) diagram in Fig.1, where
the requirement to explain the anomaly is 7


λbμ λsμ
y 2 (θe )2 Vts
1.1
MS 3
e 2
≈ τ 232
≈
→ yτ2 (θ23
) ≈ 2.2 × 10−2
2
(35 TeV)2
1 TeV
MS 3
MS 3

2

,

(7)

using Vts ≈ 4.0 × 10−2 , which requires quite a large yτ ≈ 1 (i.e. large tan β = Hu /Hd ) and
e ≈ 0.1, together with a low leptoquark mass M
a large mixing angle θ23
S3 ≈ 1 TeV, close to
7
current LHC limits .
On the other hand, Bs mixing only occurs at one loop, via the (right) diagram in Fig.1,
dominated by τ exchange, leading to the 2015 bound 7


yτ4 Vts2
1
(λsτ λbτ )2
M S3
≈
≤
→ yτ4 ≤ 5.0
2
2
(140 TeV)2
1 TeV
16π MS3
16π 2 MS23

2

(8)

which is satisﬁed even for large yτ ≈ 1 with MS3 ≈ 1 TeV. However the stronger 2017 bound
with scale of 770 TeV instead of 140 TeV implies a bound of yτ4 ≤ 0.16 for MS3 ≈ 1 TeV 7 .
2.3

The Z  couplings

We now consider the couplings involving the Z  as discussed in 5 . Although the chiral fermions
do not carry U (1) charges, the lower diagrams in Table 2 generate eﬀective Z  couplings to
chiral fermions, via the vector-like fourth family fermions which do carry U (1) charges (which
are trivially anomaly free). The Z  couplings in the basis of Eq.1 are dominated by left-handed
couplings to the third family 5 , b
yt2 g  Zμ Q†3 γ μ Q3 + yτ2 g  Zμ L†3 γ μ L3 ,

(9)

The Z  couplings in Eq.9 are analogous to the case of the third family leptoquark couplings
in Eq.3, with no couplings to the ﬁrst or second family in the basis of Eq.1. However, ﬂavour
changing couplings involving the quark doublets Q3 = (t, b)TL , Q2 = (c, s)TL , will be generated
when the Yukawa matrices in Eq.1 are diagonalised,
yt2 g  Zμ Q†3 γ μ Q3
b

→

Vts Zμ Q†3 γ μ Q2 ,

Vts2 Zμ Q†2 γ μ Q2 ,


...

→

Vts Zμ b†L γ μ sL ,

. . . (10)

Unlike the leptoquark case, there are also small Z couplings to the right-handed fermions, in the basis
μ c
d d   c† μ c
e e   c† μ c
of Eq.1, εuij εuji g  Zμ uc†
i γ uj , εij εji g Zμ di γ dj , εij εji g Zμ ei γ ej , which are second order in the small Yukawa
couplings. Thus, the small value of the Yukawa coupling of the charm quark implies that the cR coupling to Z 
is suppressed by (mc /mt )2 ∼ 10−4 in this basis. The sR coupling to Z  is similarly suppressed, so there there is
a negligible contribution to K0 − K̄0 mixing for MZ ∼ 1 TeV.
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Figure 2 – These Z  exchange diagrams contribute to RK (∗ ) (left), to Bs mixing (centre) and to τ → μμμ (right).
The couplings are deﬁned as gbs Zμ b†L γ μ sL , gμμ Zμ μ†L γ μ μL and gτ μ Zμ τL† γ μ μL .

Similarly the operator yτ2 g  Zμ L†3 γ μ L3 in Eq.9 leads to ﬂavour changing couplings involving the
e ,
lepton doublets L3 = (ντ , τ )TL , L2 = (νμ , μ)TL , controlled by a left-handed lepton mixing θ23
e 2 2  † μ
e 2  † μ
) yτ Z μ L 2 γ L 2
yτ Zμ L3 γ L2 , (θ23
θ23

...

e 2  † μ
e 2 2  † μ
θ23
yτ Zμ τL γ μL , (θ23
) yτ Zμ μL γ μL (11)

→

where we have taken yt ≈ g  ≈ 1. The couplings in Eqs.10, 11 control the Z  exchange diagrams
in Fig.2 which contribute to RK (∗ ) (left), to Bs mixing (centre) and to τ → μμμ (right).
The Z  contributes to RK (∗ ) at tree-level, via the (left) diagram in Fig.2, where the requirement to explain the anomaly (ignoring the contribution from the leptoquark) is 5


y 2 (θe )2 Vts
1.1
gμμ gbs
MZ 
e 2
≈ τ 232
≈
→ yτ2 (θ23
) ≈ 2.2 × 10−2
(35 TeV)2
1 TeV
MZ2 
MZ 

2

,

(12)

using Vts ≈ 4.0 × 10−2 , which is analogous to the expression we obtained for the leptoquark in
Eq.7. As before, this requires quite a large yτ ≈ 1 (i.e. large tan β = Hu /Hd ) and a large
e ≈ 0.1, together with a low mass M  ≈ 1 TeV, close to current LHC limits 4 .
mixing angle θ23
Z
Now Bs mixing is mediated by tree-level Z  exchange as in the (centre) diagram in Fig.2,
leading to the 2015 bound 4 ,
gbs gbs
V2
1
≈ ts2 ≤
→ MZ  ≥ Vts (140 TeV) = 5.6 TeV
(140 TeV)2
MZ2 
MZ 

(13)

However the stronger 2017 bound with scale of 770 TeV instead of 140 TeV implies a bound of
MZ  ≥ 31 TeV, which seems incompatible with the RK (∗ ) requirement in Eq.12.
Moreover τ → μμμ is mediated by tree-level Z  exchange as in the (right) diagram in Fig.2,
leading to the bound 4 ,


MZ 
(θe )3 y 4
1
gτ μ gμμ
e 3
≈ 23 2 τ ≤
→ yτ4 (θ23
) ≤ 4.0 × 10−3
2
(16 TeV)2
1 TeV
MZ 
MZ 

2

.

(14)

e , the bounds on B mixing and τ → μμμ may be written as:
Writing gτ μ = gμμ /θ23
s

gbs
1
≤
,
MZ 
(140 TeV)

e )1/2
(θ23
gμμ
≤
MZ 
(16 TeV)

(15)

which may be combined, leading to a bound c on the contribution to RK (∗ ) ,
e )1/2
e )1/2
gμμ gbs
(θ23
(θ23
≤
=
M Z  MZ 
(140 TeV)(16 TeV)
(47 TeV)2

which is somewhat less than the

1.1
(35 TeV)2

required in Eq.12 to explain the anomaly. Moreover,

the stronger 2017 bound with scale of 770 TeV instead of 140 TeV implies a bound of
which is signiﬁcantly less than the
c

(16)

1.1
(35 TeV)2

required to explain the anomaly.

I am grateful to E.Perdomo for pointing out this bound.
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e )1/2
(θ23
,
(111 TeV)2

3

Summary and Conclusion

In this talk we have explored the possibility that Higgs Yukawa couplings are related to the
couplings of a new scalar triplet leptoquark or Z  , providing a predictive theory of ﬂavour,
including ﬂavour changing, and ﬂavour non-universality.
In particular, we have here combined (for the ﬁrst time) the Z  model 5 and the leptoquark
model 7 , including also a vector-like fourth family of fermions, as a possible explanation of RK (∗ ) .
The idea of these models is that the Yukawa couplings are generated by the same physics that
generates the Z  and leptoquark couplings, namely mixing with the vector-like fourth family.
The combined model proposed here allows Z  and leptoquark contributions to be compared in
the same framework.
In the combined model considered here, the leptoquark couplings in Eq.5 are given in terms
of Yukawa couplings and mixing angles in Eq.6. We have seen that such a ﬂavoured leptoquark
can just about account for RK (∗ ) , while satisfying the bound on Bs mixing, providing that the
leptoquark mass is close to its current LHC bound, namely MS3 ≈ 1 TeV, which is a clear
prediction of the model, providing a target future LHC runs. However, as seen above, this
e ≈ 0.1, so the leptoquark-only
also requires quite a large yτ ≈ 1 and a large mixing angle θ23
explanation of RK (∗ ) is under some tension.
Unfortunately, the Z  couplings in Eqs. 10,11, are unable to account for RK (∗ ) , while satisfying the bounds from Bs mixing and τ → μμμ, as can be seen from the bound in Eq.16. However
it is possible that other (lepton) Yukawa matrix structures may allow Z  exchange to account
for RK (∗ ) , as previously discussed 5 .
There is an important distinction to be drawn between the leptoquark and Z  explanations
of RK (∗) , when linked to a theory of ﬂavour. The leptoquark mass term MS23 |S3 |2 respects
U (1) , and hence the leptoquark mass MS3 is independent of the order parameter φ. As far
as the leptoquark mass is concerned, the ﬂavour breaking scale φ may be anywhere from the
Planck scale to the electroweak scale, providing that the ratios φ/M4 which govern the Yukawa
couplings are held ﬁxed. By contrast, since the Z  mass is of order φ, a TeV scale Z  (as would
be required to account for RK (∗) ) would require a theory of ﬂavour near the electroweak scale!
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Single–Leptoquark Solutions to the B-physics Anomalies
Andrei Angelescu
Department of Physics and Astronomy, University of Nebraska-Lincoln,
Lincoln, NE, 68588, USA.
We examine various scenarios in which the Standard Model is extended by a light leptoquark
state to explain one or both B–physics anomalies. Combining low–energy constraints and
direct searches at the LHC, we conﬁrm that the only single leptoquark model that can explain both anomalies at the same time is a vector leptoquark, known as U1 . Focusing on
U1 , we highlight the complementarity between LHC and low–energy constraints, and argue
that improving the experimental bound on B(B → Kμτ ) by two orders of magnitude could
compromise its viability as a solution to the B-physics anomalies.

1

Introduction

Over the past several years, there has been a growing interest in the theoretical studies of the
origin of lepton ﬂavor universality violation (LFUV), motivated by a number of experimental
hints in weak decays of B-mesons pointing towards LFUV. The ﬁrst such indication concerns
the measurement of the ratios

B(B → D(∗) τ ν̄) 
,
(1)
RD(∗) =

B(B → D(∗) lν̄) 
l∈{e,μ}

for which several experimental collaborations found an excess of 3.8 σ 1,2 with respect to the
(w.r.t.) Standard Model (SM) prediction. 3,4,5,6,7
Another indication of the LFUV came from the weak decays mediated by a ﬂavor changing
neutral current (FCNC), b → sl+ l− . LHCb measured
[q 2 ,q 2 ]

RK1(∗)2 =

B  (B → K (∗) μμ)
,
B  (B → K (∗) ee)

(2)

where B  stands for the partial branching fraction obtained by integrating over q 2 = (pl+ + pl− )2
between q12 and q22 (in units of GeV2 ), and found a value ≈ 2.5 σ 8,9 (4σ when comined) lower
exp
exp
SM
SM
than the value predicted in the SM 10 . The observations that RD
(∗) > RD (∗) and RK (∗) < RK (∗)
are commonly referred to as the “B-physics anomalies”.
In order to explain these anomalies, physics beyond the SM (BSM) is needed. One of the
most popular BSM scenarios for addressing the anomalies involve leptoquarks (LQs), which are
colored new bosons that couple to both quarks and leptons. In this work, based on Ref. 11 , we
study the possibility of a single scalar or vector LQ as a mediator of new physics (NP) that can
exp
exp
SM
SM
accommodate one or both of the B-physics anomalies, i.e. RK
(∗) < RK (∗) and/or RD (∗) > RD (∗) .
In doing so, we combine the updated constraints arising from numerous low-energy physics
observables with those deduced from the direct searches at the LHC. Since this kind of models
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can give rise to lepton ﬂavor violation (LFV), 12 a particular attention is devoted to the vector
LQ model U1 , for which we will show that the improved experimental bounds on B(B → K (∗) μτ )
could validate or discard the model in its minimal form.

2

Eﬀective Theory Description

In this Section, we recall the low-energy eﬀective theory relevant to both b → s+ − and b → cν̄
decays, focusing only on (V − A) × (V − A) four–fermion operators, which provide a viable
explanation for both b → s− + and b → cν̄ B–physics anomalies.
2.1

+
b → s−
1 2 and RK (∗)

Since we are concerned with both lepton ﬂavor conserving and LFV decay modes, we describe the
+
eﬀective (V − A) × (V − A) Hamiltonian for a generic b → s−
1 2 transition, with 1,2 ∈ {e, μ, τ },
which can be written as
4GF
e2
1 2
(s̄γμ PL b)(¯1 γ μ γ 5 2 ) + h.c.
C91 2 (s̄γμ PL b)(¯1 γ μ 2 ) + C10
Heﬀ ⊃ − √ Vtb Vts∗
(4π)2
2

(3)

1 2
where C9,10
are the Wilson coeﬃcients relevant to our study. By assuming that the NP couplings
to electrons are negligible, it has been established that RK and RK ∗ can be explained by a purely
μμ
vector Wilson coeﬃcient, C9μμ < 0, or by a left-handed combination, C9μμ = −C10
< 0, as NP
13
couplings to electrons are disfavored (see e.g. Ref. ). The result of our ﬁt is
μμ
C9μμ = −C10
∈ (−0.85, −0.50) ,

(4)
exp 8,9
RK
(∗) ,

which deviates from the SM by almost 4σ. In this ﬁt we used
and the theoretically


−9 . 14,15 The possibility of having C μμ = −C μμ
clean B(Bs → μμ)exp = 3.0 ± 0.6+0.3
×
10
9
10
−0.2
is particularly interesting because it is realized in several LQ scenarios. 16 From now on, for
notational simplicity, we will omit the “μμ”-superscript.
2.2

b → cν̄ and RD(∗)

On the charged current–side, the relevant dimension-six eﬀective Lagrangian reads
√
!
Leﬀ ⊃ −2 2GF Vud (1 + gVL ) (uL γμ dL )(L γ μ νL ) + h.c. ,

(5)

where u and d stand for a generic up- and down-type quarks, and gVL is the eﬀective NP coupling
(which amounts to a rescaling of the SM contribution).
To determine the allowed values of gVL , we assume that NP only contributes to the transition
b → cτ ν̄, and that its eﬀect is negligible to the electron and muon modes. a We ﬁnd that the
allowed 1 σ range in this case reads


∈ (0.09, 0.13) .
(6)
g VL 
b→cτ ντ

Note that other solutions besides gVL > 0 are possible and have been considered in the literature
(see e.g. Ref. 17 ).
a
That assumption is a very good approximation to the realistic situation. As we shall see, we ﬁnd that the
couplings of leptoquarks to b and τ are indeed much larger than those involving muons so that the physics
discussion of RD(∗) remains unchanged after setting the couplings to muons to zero.

310

Table 1: Summary of the LQ models which can accommodate RK (∗) (ﬁrst column), RD(∗) (second
column), and both RK (∗) and RD(∗) (third column) without inducing other phenomenological problems.
The ∗ symbol means that the discrepancy can be alleviated, but not fully accommodated.

3

Model

RK (∗)

RD(∗)

RK (∗) & RD(∗)

S1

∗



∗

R2

∗





,2
R







S3







U1







U3







Which leptoquark model?

In this Section we list the results for the LQ models proposed to accommodate the B-physics
anomalies by introducing a single mediator. We adopt the notation of Ref. 16 and specify the LQ
by their SM quantum numbers, (SU (3)c , SU (2)L )Y , where the electric charge, Q = Y + T3 , is
the sum of the hypercharge (Y ) and the third weak isospin component (T3 ). In the left-handed
doublets, Qi = [(V † uL )i dL i ]T and Li = [(U νL )i L i ]T , the matrices V and U are the CKM
and PMNS matrices, respectively. Since the neutrino masses are can be safely ignored for the
purposes of this work, we set U = 1.
To asses the phenomenological viability of these LQ models, we confront them with the
(tree–level) constraints listed in Table 3 of Ref. 11 and with constraints arising at loop–level,
such as τ → μγ, Bs − B̄s mixing and LFU tests in Z and τ decays (and b → sν ν̄, which
appears only at loop level for U1 ). However, in the case of vector LQs, we do not consider the
constraints induced by the loop eﬀects since they are sensitive to the details of the unknown UV
completions, which leads to model dependence (see Ref. 11 for a more detailed discussion).
Our ﬁndings are summarized in Table 1, from which we learn that U1 is the only single LQ
model that can simultaneously accommodate RK (∗) and RD(∗) , in agreement with the ﬁndings
of Ref. 18 . Note that our conclusions can also serve as a guideline for future studies if one of the
anomalies disappear.
4
4.1

Revisiting U1 = (3, 1)2/3
Constraints

As pointed out in the previous section, the only LQ that can provide a simultaneous explanation
to the anomalies in b → s and b → c transitions is U1 = (3̄, 1)2/3 , 18 the weak singlet vector LQ.
In this Section we brieﬂy discuss the phenomenological status of the U1 scenario. To constrain
the model parameters of this scenario, we use the low-energy physics observables which receive
the tree-level contributions from the U1 exchange. We also compare these results with the ones
deduced from the experimental bounds based on direct searches at the LHC. We refer the reader
to Ref. 11 for a more detailed discussion of all these constraints.
The most genera U1 Lagrangian consistent with the SM gauge symmetry allows couplings
to both left-handed and right-handed fermions:
μ
ij ¯
μ
LU1 = xij
L Q̄i γμ U1 Lj + xR dR i γμ U1 R j + h.c.,
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(7)

ij
SM
SM
where xij
L and xR are the couplings. To satisfy both RK (∗) < RK (∗) and RD (∗) > RD (∗) , we
assume the following structure for the coupling matrices:
⎛
⎞
0 0
0
sμ
⎠,
(8)
xR = 0 ,
xL = ⎝0 xL xsτ
L
bτ
0 xbμ
x
L
L

where the left–handed couplings to the ﬁrst generation are set to zero in order to avoid conﬂict
with experimental limits on μ − e conversion on nuclei, atomic parity violation and on B(K →
πν ν̄). The right–handed couplings are set to zero because otherwise they would generate Wilson
coeﬃcients are disfavored by the current b → s data. In the following, we will call the scenario
deﬁned by Eq. (8) the minimal U1 model.
Under these assumptions, the contribution to the eﬀective Lagrangian (3) amounts to
C9 = −C10

xsμ
xbμ
L
L
πv 2
=−
Vtb Vts∗ αem
m2U1

∗

,

(9)

exp
SM
as required by the observation of RK
(∗) < RK (∗) . Furthermore, this scenario also contributes to
b → cτ ν̄τ by giving rise to the eﬀective coeﬃcient
 ∗


∗
v 2 (V xL )cτ xbτ
v2
Vcs sτ
L
xbτ
(10)
=
xL ,
g VL =
xbτ
L
L +
2
2
Vcb
2Vcb mU1
2mU1
exp
SM
whose leading term implies gVL > 0, in agreement with the observed RD
(∗) > RD (∗) .

4.2

Results and predictions

We now present the results of our analysis. For deﬁniteness, we set mU1 = 1.5 TeV, which
is the lowest U1 mass not yet excluded by vector LQ pair production searches at the LHC. 24
The resulting parameter space will then be used to show our predictions for two LFV processes,
B → Kμτ and τ → μφ.
For our analysis, we ﬁrst ﬁnd a best ﬁt point by minimizing a χ2 -function built from the
ﬂavor observables listed in Table 3 of Ref. 11 . We ﬁnd χ2min = 6.61 for
−2
xsμ
,
L ≈ −10

xbμ
L ≈ 0.25 ,

−3
xsτ
,
L ≈ 4.4 × 10

xbτ
L ≈ 2.81 .

(11)

We then perform a random scan over the values
√ of the four left-handed couplings shown in
4π. We select only the points which satisfy
Eq. (8), and enforce perturbativity, |xij
L| ≤
Δχ2 (par) ≡ χ2 (par) − χ2min ≤ 6.18, i.e. within 2 σ from the best ﬁt point. The selected
points are then confronted with the limits deduced from the direct LHC searches in  ( =μ,
τ ) ﬁnal states (see the discussion in Ref. 11 ). In the plots presented in this Section, the points
excluded by direct searches based on current LHC data (36 fb−1 ) are shown in grey. The red
points are those that, according to our projections, will be excluded at 300 fb−1 . Finally, the
blue points are those that would survive.
We show, in the left panel of Fig. 1, the correlation between the two LQ couplings entering
Eq. (10) for mU1 = 1.5 TeV. One observes that the experimental value of RD() forces xbτ
L
to be diﬀerent from zero, thus bounding its absolute value from below. Similarly, the RK ()
sμ
measured value pushes both xbμ
L and xL to be diﬀerent from zero (see Eq. (9)). Even though
the measurements of low-energy observables allow for xsτ
L = 0, we see that current LHC data
−1
exclude this possibility, bounding |xsτ
L | from below. Moreover, our projected bound for 300 fb
will push the lower limit on |xsτ
|
even
further
away
from
0.
L
We then show in the right panel of Fig. 1 our prediction for the correlation of two LFV
observables, B(τ → μφ) and B(B → Kμτ ), with the hatched black lines denoting the current
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bτ
Figure 1: Left panel: the correlation between the couplings xsτ
L and xL allowed by ﬂavor constraints is
plotted for mU1 = 1.5 TeV. Left panel: B(B → Kμτ ) is plotted against B(τ → μφ) for the U1 model.
Current bounds on these two decays, as respectively established by BaBar and by Belle are also shown.
In both panels, gray points are excluded by current LHC data (36 fb−1 ) on pp →  ( = μ, τ ). The
future LHC sensitivity is depicted by the red points, which were obtained by extrapolating current data to
300 fb−1 . Blue points are allowed by all constraints, including the extrapolated LHC results to 300 fb−1 .

experimental bounds on these processes. Again, mU1 is set to 1.5 TeV. The fact that the LHC
sets a lower bound on the absolute value of |xsτ
L | has a dramatic impact on the amount of
LFV predicted by the U1 model: the current and future LHC limits lead to a lower bound of
O(10−7 ) for B(B → Kμτ ). We see that improving the experimental bound on B(B → Kμτ )
at LHCb and/or Belle II can have a major impact on the model building by further restraining
the parameter space.
5

Summary

exp
SM
In this work we revisited the single LQ solutions to the B-physics anomalies, RD
(∗) > RD (∗)
exp
SM
and/or RK (∗) < RK (∗) . When confronted with constraints coming from the low-energy ﬂavor
physics observables and from direct searches at the LHC, we ﬁnd that none of the scalar LQs
alone, with mass mLQ 1 TeV, can provide an NP model capable of simultaneously explaining
both anomalies.
In the case of vector LQs, by focusing only on the tree level observables, we conﬁrm that
1 ÷ 2 TeV can indeed accommodate both
the weak singlet vector LQ (U1 ) of mass mLQ
exp
exp
SM
SM
18 We observe a
RD
(∗) > RD (∗) and RK (∗) < RK (∗) , in its minimal version, i.e. with xR = 0.
pronounced complementarity of the low-energy (ﬂavor physics) constraints with those obtained
from direct searches. In particular, assuming perturbative couplings, we ﬁnd a lower LFV
bound of B(B → Kμτ )  few × 10−7 for mU1 = 1.5 TeV (and in fact for any mU1 explaining
the anomalies, see Ref. 11 ). Improving the current experimental bound on B(B → Kμτ ) by two
orders of magnitude can therefore either exclude or, if observed, corroborate the validity of the
minimal U1 scenario.
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New results are presented for the ﬁrst time of searches for lepton number violating (LNV)
decays K + → π − e+ e+ and K + → π − μ+ μ+ from the NA62 experiment at CERN using a
subset of 2017 data. No LNV signals are observed and upper limits are set on the branching
ratios, B(K + → π − e+ e+ ) < 2.2 × 10−10 and B(K + → π − μ+ μ+ ) < 4.2 × 10−11 , at 90%
conﬁdence level.
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1

The NA62 Experiment and Detector

The NA62 experiment is located on an extraction line from the CERN Super Proton Synchrotron
(SPS) and has the primary objective of studying the ultra-rare K + → π + νν decay using a new
decay-in-ﬂight technique. Standard Model (SM) calculations of the branching ratio predict 1
B(K + → π + νν) = (8.4 ± 1.0) × 10−11 however, this may be modiﬁed by various beyond the
standard model (BSM) scenarios and this mode is highly sensitive to new physics eﬀects up
to the zepto scale. In order to reach the required level of sensitivity O(1013 ) K + decays are
needed with a sensitive and eﬃcient set of detector systems. First results of the K + → π + νν
analysis using 2016 data 4 demonstrate that this has been achieved and one candidate event was
observed. However, because of the large kaon ﬂux and precision detector set-up a rich physics
program is running in parallel with the headline K + → π + νν analysis; including studies of rare
K + decays, forbidden decays and exotics, such as heavy neutral lepton production 2 and searches
for dark photons 3 (presented this year at MoriondQCD).
The NA62 detector is shown in ﬁgure 1 and is explained in detail in 5 . 400 GeV protons
from the SPS impinge on a beryllium target producing an unseparated secondary hadron beam
composed of pions, protons and kaons (70%, 24% and 6% respectively). The beamline and
detector are optimised for 75 GeV K + decaying in a 75 m ﬁducial decay volume inside a large
vacuum tank. There are upstream and downstream particle identiﬁcation (PID) and spectrometer systems to measure beam K + and daughter decay products respectively. The KTAG is a
diﬀerential Cherenkov detector which positively tags K + upstream, while the RICH provides
PID for downstream particles π, μ and e (optimised for π + /μ+ discrimination for 15–35 GeV/c).
The GigaTracker is an upstream spectrometer measuring K + beam momentum and angle (while
this is not used in the LNV searches it is a crucial detector for the K + → π + νν analysis). Downstream 4 STRAW chambers and a large dipole magnet form a spectrometer providing momentum
measurements and information to reconstruct downstream tracks, which can be associated with
activity in other detectors. A hermetic (for 0–50 mrads) photon veto system is formed of 12
large angle veto (LAV) stations surrounding the decay volume, the liquid krypton calorimeter
(LKr) and two small angle vetos (the IRC and SAC). Additional PID information can be obtained using the LKr and a fast scintillator detector, the MUV3 (muon veto), positioned after
the LKr, two hadronic sampling calorimeters (MUV1 & MUV2) and an 0.8 m iron wall. The
CHOD (charged hodoscope) detectors provide additional timing and triggering information.
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Figure 1 – 5 Diagram of the NA62 detector.

2
2.1

Searches for Lepton Number Violation in K + Decays
Motivations

Decays of the form K + → π − + + , with same-sign dielectron or dimuon pairs, violate conservation of total lepton number L and lepton ﬂavour numbers Le or Lμ . The conservation of L and

316

L ( = e, μ, τ ) are natural emergent properties of the SM but are not explicitly required during
its construction and in BSM scenarios lepton number violating (LNV) and/or lepton ﬂavour
violating (LFV) processes are predicted. For example K + → π − + + could occur mediated via
Majorana neutrinos 6 7 . Observation of LNV would be a clear indication of new physics.
2.2

Data Collection and Selection Strategy

Searches for the two LNV modes K + → π − μ+ μ+ and K + → π − e+ e+ were performed using
a subsample of 2017 data taken during a continuous 3 month period. A blind analysis strategy is adopted and the equivalent ﬂavour changing neutral current rare decays (labelled ‘SM’)
K + → π + μ+ μ− and K + → π + e+ e− were used as normalisation channels. The prior state-of-the
art knowledge for these four modes is summarised in table 1. A two-level trigger system was
implemented in 2017 using a ‘hardware’ Level 0 (L0) and ‘software’ Level 1 (L1). ‘Rare and
exotics’ triggers are run simultaneously with the main πνν trigger but are subject to downscaling. Three such triggers are used; (1) the dimuon trigger, used for the candidate signal and
normalisation Kπμμ decays, selects 3-track events with 2 muon candidates (hits in MUV3), (2)
the multi-track electron trigger, used for the candidate signal and normalisation Kπee decays,
selects 3-track events with ≥ 20 GeV energy deposition in the LKr, (3) the multi-Track trigger,
used primarily for control samples and background studies, is a minimum bias 3-track trigger.
The downscaling factors for these triggers are ∼ 2, ∼ 8 and 100 respectively in the data sample
considered.
Table 1: Summary of prior knowledge of SM K + → π +
SM K + → π + + −

and LNV K + → π −

Kπee Analysis
B = (3.00 ± 0.09) × 10−7 [PDG 8 ]
7253 candidates with Mee > 140 MeV/c2 )
B < 6.4 × 10−10 @ 90% CL [E865 13 ]

(NA48/2 9 :
LNV K + → π − + +

+ −

+ +

decays.

Kπμμ Analysis
B = (9.62 ± 0.25) × 10−8 [NA48/2 12 ]
(NA48/2 12 : 3120 candidates)
B < 8.6 × 10−11 @ 90% CL [NA48/2 12 ]

The selection is similar for the two decays (K + → π − e+ e+ /K + → π − μ+ μ+ ) and relies on
constructing a good quality vertex with charge +1 in the decay volume (105/114) < Zvtx <
180 m. The three charged downstream tracks must have momenta (8/5) < p < 65 GeV/c
and have times consistent within (15/12) ns. The resultant ﬁnal state momentum must be
consistent with the beam momentum (|ptot − pK + | < 2.5 GeV/c and with transverse momentum
pT < 0.030 GeV/c). For the K + → π − e+ e+ analysis photon vetos are applied to assist in
rejecting backgrounds involving neutral pion decays (e.g Dalitz decay π 0 → e+ e− γ). A key
feature of these analyses is the particle identiﬁcation. Both use LKr information with the E/p
ratio (energy deposited in LKr divided by momentum measured by straw spectrometer) which
is ∼ 1 for e± , ∼ 0 for μ± (which act as minimum ionising particles) and is broadly distributed
for π ± depending on energy sharing between electromagnetic and hadronic shower components.
Therefore e, μ, π are selected with 0.9 < E/p < 1.1, E/p < 0.2 and E/p < 0.85 respectively.
Muon candidate tracks must have at least 1 hit associated in time and space in the MUV3.
Finally, for the K + → π − e+ e+ analysis the RICH is used for positive identiﬁcation of e+ using
information from a likelihood ﬁt to Cherenkov rings.
2.3

Background Studies

To illustrate the challenges for the analysis consider the K + → π + π + π − decay with branching
ratio B(K + → π + π + π − ) = (5.583 ± 0.024)%, making it the foremost 3-track K + decay. As
shown later the sample considered contains O(5× 1011 ) K + decays and therefore O(1010 ) K + →
π + π + π − decays are expected, to achieve world-leading sensitivity to the LNV modes these
backgrounds must be suppressed. In order to study such backgrounds special Monte Carlo
(MC) simulations are required and data-driven methods are exploited.
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Probability of π± misidentification as e±

The backgrounds to the π decays occur via two mechanisms: misidentiﬁcation (misID)
and decays in ﬂight (DIF).
Key for the K + → π − e+ e+ analysis is the study of π ± misidentiﬁcation as e± , as shown by
ﬁgure 2. Here the probability for misidentiﬁcation is shown as a function of momentum when
using the LKr E/p condition alone (red), the RICH PID alone (green), the multiplication of
the two (blue, dashed) and the logical AND of the LKr and RICH (blue, solid)b (note that the
RICH is only used for positive particles). The combined PID performance achieves excellent
π + vs e+ separation with a π + ⇒ e+ misID probability of ∼ 10−5 at 25 GeV/c. The inverse
e ⇒ π misID process is also considered and both are held to acceptably low levels for the
K + → π − e+ e+ analysis using the LKr plus the RICH for positive e+ identiﬁcation. For the
K + → π − μ+ μ+ case the π ± ⇒ μ± misID processes are important and dedicated data-driven
studies are performed.
10−1
LKr: 0.9<E/p<1.1 (for π± )
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RICH threshold
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Figure 2 – Probability for π ± misidentiﬁcation as e± as a function of momentum.

Important decay in ﬂight mechanisms are π ± → ± ν ( = e, μ). The probability of a
25 GeV/c pion (K + daughter) decaying inside the NA62 detector is ∼ 9%, but the branching
ratios of the two processes 8 : B(π ± → μ± νμ ) = 99.9877% and B(π ± → μ± νμ ) = 1.23 × 10−4
mean that it is the former that is of great importance while the latter is found to give only small
eﬀects. Studies of background mechanisms with K + → π + π + π − decays followed by decays in
ﬂight are performed using special biased MC samples and data-driven methods.
2.4

K + → π − e+ e+ Results

The normalisation K + → π + e+ e− (FCNC rare decay counterpart) mode is selected with a
common selection to the LNV mode except the charge and PID assignments. The PDG world
average of the normalisation mode is 8 B(K + → π − e+ e+ ) = (3.00 ± 0.09) × 10−7 (with most
recent result 9 from NA48/2 using 7253 candidates with Mee > 140 MeV/c2 ) c . As discussed the
RICH is used for positive identiﬁcation of e+ , this decision was taken before unblinding and was
motivated by reduction in the background in the signal region by a factor of 6 and improved
discovery potential. The ﬁnal Mπee invariant mass spectra for selected SM and LNV candidates
are shown in ﬁgures 3 and 4 respectively. Precise description of the background in the lower
b
Correlations lead to an improved performance of the combination of LKr and RICH PID compared to their
use separately.
c
It has been previously shown 11 that NA62 can make a background-free observation of the K + → π + e+ e−
decay below mπ0 ∼ 140 MeV/c2 for the ﬁrst time.
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control region in the SM is limited due to dependence of the RICH response on the event topology
in a 3-track environment with overlapping Cherenkov rings. This eﬀect is accounted for with a
15% relative systematic uncertainty. In the SM signal region 470 < Mπee < 505 MeV/c2 (blinded
region for LNV mode) 2484 candidates are observed with Mee > 140 MeV/c2 . For the LNV mode
the total background in the signal region (493.7 ± 5.1) MeV/c2 (mK + ± (3 × Mπee resolution))
is 0.16 ± 0.03. When unblinded 0 candidate events are found in the signal region and therefore
an upper limit is established on the branching ratio of the LNV mode using the CLs statistical
treatment 10 . Using NK = (2.14±0.04stat ±0.06ext )×1011 kaon decays (with the second external
uncertainty arising from the uncertainty on the normalisation B(K + → π + e+ e− ) measurement)
and a LNV signal acceptance (based on uniform phase space MC simulations) of A = 4.98% the
single event sensitivity (SES = NK1 A ) achieved is (9.4 ± 0.3) × 10−11 . An upper limit is therefore
established at B(K + → π − e+ e+ ) < 2.2 × 10−10 at 90% conﬁdence level.
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Figure 3 – Invariant mass spectrum for candidate
SM K + → π + e+ e− events.
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Figure 4 – Invariant mass spectrum for candidate
LNV K + → π − e+ e+ events.

K + → π − μ+ μ+ Results

The most precise single measurement of the normalisation K + → π + μ+ μ− decay, also from
NA48/2, gives B(K + → π − μ+ μ+ ) = (9.62 ± 0.25) × 10−8 from 3120 candidate events 12 . Here
the RICH is not used for PID. In the SM signal region (blinded region for LNV mode) 484 <
Mπμμ < 504 MeV/c2 8357 SM candidate events are observed and the agreement between the
observed and predicted number of events outside this region (in the control regions) is within 3%
for both the SM and LNV modes. In the LNV signal region, (493.7 ± 3.3) MeV/c2 (mK + ± (3 ×
Mπμμ resolution)) the total background predicted is 0.91 ± 0.41. The Mπμμ spectra for the SM
and LNV modes are shown in ﬁgures 5 and 6 respectively. After unblinding one event is found
in the signal region and as before an upper limit is set using the CLs method. Here the smaller
average downscaling factor leads to a larger sample with NK = (7.94 ± 0.09stat ± 0.21ext ) × 1011 ,
the LNV mode selection acceptance is A = 9.81% and therefore SES = (1.28 ± 0.04) × 10−11 .
The resulting upper limit is B(K + → π − μ+ μ+ ) < 4.2 × 10−11 at 90% conﬁdence level.
3

Results Summary and Outlook

In conclusion, no new physics LNV processes have been observed but improved upper limits have
been established at B(K + → π − e+ e+ ) < 2.2 × 10−10 and B(K + → π − μ+ μ+ ) < 4.2 × 10−11 at
90% conﬁdence level. The numerical results are summarised in table 2. Results presented arise
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Figure 5 – Invariant mass spectrum for candidate
SM K + → π + μ+ μ− events.
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Figure 6 – Invariant mass spectrum for candidate
LNV K + → π − μ+ μ+ events.

from analysis of about 30% of the 2016–18 NA62 data set and the sensitivity is not limited by
background so further improvement in sensitivity is expected when using a larger data sample.
Table 2: Summary of numerical results from the two K + → π − + + LNV searches.
Kπee Analysis
Kπμμ Analysis
Acceptance (SM π + + − )
3.87%
10.93%
SM Candidates Observed
2484
8357
SM Branching Ratio B(K + → π + + − ) × 107
3.00 ± 0.09 8
0.962 ± 0.025 12
NK × 1011
2.14 ± 0.04stat ± 0.06ext 7.94 ± 0.09stat ± 0.21ext
Acceptance (LNV π − + + )
4.98%
9.81%
−11
LNV mode Single Event Sensitivity (SES × 10 )
9.4 ± 0.3
1.28 ± 0.04
Predicted background in signal region
0.16 ± 0.03
0.91 ± 0.41
Number of events observed in signal region
0
1
LNV Branching Ratio upper limit @90%CL
2.2 × 10−10
4.2 × 10−11
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Motivated by the b → s anomalies, we discuss a Standard Model extension reinforced by a
Z2 symmetry, which can naturally accommodate radiatively generated neutrino masses and a
potentially viable dark matter candidate, in addition to addressing the anomalies. We discuss
the main ﬁndings of our comprehensive phenomenological analysis of very generic textures
for the ﬂavour structure of the leptoquark Yukawa couplings, identifying classes of textures
which succeed in saturating the RK (∗) anomalies. Our ﬁndings suggest that the leptoquark
contributions to numerous high-intensity observables, in particular, the charged lepton ﬂavour
violating processes, put severe constraints on the ﬂavour structure of these extensions. We
identify K + → π + ν ν̄ decays, and charged lepton ﬂavour violating μ − e conversion in nuclei,
as two of the most promising observables to probe these extensions.

1

Introduction

In the original formulation of the Standard Model (SM), both charged and neutral current
interactions are strictly lepton ﬂavour universal. The precise measurements of the related electroweak observables, e.g. Z →  decays 1 , have so far been in excellent agreement with the SM
predictions. However, the recent data from B-factories hints towards several discrepancies with
respect to the SM in some of the B-meson decay modes, potentially suggesting the violation of
lepton ﬂavour universality (LFUV). Among the neutral current observables, the so-called RK (∗)
observables are parametrised as
BR(B → K (∗) μ+ μ− )
RK (∗) =
.
(1)
BR(B → K (∗) e+ e− )
In the above ratio of branching ratios (BR), the hadronic uncertainties cancel out to a very good
approximation, and consequently these observables are very clean probes of NP contributions.
+0.016
The latest measurement of RK reported by the LHCb collaboration 2 RK = 0.846 +0.060
−0.054 −0.014 ,
for 1.1 GeV2 < q 2 < 6 GeV2 , corresponds to a 2.5σ deviation with respect to the SM prediction.
The latest measurement of RK ∗ by the Belle collaboration reported 3 RK ∗ = 0.90+0.27
−0.21 ± 0.10 ,
2
2
2
for 0.1 GeV2 < q 2 < 8 GeV2 , and RK ∗ = 1.18+0.52
−0.32 ± 0.10 , for 15 GeV < q < 19 GeV .
These values are compatible with both the SM predictions and the previous results on RK ∗
+0.11
2
2
2
from LHCb 4 RK ∗ = 0.66+0.11
−0.07 ± 0.03 , for 0.045 GeV < q < 1.1 GeV , RK ∗ = 0.69−0.07 ±
2
2
2
0.05 , for 1.1 GeV < q < 6 GeV , corresponding to ∼ 2.5σ tensions with the SM predictions
in both q 2 bins. Interestingly, deviations from SM expectations have also been observed in
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B → D(∗) ν̄ decays, in particular in the ratio of tau to muon ﬁnal states,
RD(∗) =

Γ(B → D(∗) τ − ν̄)
.
Γ(B → D(∗) μ− ν̄)

(2)

Even though the latest measurements reported by the Belle collaboration 5 agrees with the
SM predictions at ∼ 1.2σ, the combination with the existing data still amounts to a 3.1 σ
deviation from the SM predictions. Other anomalies in B meson decays have also been reported
concerning the angular observable P5 in B → K ∗ + − processes. Here, we discuss a scalar
leptoquark model 6 , which aims at simultaneously explaining the RK (∗) anomalies, accounting
for neutrino oscillation data and putting forward a viable dark matter candidate.
2

Description of the model

We consider a SM extension in which two scalar leptoquarks h1,2 and three generations of Majorana triplets ΣiR are introduced, respectively with SU(3)C ×SU(2)L ×U(1)Y charge assignments
of (3̄, 3, −1/3) and (1, 3, 0). The primary goals of this model are to simultaneously address
the issue of neutrino mass generation, and provide a viable DM candidate, while explaining
the observed b → s anomalies. The complete particle spectrum of the model is presented in
Table 1.
Table 1: Particle content and associated charges under the SM gauge group and an additional discrete symmetry.

Fermions

Scalars

Field
QL ≡ (u, d)TL
uR
dR
L ≡ (ν, e)TL
eR
ΣR
H
h1
h2

SU(3)C ×SU(2)L ×U(1)Y
(3, 2, 1/6)
(3, 1, 2/3)
(3, 1, −1/3)
(1, 2, −1/2)
(1, 1, −1)
(1, 3, 0)
(1, 2, 1/2)
(3̄, 3, 1/3)
(3̄, 3, 1/3)

Z2
1
1
1
1
1
−1
1
1
−1

The Lagrangian of the present SM extension can be written as
h,Σ
H,h
Σ
L = LSM
int + Lint + Lmass − Vscalar ,

(3)

H,h
i
where Lh,Σ
int and Vscalar respectively denote the interactions of h1 , h2 and ΣR with matter, and
corresponds
to
the
Majorana
mass
term
for
the fermion triplets
the scalar potential, while LΣ
mass
i

1 C
MijΣ Σj . The new Yukawa interactions can be written as
LΣ
mass = − 2 Σ
C i,ab

Ci
i

Lh,Σ
(τ .h1 ) LjL + zij Q̄C
(τ .h1 )† QjL + ỹij (τ .Σ)
L
R
int = yij Q̄L

[ (τ .h2 )

] djR + H.c. , (4)

T ba

where i, j = 1 . . . 3 denote the generation indices, while a, b = 1, 2 are SU(2) indices; τ c are the
Pauli matrices (c = 1, 2, 3), and ab = (iτ 2 )ab . Finally, C denotes charge conjugation. The full
scalar potential (including SM terms) can be found in the original work 6 . The scalar potential
interaction term relevant for neutrino mass diagrams is given by
λh −1/3 1/3 −1/3 1/3
λh
−1/3 −2/3 −1/3 4/3
h2 h 1
h2 − λ h h 1
h2
h1
h2 .
Tr(h†1 h2 h†1 h2 ) ⊃
h
4
2 1

(5)

Working in a basis where the down-quark Yukawa couplings are diagonal, we parametrise
the up-quark Yukawa couplings as Yiju = Vij† mUj /v, where V is the Cabibbo-Kobayashi-Maskawa
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(CKM) mixing matrix and v = 246 GeV is the SM Higgs vacuum expectation value. Therefore,
in the mass basis we have
√
√
1/3 j
T
Ci −2/3 j
¯Ci 1/3 j
¯Ci 4/3 j
νL − (V T y)ij ūCi
Lh,Σ
L h1 e L
int = − (y U )ij dL h1 νL − 2 yij dL h1 eL + 2 (V y U )ij ūL h1
Ci

1/3

Ci

−2/3

− 2 ỹij Σ0 R h2 djR − 2 ỹij Σ+ R h2
3

Ci

4/3

djR − 2 ỹij Σ− R h2 djR + H.c. .

(6)

Radiative neutrino masses and a viable dark matter candidate

The Z2 symmetry precludes any coupling between the fermion triplets and neutral leptons, which
forbids a type III seesaw explanation of neutrino masses generation. The ﬁrst non-vanishing
contributions to neutrino mass arise at the three-loop level from the exchange of leptoquarks
h1,2 and neutral (charged) fermion triplets, employing chirality ﬂips in the internal down-type
quark lines. The relevant diagrams are quite similar to those originally proposed in 7 , which were
mediated via colourless scalars and a Z2 -odd singlet Majorana fermion (potentially associated
with interesting collider signatures 8 ). The relevant contribution to the neutrino mass in the
current construction is given by

 2
mΣj m2h
λh
T
T
1
ỹjk mDk ykβ ,
y
m
ỹ
G
,
(7)
(mν )αβ = −30
αi Di ij
m2h2 m2h2
(4π 2 )3 mh2
where mD is the diagonal down-type mass matrix and the loop integral G(a, b) is deﬁned as
 1
2

√  ∞
a
r
x (1 − x) r + (1 − x) b + x
dr
dx
ln
.
(8)
G (a, b) =
8 b2 0
r+a
x (1 − x) r + x
0
Note that in the basis in which mΣ is assumed to be diagonal, G(m2Σj /m2h2 , m2h1 /m2h2 ) is also
diagonal. Finally, it is convenient to construct a parametrisation à la Casas-Ibarra 9 which can
readily be used to ﬁt the neutrino oscillation data in this framework. Using the latter one can
write the Yukawa couplings of the h2 leptoquark in terms of observable quantities, and of two
unknown quantities - the h1 leptoquark Yukawa couplings and a complex orthogonal matrix,
as 6

ỹ = F −1/2 R mdiag
U † y −1 m−1
(9)
ν
d ,
where
F (λh , mΣ , mh1,2 ) =

30 λh
Gj
(4π 2 )3 mh2



m2Σj m2h
1
,
m2h2 m2h2


.

(10)

The neutral component of the lightest triplet ΣR gives a potential cold dark matter candidate.
The quantum corrections generate a mass splitting such that the neutral component is the
lightest one. Its stability is ensured by the discrete Z2 symmetry under which both h2 and ΣiR
are odd, while all the SM ﬁelds and h1 are even. In contrast with scenarios in which a SU(2)L
singlet fermion is considered as a dark matter candidate, subject only to Yukawa interactions,
here the ﬁnal DM relic abundance is governed by the relevant electroweak gauge interactions and
mΣR , independent of its Yukawa interactions. In particular, the annihilation and co-annihilation
processes involve the processes Σ0 Σ0 → W ± W ∓ through t-channel Σ± exchange; Σ0 Σ± →
W ± Z 0 via t-channel Σ± exchange; Σ0 Σ± → W ± Z 0 , W ± H, f¯f  (via s-channel W ± exchange).
One must also take into account other processes involving the charged components of the triplet
fermion in the Boltzmann equations leading to the computation of the correct relic density. These
include Σ± Σ∓ → Z 0 Z 0 (W ± W ∓ ) through Σ±(0) t-channel exchange, Σ± Σ∓ → W ± W ∓ , Z 0 H, f¯f
(s-channel via Z 0 mediation), and Σ± Σ± → W ± W ± through Σ0 exchange (t-channel). The relic
abundance can be computed in a straightforward manner following 10 , in which the freeze-out
temperature of Σ0 (xf ≡ mΣ /Tf ) is obtained in terms of the thermally averaged eﬀective cross
section σeﬀ |v̄|. Following, the computation of the relic abundance and taking into account
non-perturbative Sommerfeld corrections 11 we obtained a benchmark value of mΣ ∼ 2.7 TeV
to account for the correct relic abundance.
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4

Addressing b → s anomalies and a phenomenological approach to probing viable
leptoquark Yukawa coupling textures

In the present scalar leptoquark model, once the heavy degrees of freedom have been integrated
out, the NP eﬀective Hamiltonian is given by 12
HNP (b → s− + ) = −

∗
yb ys
(s̄ γ μ PL b) (¯γμ PL  ) + H.c. ;
2
mh1

(11)

comparing the above with the eﬀective operator basis, it is possible to infer the following contributions to the Wilson coeﬃcients 6





C9 = −C10
=

∗
yb ys
π v2
.
∗
2
αe Vtb Vts mh1

(12)

Global ﬁts to numerous observables probing lepton ﬂavour universality related to b → sμ± μ∓ ,
b → se± e∓ and b → sγ processes also suggest NP scenarios consistent with the above ﬁt to the
LFUV RK (∗) observables. A generic conclusion that can be drawn is that the NP responsible for
the observed discrepancies in b → s data appears to be predominantly coupling to muons, and
μμ
. Recent ﬁts by a number of
one of the consistent solutions manifest in vector operators O9,10
μμ
∼ −0.5 as
authors (see, e.g. 13,14,15,16 ) report NP contribution to C9μμ (∼ −1), or C9μμ = −C10
two of the preferred NP solutions to address the tensions with the SM. In the present leptoquark
model, the ratio RD(∗) is predicted to be SM like after taking into account all relevant constraints
from various ﬂavour violating processes. Should the RD(∗) discrepancy be conﬁrmed in the future,
then the present leptoquark construction will be ruled out in this minimal version and will need
to be extended 17,18 .
To identify the diﬀerent regimes allowing to: (i) explain the b → s anomalies; (ii) accommodate the latest data on neutrino oscillation parameters; (iii) account for a correct relic
abundance for the dark matter candidate; and (iv) be compatible with all available bounds
on leptoquark couplings and masses arising from direct searches, as well as from the relevant
leptonic and semi-leptonic meson decays and transitions (including neutral meson oscillations
and rare meson decays), and cLFV processes, such as radiative and three-body decays, and
μ − e conversion in nuclei. We considered generic parametrisations of y in terms of powers of a
small expansion parameter (assumed to be positive and real for simplicity), where each entry
nij , with  denoting that there is no sum
weighed by an O(1) real coeﬃcient aij : yij = aij
implied over i, j. As a simpliﬁcation, setting the individual coeﬃcients aij = 1, and using the
requirement of saturating the RK (∗) tensions, we inferred the size of the parameter . At leading
order, the explanation of the RK (∗) anomalies constrains combinations of the quark to muon
couplings y22 and y32 (depending on inverse powers of the h1 leptoquark mass). We noted that
for a benchmark value of mh1 ∼ 1.5 TeV, one is led to the relation
y22 y32 ≈ 2.15 × 10−3 ∼

→

n22 +n32

4

∼ 2.15 × 10−3 ⇔

≈ 0.215 ,

(13)

where we have choosen n22 + n32 = 4 as a natural choice (so that < O(1)). Following the
above, and having ﬁxed ≈ 0.215, one can express the most general texture in terms of the
expansion parameter and positive integers nij ≥ 1 with i, j = 1, 2, 3 as
⎞
⎛ n
n
n
y ∼ ⎝

11

12

13

n21

n22

n23

n31

n32

n33

⎠,

(14)

subject to the constraint n22 + n32 = 4 to explain the RK (∗) anomalies. A comprehensive
numerical scan of all possible textures, thorough tests on the viability of each y(nij ) - c.f.
Eq. (14), for ﬁxed values of and mh1 ; has shown that the rare decay K + → π + ν ν̄ and, on
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Table 2: Classes of textures for the y couplings complying with the constraint n22 + n32 = 4: type I, II and III.
For a small parameter ( ∼ 0.215), the second row displays the generic allowed textures in terms of powers of ,
consistent with the current experimental bounds on the leptonic processes →  γ, → 3  , μ − e conversion in
nuclei, K + (KL ) → π + (π 0 )ν ν̄, B → K ∗ ν ν̄, Bs0 − B̄s0 oscillation and Bs → μe, KL → μe.

Type I

⎛
y
⎛
Generic allowed
textures

⎜
⎝

×
⎜
⎝×
×

×

4

≥5

≥3

3

3

⎞
×
⎟
×⎠
×

⎛

⎞

⎛

≥4 ⎟

⎜
⎝

≥2

⎠

≥4

≥1

Type II

×
⎜
⎝×
×

×
2
2

⎞
×
⎟
×⎠
×
≥3

⎛

⎞

⎛
⎜
⎝

6

≥4

≥5

2

≥3 ⎟

≥3

2

≥1

⎠

Type III

×
⎜
⎝×
×

×

5

≥5

3

⎞
×
⎟
×⎠
×

≥4

≥4

⎞

≥2 ⎟

⎠

4
3

≥1
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the leptonic sector, μ − e conversion in nuclei, the radiative μ → eγ decay and the three body
μ → 3e decay turn out to be the most constraining ﬂavour violating observables. Further, the
numerical study has also allowed us to identify generic classes of textures which can saturate
the b → s anomalies while being consistent with all the leptonic and mesonic processes taken
into account: μ → eγ, τ → eγ, τ → μγ, μ → 3e, τ → 3μ, μ − e conversion, and K + (KL ) → πν ν̄,
B → K ∗ ν ν̄, Bs0 − B̄s0 oscillations, as well as the cLFV decays Bs → μe and KL → μe. In
particular, the three classes of textures are identiﬁed by the speciﬁc realisations of (n22 , n32 ):
(3, 1) - type I; (2, 2) - type II; (1, 3) - type III. For each of the classes, the textures allowed by
our numerical scans are presented in Table 2. Figure 1 graphically summarises the predictions
νν
for μ → eγ, τ → μγ, τ → eγ, μ → 3e, τ → 3μ, μ − e conversion, K + (KL ) → π + (π 0 )ν ν̄, RK
(∗)
as well as Bs → μe and KL → μe for each type of texture. For each process we include the
current experimental bounds and future sensitivities, and when applicable, the SM predictions.
To obtain this plot, we have chosen an illustrative case for each of the classes identiﬁed in
Table 2, and we have evaluated the associated contributions to the diﬀerent leptonic and mesonic
observables mentioned above. As discussed above, the requirements of having a viable DM

Figure 1 – Contributions to various leptonic and mesonic observables associated with the three textures I, II,
and III for the benchmark values (, mh1 ) = (0.215, 1.5 TeV). The relevant experimental bounds (and future
sensitivities), as well as SM predictions (when appropriate), are also displayed.
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(∗)

candidate with the correct relic abundance, and of accounting for the RK anomalies while
complying with all the available constraints on meson and lepton rare decays and transitions
have lead to the identiﬁcation of viable ﬂavour textures for the y leptoquark Yukawa couplings,
as well as a benchmark mass regimes for the new states. Once the ﬂavour structure of y has been
ﬁxed, the modiﬁed Casas-Ibarra parametrisation of Eq. (9) readily allows one to determine ỹ, to
check whether the corresponding ﬂavour structure complies with the current neutrino oscillation
data. We have numerically explored the possibility of having a distinct ordering (normal or
inverted) for the light neutrino spectrum. For type I textures, we found that both normal or
inverted orderings of the light neutrino spectrum can be easily accommodated. In the case of
type II textures for y, which allows to accommodate oscillation data for a normal ordering, we
failed to ﬁnd viable solutions for an inverted ordering. Finally, for type III textures the neutrino
oscillation data with perturbative values of the couplings could not be accommodated for either
of the possible orderings of the light neutrino spectrum.
5

Conclusions

Following a thorough study of an extensive array of observables, we have discussed a SM scalar
leptoquark extension capable of accommodating neutrino oscillation data, a viable DM candidate, and explaining the observed discrepancies for b → s observables. In the near future, a
number of upcoming high-intensity experiments will put the present scalar leptoquark extension
to the test, in particular the dedicated facilities aimed at searching for charged lepton ﬂavour
violation (e.g. searches for radiative and three-body muon decays, in addition to neutrinoless
conversion in nuclei) and a possible measurement of the rare decay K + → π + ν ν̄, will give the
opportunity to probe into the ﬂavour structure of this new physics extension.
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D. Bečirević et al. Phys. Rev. D 98 (2018) no.5, 055003 [arXiv:1806.05689 [hep-ph]].

326

RD∗ or RDπ : closing the theoretical gap?
J. E. Chavez-Saab, Marxil Sánchez and Genaro Toledo
Instituto de Fı́sica, Universidad Nacional Autónoma de México, AP20-364, Ciudad de México 01000,
México.

Measurements of the RD∗ parameter remain in tension with the standard model prediction,
despite recent results helping to close the gap. In this work, we revisit the standard model
considerations for the prediction. We pay particular attention to the theoretical prediction
considering the full 4-body decay (B → lνD∗ → lνDπ), which introduces the longitudinal
degree of freedom of the D∗ . We show that this does not introduce sizeable eﬀects at the
current precision. This modiﬁes our previous ﬁnding (Phys. Rev. D 98 056014 (2018)) where
a numerical bug led us to a diﬀerent conclusion. Thus, the results on RDπ are consistent
with RD∗ , and the diﬀerence between the several values can be traced back to the form factor
used and the restrictions incorporated to determine their parameters. There is still tension
between the experimental world average and the most accurate theoretical estimate, leaving
the possibility of presence of new physics scenarios open.

1

Introduction

One of the so-called B anomalies is observed by measuring RD∗ , which is expected to be a clean
test of the lepton ﬂavor universality, by considering the ratio between heavy and light leptons
decay modes:
RD∗ ≡ Br(B → τ ντ D∗ )/Br(B → lνl D∗ ),
(1)
where l = e, μ. BaBar, Belle and LHCb collaborations have conducted experiments which have
consistently measured values of RD∗ higher than the SM prediction.
In Table 1, we summarise the experimental information and the reconstruction techniques used
for the D∗ and the τ lepton. LHCb and early Belle results on RD∗ relies on purely charged
D∗ 1,2,3,4 (neutral B’s) while other Belle results 5,6,7 and Babar 8,9 consider both neutral and
charged ones. Recently, Belle has presented new preliminary results on RD∗ at Moriond19 10 .
The experimental world average by the summer of 2018 quoted by the HFLAV group 11 is
RD∗ = 0.306 ± 0.013 ± 0.007. We show our own weighted average, without correlations and the
uncertainties added in quadratures, for the experimental information before Moriond19 (BM19)
and after Moriond19 (AM19). These results show that the world average decreased from 0.305
to 0.301.
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In this work, we revisit the most relevant aspects of the theoretical prediction and, by taking
into account that the D∗ is an intermediate state reconstructed from the Dπ decay mode, we
explore at which extend there is any correction from the longitudinal degree of freedom by
considering RDπ . Our previous result 12 is updated after ﬁnding a bug in the numerical code,
bringing RDπ in full agreement with RD∗ . At the end we discuss the results.
Table 1: RD∗ as measured by several experiments. Includes preliminary results from Belle presented at Moriond
19 and our new average. (BM19: before Moriond 19, AM19: after Moriond 19)

RD ∗
0.332
0.293
0.336
0.302
0.27
0.291
0.306
0.305
0.283
0.301
2

Stat.
0.024
0.038
0.027
0.03
0.036
0.019
0.013
0.012
0.018
0.011

Syst.
0.018
0.015
0.03
0.011
0.028
0.026
0.007
0.009
0.014
0.008

D∗ reconstruction
Dπ, Dγ
Dπ, Dγ
Dπ
Dπ, Dγ
Dπ, Dγ
Dπ

τ reconstruction
leptonic
leptonic and hadronic
leptonic and hadronic
leptonic and hadronic
leptonic and hadronic
leptonic and hadronic

Experiment
BABAR12 8,9
BELLE15 5
LHCb15 1
BELLE16 4
BELLE17 6,7
LHCb18 2,3
Average(HFLAV) 11
Our average BM19
BELLE19(Moriond) 10
Our average AM19

RD ∗

Since the D∗ decay width is relatively small (ΓD∗ = 83.4 KeV, for the charged one), its decay
process is usually considered not to play any role in the estimation of RD∗ . Thus, it is common
to consider a 3-body decay B(pB ) → D∗ (pD∗ , )l(pl )ν(pν ), whose amplitude can be written as
GF
M3 = √ Vcb < D∗ (pD∗ ,
2

μ )|J

λ

|B(pB ) > lλ ,

(2)

where lλ ≡ ūl γλ (1 − γ 5 )vν is the leptonic current, Vcb is the CKM matrix element and the
hadronic matrix element connecting the B, D∗ and W can be parametrized in terms of four
form factors, for an on-shell D∗ . Two parametrizations of such form factors exploiting heavy
quark eﬀective theory (HQET) are the most used in the literature:
i) The one by Caprini et al. 13 (CLN) given by:
< D∗ (pD∗ ,

μ )|J

λμ

|B(pB ) >=



−(mB + mD∗ )A1 (q 2 ) g λμ −

qλqμ
q2

2iV (q 2 )
mB + mD ∗



+

λμαβ

A2 (q 2 )q μ
mB + mD ∗

(pB )α (pD∗ )β − 2mD∗ A0 (q 2 )



qλqμ
q2


(pB + pD∗ )λ −

m2B − m2D∗ λ
q ,
q2

(3)

where J λ = J λμ μ is the weak current, μ the polarization vector of the D∗ , and q ≡ pB −pD∗ the
transferred momentum. The form factors can be written in terms of the Universal Isgur-Wise
function and parameters obtained from a heavy quark analysis of B 0 decays with electron and
muon products measured by the Belle collaboration 14 but not for the τ . Important to notice
that A0 form factor is heavily suppressed for the electron and muon, while in the τ system it
becomes the subdominant contribution and it is derived from A2 information relying in a HQET
relation, which is valid within a 10% accuracy. Using this parametrization and the experimental
SM = 0.252 ± 0.003 is obtained 15 . The error bar accounts for the uncerinformation a value of RD
∗
tainties on the hadronic form factors. A similar prediction for this ratio can be obtained from
an early calculation of the individual decay modes by using light front quark model (LFQM) 16 .
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ii) The one by Boyd et al. 17 (BGL) given by:
< D∗ (pD∗ , μ )|J μ |B(pB ) >
√
MB MD ∗

=

μνρσ ∗ν



ν ρ ν σ hV (w) − i(w + 1) ∗μ hA1 (w)


i( ∗ ν)νμ hA2 (w) + i( ∗ ν)νμ hA3 (w).

(4)

Using this parametrization, incorporating strong unitary restrictions for the form factors and
additional experimental information on the unfolded spectrum from Belle 18 . Bigi, D. et al. 19 and
Jaiswal, S. et al. 20 have obtained consistently higher than the ones obtained using CLN without
additional theoretical restrictions. Moreover, it has been shown that by incorporating the same
theoretical restrictions into CLN parametrization the value of RD∗ increases. Berlochner, F. et
al., 21 have also performed a new ﬁt to the Belle data and imposing QCD sum rules restrictions,
which is consistent with the one obtained by Jaiswal, S. et al. 20 but with smaller uncertainty.
Thus, although all of them are consistent with each other, the most accurate value is RD∗ =
0.257 ± 0.003 by Berlochner, F. et al., 21 . In Table 2, we present these results for RD∗ , set in
blocks to distinguish the level of the analysis and restrictions set on the form factors. Note
that although labeled by CLN or BGL, they are not exactly so, as they introduce restrictions
SM
= 0.258 ± 0.003.
at diﬀerent levels. We present a weighted average for the ﬁrst block: RD
∗
AV G
22
A lattice prediction is also presented , including LCSR, but not considered in the average as
it has large uncertainties, but in agreement with it.
3

RDπ

We can explore at which extent the tension of the theoretical prediction with experimental
measurements is due to the fact that D∗ is never measured directly but through its decay into
daughter particles, namely a Dπ pair for the charged D∗ (BR(D∗ → Dπ) = 98.4%) and either
a Dπ pair (BR(D∗ → Dπ) = 64.7%) or Dγ (BR(D∗ → Dγ) = 35.3%) for the neutral D∗ .
Therefore, it is adequate to consider the ratio
RDπ ≡ Br(B → τ ντ Dπ)/Br(B → lνl Dπ),

(5)

obtained from the full 4-body diagram shown in Fig. 1. An earlier work 23 considered the full
process to explore the possible eﬀect of the B ∗ resonance and found to be unaﬀected by it,
obtaining a similar value for RDπ as compared with RD∗ using CLN parametrization. The
purely D∗ longitudinal contribution ratio has also been computed 15 . Recently, we explored the
corrections that arise from the full process, corresponding to adding the longitudinal degree of
freedom of the oﬀ-shell D∗ , exhibiting the role of each contribution, transverse, longitudinal
and interference, incorporating the absorptive corrections from the D − π loops 12 . Here, we
elaborate on it and update our results after ﬁnding a numerical bug. The corrections that we
focus on in this work apply only to the Dπ channel and the Dγ channel is ignored throughout.
3.1

Corrections from 3 to 4 body decay

The B → lνD∗ → lνDπ decay can be considered as a 3-body decay with the subsequent 2-body
decay processes as shown in Fig. 1. The total amplitude can be written as a product of 3-body
(M3μ ) and 2-body (M2ν ) decay amplitudes, with the polarisation tensor factored out, connected
by the D∗ propagator (Dμν ):
M = M3μ Dμν M2ν .
The 2-body decay amplitude is M2ν = −ig(pD − pπ )ν , where pD and pπ are the momenta of the
D and the π, respectively, and g is the D∗ − D − π coupling.
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Table 2: RD∗ and RDπ as computed from several approaches. CLN: form factor parametrization using Caprini,I
et al. BGL: form factors parametrization using Boyd et al. LCSR: Light cone sum rules.Q̇CDSR: QCD sum rules

RD ∗
0.259
0.260
0.257
0.257
0.258
0.256
0.252
0.252
RDπ
0.253
0.253

Error
0.006
0.008
0.003
0.005
0.003
0.020

Approach
CLN
BGL, LCSR
BGL, QCDSR
BGL

0.003

LCSR+Lattice
LFQM
CLN

Reference
Jaiswal, S. et al. JHEP 12 (2017)060
Bigi, D. et al. JHEP 11(2017)06
Berlochner, F. et al. PRD 95, 115008 (2017)
Jaiswal, S. et al. JHEP 12 (2017)060
Our average
Gubernari, N. et al. JHEP 01(2019)150
Chuan -Hung, C. et al. JHEP 10(2006) 053
S. Fajfer, S. et al. PRD 85, 094025 (2012)

0.003

Including B ∗ , D∗ , CLN
D∗ +int., CLN

C. S. Kim et al. PRD 95, 013003 (2017)
This work, corrected

Upon considering the absorptive correction (dominated by the Dπ mode), the propagator
can be set in terms of the transverse and longitudinal part as follows:
Dμν =

−iT μν
iLμν
+ 2
,
p2D∗ − m2D∗ + iImΠT
mD∗ − iImΠL

with the corresponding projectors: T μν ≡ g μν −

pμ
pν
D∗ D∗
p2D∗

and Lμν ≡

(6)
pμ
pν
D∗ D∗
,
p2D∗

where pD∗ ≡

the D∗ . Here, the transverse correction is proportional
pD + pπ and mD∗ is the mass of 
to the full decay width, ImΠT = p2D∗ ΓD∗ (p2D∗ ), while the longitudinal function ImΠL =
−g 2 λ1/2 (p2D∗ , m2D , m2π )(

m2D −m2π 2
) /16π,
p2D∗

which is proportional to the square mass diﬀerence of

the D an π mesons. Since Γ ≡ Γ (m2D∗ ) is relatively small, the relevant contribution to the
transversal term is just around p2D∗ = m2D∗ , and a narrow width approximation can be used.
This allows us to rewrite the transversal part of the squared amplitude as
D∗

D∗

∗
∗
T μν T αβ M2ν M2β
|MT |2 = M3μ M3α

πδ(p2D∗ − m2D∗ )
.
mD∗ ΓD∗

(7)

The delta function forces the transverse part of the D∗ to remain on-shell. Therefore, the
transverse part of the D∗ propagator is equivalent to the 3-body decay. On the other hand,
the longitudinal part of the propagator gives place to two new terms in the squared amplitude
(one purely longitudinal and one of interference), modulated by a dimensionless mass-diﬀerence
parameter Δ2 ≡ (m2D − m2π )/m2D∗ = 0.86, that cannot be accounted for in the B → lνl D∗
process: The pure longitudinal part of the squared amplitude can be written as
|ML |2 = |M3μ Lμν M2ν |2

1
,
m4D∗ + (ImΠL )2

(8)

while the interference is proportional to
π
(p2D∗ − m2D∗ + imD∗ ΓD∗ ) μ1 ν1
T
L μ2 ν 2
δ(p2D∗ − m2D∗ ).
mD∗ ΓD∗
m2D∗ − iImΠL

(9)

An earlier estimate 23 diﬀers from ours (in the limit of ImΠL = 0) by the term proportional
to imD∗ ΓD∗ traced back to the form of their longitudinal part. The interference upon integration
is forced by the transversal part to be on-shell, where this term is the only not null contribution.
Notice that this imaginary term makes a real contribution as both the leptonic tensor and the
B − D∗ − W vertex carry also an imaginary term.
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Figure 1 – Feynman diagram for the full B → lνl Dπ decay, often thought of as independent B → lνD∗ and
D∗ → Dπ decays as indicated by the red cutting line.

In calculating the new decay widths, both the transverse and interference parts of the squared
amplitudes have been integrated as being on-shell through the narrow width approximation,
while the longitudinal part is integrated in the 4-body phase space within a window p2D∗ =
(mD∗ ± δ)2 . We have explored values for δ around ΓD∗ /2 to 1 MeV and found the ﬁnal result
for RDπ to be unaﬀected by the particular choice.
In Table 3, we show our updated RDπ for the electron and the muon as each part is added,
namely, transversal, longitudinal and interference parts. Notice that, due to the cancellation of
global factors in the ratio, RDπ has a much higher precision than the individual branching ratios.
We note that the pure longitudinal contribution to the branching ratio is the same for the light
leptons. On the other hand, the relative size of the interferences turns out to be negligible at
the current precision, however we have added more signiﬁcant ﬁgures to exhibit their role. The
uncertainty on RDπ is similar to RD∗ and comes from the uncertainties on the measurement of
the form factors in the CLN parametrization for which we have used results published by Belle
14 without further restrictions.
Table 3: Contribution to the branching ratio of the transversal, longitudinal and interference parts of the amplitude
for all three lepton ﬂavors. Quantities are given in percentage. The last two rows shows the value of RDπ as each
contribution is added subsequently from left to right for e and μ.

Electron
Muon
Tau
e
RDπ
μ
RDπ

4

Transversal
4.6(3)
4.6(3)
1.16(8)
0.25221
0.25330

Longitudinal
5.0(3) × 10−6
5.0(3) × 10−6
1.1(6) × 10−6
0.25221
0.25330

Interference
3.2(2) × 10−3
3.2(2) × 10−3
6.4(2) × 10−4
0.25217
0.25327

Discussion

The accurate theoretical and experimental information on RD∗ are importan to elucidate if
indeed there is evidence of the violation of lepton ﬂavour universality. In this work, after a
short review of the experimental and theoretical status, we have elaborated on the longitudinal
correction from the D∗ propagator to RDπ . We have incorporated the absorptive corrections
and found that the interference with the transversal part is the most signiﬁcant contribution
but makes no diﬀerence as compared to RD∗ at the current precision. Our previous result 12 is
updated after ﬁnding a bug in the numerical code, bringing RDπ in full agreement with RD∗
and the diﬀerence between the several values can be traced back to the form factor used and the
restrictions incorporated to determine their parameters. The experimental world average and
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the most accurate theoretical estimate are still in tension leaving the possibility of presence of
new physics scenarios open 24 .
A full 4-body description would require to consider the most general structure for the four
body decay. In our description, terms proportional to pμD∗ coupled to the longitudinal part of
the D∗ propagator are absent. Additional longitudinal terms in the D∗ − D − π vertex have
not been considered either. Since the form factors have been derived from Belle data 14 without
including these terms, a new analysis should be necessary.
Contributions from the scalar resonances may be part of the internal process, which were taken
into account in the background analysis by the experiments. A lack of information on these
states make theoretical descriptions to be rough estimates 25 . Also radiative corrections in the
pseudo-scalar and neutral vector mesons systems are expected to be important at the few percent level in the branching ratios 26,27,28 . Thus, upcoming improvements on the experimental
side will require to account for them in the theoretical prediction.
Acknowledgments. G. T. Thanks the organizers for a wonderful conference and partial
support. This work was supported in part by a PIIF-IFUNAM project and CONACyT project
252167F.
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Pati–Salam and lepton universality in B decays
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Recent hints for lepton-ﬂavor non-universality in B-meson decays can be interpreted as hints
for the existence of leptoquarks. We show that scalar leptoquarks unavoidably arise in
grand uniﬁed theories, using the well-known Pati–Salam model as an example. These GUTmotivated leptoquarks can have a number of appealing features including automatic absence of
proton decay, purely chiral couplings, and relations between the various leptoquark couplings.
We show that R(K (∗) ) can be connected to the neutrino mass matrix that arises via type-II
seesaw, resulting in testable lepton ﬂavor violation. In order to also explain R(D(∗) ) one
instead has to assume the existence of light right-handed neutrinos, once again with testable
predictions in other B-meson decays and at the LHC.

1

Introduction

The strongest hints for physics beyond the Standard Model (SM) in the recent past have emerged
in rare B-meson decays, probed by BaBar, Belle, and LHCb. Particularly clean observables are
given by double ratios such as R(K (∗) ) and R(D(∗) ). These ratios are sensitive probes of leptonﬂavor non-universality and show small but persistent deviations from their SM values. Updated
results presented at this Moriond conference (see contributions by M. Prim, T. Humair and
G. Caria) have already been included in several global ﬁts (see Refs. 1,2,3,4,5,6 ) and have been
discussed by D. Straub (see these proceedings). We use the opportunity these proceedings oﬀer
and also update our analysis below. The diﬀerence from the published version in Ref. 7 is however
small and mainly quantitative.
New-physics explanations of R(K (∗) ) (R(D(∗) )) require Z  (W  ) vector bosons or leptoquarks.
A popular combined explanation uses the vector leptoquark (LQ) U1 ∼ (3, 1)2/3 , which is
unfortunately rather diﬃcult to obtain in UV-complete models (see A. Angelescu’s contribution
to these proceedings). In Ref. 7 we pointed out that scalar LQs on the other hand can be found
in abundance in grand uniﬁed theories, the simplest example being the Pati–Salam (PS) model
based on the gauge group SU (4)LC × SU (2)L × SU (2)R (Ref. 8 ). The most general PS model
that abandons quark–lepton mass uniﬁcation actually already contains all scalar LQs and is
thus perfectly suited to explain the B-meson anomalies by lowering the relevant LQ masses to
the TeV scale. In addition, these PS-motivated LQs do not cause proton decay, which is usually
a major problem in simple SM extensions that requires the imposition of an additional protonstabilizing symmetry based on baryon or lepton number (see Ref. 9 ). Furthermore, the Pati–
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Salam symmetry imposes restraints on the LQ couplings and relates them to other couplings,
thus providing testable predictions despite not being a one-particle combined explanation like U1 .
We will highlight some of these predictions below but stress that the general idea goes beyond
our examples and should be explored in other grand uniﬁed theories as well.
2

R(K (∗) ) and neutrino mass

The SM fermions as well as right-handed neutrinos reside in the PS representations
ΨL ∼ (4, 2, 1) → (3, 2) 1 ⊕ (1, 2)
6

ΨR ∼ (4, 1, 2) → (3, 1) 2 ⊕ (3, 1)
3

1
−2
1
−3

≡ QL ⊕ LL ,

(1)

⊕ (1, 1)−1 ⊕ (1, 1)0 ≡ uR ⊕ dR ⊕ R ⊕ NR ,

(2)

which allow us to deﬁne a parity left–right exchange symmetry ΨL ↔ ΨR that maximizes the
predictive power of the framework and will be imposed below. In order to break the PS group
to the SM and provide masses to the right-handed neutrinos we introduce the scalar ﬁelds


ΔL ∼ (10, 3, 1) → (6, 3) 1 ⊕ 3, 3 1 ⊕ (1, 3)1 ≡ Σ3 ⊕ S3 ⊕ δ3 ,
(3)
−3
3






ΔR ∼ (10, 1, 3) → (6, 1) 1 ⊕ (6, 1) 2 ⊕ (6, 1) 4 ⊕ 3, 1 1 ⊕ 3, 1 2 ⊕ 3, 1 4
−3

3

−3

−3

3

3

⊕ (1, 1)0 ⊕ (1, 1)1 ⊕ (1, 1)2 ≡ Σ1 ⊕ Σ̃1 ⊕ Σ1 ⊕ S1 ⊕ S̃1 ⊕ S 1 ⊕ δ1 ⊕ δ̃1 ⊕ δ 1 ,
which contain amongst other things all Sj LQs (using the notation of Ref. 10 ). The SM-singlet δ1
will obtain a large vacuum expectation value (VEV) that breaks PS → SM, whereas the triplet
δ3 will obtain a small SM-breaking VEV that generates type-II seesaw neutrino masses
√
Mν − 2δ3 VL∗ y L VL† .
(4)
Here VL is the standard Cabibbo–Kobayashi–Maskawa matrix and δ3  the sub-GeV triplet VEV.
Since the neutrino mixing angles and mass-squared diﬀerences are well known from neutrinooscillation measurements, we can determine y L as a function of the unknown neutrino phases
and lightest neutrino mass. However, y L is not only the (symmetric) Yukawa coupling of δ3 to
the neutrinos, but thanks to PS also the S3 LQ coupling:
1 c
c
L = QL y L LL S3 + √ LL y L LL δ3 + h.c.
2

(5)

The S3 coupling is relevant for R(K (∗) ) as it generates the desired Wilson coeﬃcients
ΔC9 = −ΔC10 =

πv 2
1 L L∗
1
y y .
∗
α VL,tb VL,ts
MS23 23 22
!

(6)

Using the Moriond-updated results of Ref. 5 we require Re(ΔC9 ) −0.53 ± 0.08. Here we are
assuming all scalars except for S3 to be suﬃciently heavy to be irrelevant for the processes under
consideration.
PS thus relates the neutrino mass parameters of Eq. (4) to the R(K (∗) ) couplings of Eq. (6).
While it is trivial to accommodate both simply by playing with δ3  and MS3 , it is non-trivial to
evade the numerous additional S3 -mediated processes, in particular the lepton-ﬂavor-violating
L and y L
μ → e conversion in nuclei. The existing limit of Ref. 11 requires rather small y11
12
L and y L , which in turn leads to a prediction of the so-far unknown
couplings compared to y23
22
CP phases in the neutrino sector. This is in direct analogy to the often-studied texture zeros
in the neutrino mass matrix, which here translate into coupling zeros of the LQ S3 . Fitting the
unknown neutrino parameters together with R(K (∗) ) allows us to make the predictions shown
in Fig. 1 (left), in particular a rather small Dirac CP phase.
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Figure 1 – Left: Results of the ﬁt for the neutral-current anomalies and type-II neutrino masses, ﬁxing δ3 =
50 meV and normal ordering. The star denotes the best-ﬁt point; we show the Δχ2 < 2.3 (1σ), 6.2 (2σ), 11.8 (3σ)
regions in green, yellow, and blue, respectively, marginalizing over all other parameters. Right: Results of the ﬁt
for the combined explanation of R(K (∗) ) and R(D(∗) ), also showing Belle-II prospects for certain luminosities.

We want to stress that it is highly non-trivial that the Mν –R(K (∗) ) connection is successful.
It only works because Mν with normal mass ordering has a peculiar hierarchical structure: a
dominant 23 block with potentially tiny 11 and 12 entries. This makes it possible for S3 to
explain R(K (∗) ) (which resides in the 23 sector) without running into problems with muonic
lepton ﬂavor violation (which resides in the 12 sector). If we had instead assumed inverted
mass ordering we would have found an S3 coupling matrix that is impossible to reconcile with
R(K (∗) ) and μ → e processes. The same is true if we assume type-I seesaw dominance, as shown
in Ref. 7 . The Mν –R(K (∗) ) connection is thus a rather surprising and non-trivial feature that
would be a strong hint at grand uniﬁcation if conﬁrmed. In this regard we note that the above
suppression of muonic lepton ﬂavor violation is not expected to hold far below the existing limits,
so upcoming experiments such as Mu2e, COMET, and Mu3e should see signs of new physics if
our explanation is correct.
3

R(K (∗) ) and R(D(∗) )

While R(K (∗) ) is relatively easy to accommodate in SM-extensions, R(D(∗) ) requires a rather
low new-physics scale around TeV and is thus subject to many more constraints. Particularly
constraining is the so-far unobserved decay B → Kνν, which is connected to B → Dτ ν via
SU (2)L and typically requires a cancellation. As pointed out in Refs. 12,13,14,15,16 , one way out
is to explain R(D(∗) ) via an additional decay mode B → Dτ NR , which automatically evades
the B → Kνν constraint and should lead to similar diﬀerential distributions as long as NR is
lighter than about 100 MeV.
In our PS framework the decay B → Dτ NR can in principle be induced by the S1 LQ.a
However, the S1 couplings are related to the NR mass matrix, in complete analogy to the S3
couplings and Mν above. This implies that a light NR is automatically weakly coupled to S1 ,
making it impossible to explain R(D(∗) ). It is thus necessary to extend the PS model and
a
An alternative solution would be to use the R2 LQ that resides in the (15, 2, 2) representation typically
required for electroweak symmetry breaking. We do not consider this option here because the R2 couplings are
not directly related to the S3 couplings, which lowers the predictivity of this approach.
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decouple the S1 couplings from the NR mass generation. As shown in Ref. 7 there are numerous
ways to achieve this; here we will simply assume that one of the NR is indeed light (below
100 MeV) and has some unrelated couplings to S1 . Since we are staying agnostic about the
neutrino mass mechanism we no longer have the Mν –R(K (∗) ) connection from above, so the LQ
couplings are now free parameters,
1
c
c
c
L = QL y L LL S3 − √ dR y R VR† NR + R y R VR† uR S1 + h.c.
2

(7)

Still, parity equates the S1 and S3 LQ couplings, y L = y R , for which we make the Ansatz

yL = yR

⎛
⎞
0 0
0
⎝0 y22 y23 ⎠
0 y23 y33

(8)

in order to evade constraints from muonic lepton ﬂavor violation. S3 will be used to explain
R(K (∗) ) via Eq. (6), i.e. using the product of y22 and y23 . S1 will induce B → Dτ NR via a
large y23 , assuming the light NR mass eigenstate, dubbed N̂ , to be aligned with the second
generation:

RD(∗)

Γ(B → Dτ ν, Dτ N̂ )/Γ(B → Dτ ντ )SM
≡
ˆ DˆN̂ )/Γ(B → Dν
ˆ  )SM
Γ(B → Dν,


1+

v 2 VR,cs 2
y
4MS21 VL,cb 23

2
,

(9)

with ˆ = e, μ, see Ref. 7 for more details. Using the updated Belle data on R(D(∗) ) presented
!

at this conference (and now published in Ref. 17 ), we estimate the preferred region to be RD(∗)
1.14 ± 0.04, which then determines y23 /MS1 .
A combined ﬁt of R(K (∗) ) and R(D(∗) ), imposing all the relevant related constraints, yields
the masses and couplings of Tab. 1. Both LQs are in the TeV mass range and y23 is of order
one, much larger than all the other couplings. The main constraints and predictions then arise
from processes involving the lightest LQ (S1 ) and its 23 couplings. In particular, B → Kνν and
B → Kμτ are predicted large enough that Belle II can exclude the relevant parameter space
[see Fig. 1 (right)], while LHC can independently test this model in the channels pp → τ ν and
pp → S1 S1 → t̄μtμ̄, see Fig. 2 and Ref. 7 . Note that we further predict the S1 branching ratios
BR(S1 → tμ) BR(S1 → cτ ) BR(S1 → b invisible).
Table 1: Results of the ﬁt for the combined explanation of R(K (∗) ) and R(D(∗) ), ﬁxing MS1 = 1 TeV.

Parameter
MS3
y22
y23
y33
χ2

Best ﬁt
6.1 TeV
0.030
1.02
0.006
2.2

Observable
RD(∗)
ΔC9 = −ΔC10
μ/e
RD(∗)
δgτRτ
R
δgμμ
BKνν
BR(B → Kμτ )
BR(τ → μγ)
BR(τ → 3μ)
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Best ﬁt
1.14
−0.53
1.00
0.4 × 10−4
−6.9 × 10−4
2.48
0.7 × 10−5
4.3 × 10−11
7.7 × 10−11

Pull/bound
−0.1σ
+0.0σ
+0.0σ
−1.3σ
−0.8σ
3.28
4.8 × 10−5
4.4 × 10−8
2.1 × 10−8
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Figure 2 – Collider phenomenology for S1 . The 1σ, 2σ, 3σ regions where both sets of anomalies are explained
are denoted in green, yellow and blue, respectively. Existing LHC bounds are denoted by continuous lines and
shaded regions, future prospects by dotted and dot-dashed lines for various LHC luminosities.

4

Conclusions

The tantalizing and persisting B-meson anomalies in the observables R(K (∗) ) and R(D(∗) ) hint
at the existence of leptoquarks, which in turn hint at grand uniﬁed theories where they arise
naturally. Most grand uniﬁed theories actually contain all scalar LQs as partners of the scalars
required for the gauge-group breakdown. As a simple example we considered the well-known
Pati–Salam model and showed that R(K (∗) ) can be accommodated using the S3 LQ and furthermore connected to the type-II seesaw neutrino mass structure, predicting measurable leptonﬂavor violation in the muon sector.
Explaining both R(K (∗) ) and R(D(∗) ) simultaneously is more involved and requires an extension of the Pati–Salam model in order to incorporate one light right-handed neutrino with an
order one coupling to the S1 LQ. The underlying parity-symmetric Pati–Salam structure then
identiﬁes the S1 and S3 couplings and predicts large rates for B → Kνν and B → Kμτ , fully
testable in Belle II.
There is hope that the B-meson anomalies are just the ﬁrst signs of new physics that should
show up in other rare decays or even be directly produced at the LHC. Grand uniﬁed theories
make for a ﬂexible yet predictive framework that allows to connect seemingly disconnected
signatures.
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|Vcs(d) | measurements and LFU tests in charm leptonic decays
Hailong Ma (For BESIII Collaboration)
Institute of High Energy Physics, CAS, 100049, China
BESIII collected 2.93 fb−1 , 0.482 fb−1 , 3.19 fb−1 , and 0.567 fb−1 of data samples at the center√
of-mass energies s = 3.773, 4.009, 4.178, and 4.6 GeV, respectively. Herein, we report the
+
improved measurements of the quark mixing matrix elements |Vcs(d) | by using D(s)
→ + ν ,
D0(+) → K̄ + ν , D0(+) → π + ν , and Ds+ → η () ν . We also report tests of lepton ﬂavor
+
universality with the (semi-)leptonic decays D(s)
→ + ν , D0(+) → K̄ + ν , D0(+) → π + ν ,
+
ν . Also, we present the improved measurements of the
Ds+ → φ[η ( )] + ν , and Λ+
c → Λ
decay constants fD+ and the hadronic form factors of some semi-leptonic D decays.
(s)

1

Introduction

Studies of the (semi-)leptonic D decays are important for the explorations of the weak and strong
eﬀects in charm sector. Firstly, in the Standard Model (SM), the decay rates of the leptonic decays
+
→ + ν at the lowest order can be written as
D(s)
+
Γ(D(s)
→ + ν  ) =

G2F
m2
2
2
),
|Vcd(s) |2 fD
+ m mD + (1 −
(s)
8π
m2D+
(s)

(1)

(s)

+
where GF is the Fermi coupling constant, fD+ is the D(s)
decay constant, |Vcd(s) | is the quark
(s)
+
mixing matrix element between cd¯ or cs̄, m and mD+ are the masses of lepton and D(s)
. The
(s)

decay rates of the semi-leptonic (SL) decays D(s) → P + ν can be written as 1
dΓ
G2
= X F3 |Vcs(d) |2 p3P |f+P (q 2 )|2 ,
2
dq
24π

(2)

where P denotes pseudoscalar meson K̄, π, or η () ; pP is the momentum of P in the D(s) rest
frame, f+P (q 2 ) is the hadronic form factor (HFF) depending on the square of the four momentum
transfer q = pD − pP . X = 1/2 for D+ → π 0 + ν and X = 1 for other decays. In experiments,
precise measurements of the (semi-)leptonic D(s) decays allow to precisely determine |Vcs(d) | and
fD+ (f+P (0)). These measurements are important to calibrate the theoretical calculations on fD+
(s)

(s)

or f+P (0), and to test the quark mixing matrix unitarity.
Secondly, lepton ﬂavor universality (LFU), which indicates the equality of the couplings between three families of leptons and gauge bosons, is one of fundamental predictions in the standard model (SM). The SL decays of pseudoscalar mesons oﬀer an excellent opportunity to test
LFU as they are well understood in the SM. In the past decade, the BaBar, Belle, and LHCb
experiments reported anomalies in the LFU tests with various SL B decays. The measured
branching fraction (BF) ratios Rτ / = BB→D̄(∗) τ + ντ /BB→D̄(∗) + ν ( = μ, e) 2,3,4,5,6 and Rμμ/ee =
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BB→K (∗) μ+ μ− /BB→K (∗) e+ e− 7,8,9 deviate from the SM predictions by 3.9σ and 2.1-2.6σ, respectively.
Precision or comprehensive measurements of the semi-electronic and semi-muonic D decays allow
for additional LFU tests.
To date, BESIII 10 accumulated 2.93 fb−1 , 0.482 fb−1 , 3.19 fb−1 , and 0.567 fb−1 data sets at the
√
center-of-mass energies s = 3.773, 4.009, 4.178, and 4.6 GeV, respectively. Based on these data
samples, the proceeding reports the improved or ﬁrst measurements of the (semi-)leptonic decays
+
+
→ + ν , D0(+) → K̄+ ν , D0(+) → π+ ν , Ds+ → φ[η () ]+ ν , and Λ+
D(s)
c → Λ ν . Throughout
the proceeding, charge conjugates are implied.
Determinations of |Vcs(d) |

2
2.1

+
→ + ν 
Measurements with D(s)

√
By analyzing the data samples taken at s = 3.773 and 4.178 GeV, BESIII report the improved
+
+
measurements of the BFs of D → μ νμ 11 , Ds+ → μ+ νμ 12 , and the ﬁrst measurement of the
BF of D+ → τ + ντ 13 , which are (3.71 ± 0.19 ± 0.10) × 10−4 (throughout this article, the ﬁrst and
second uncertainties are always statistical and systematic, respectively, unless clariﬁed), (5.49 ±
0.16 ± 0.15) × 10−3 , and (1.20 ± 0.24stat ) × 10−3 (preliminary result, but statistical uncertainty is
dominated), respectively. With these BFs, we obtain fD+ |Vcd | = 46.7 ± 1.2 ± 0.4 MeV, fDs+ |Vcs | =
242.5 ± 3.5 ± 3.7 MeV, and fD+ |Vcd | = 50.4 ± 5.0stat MeV.
With |Vcd(s) | from the SM global ﬁt, we obtain the decay constants fD+ = 203.8 ± 5.2 ± 1.8
MeV, fDs+ = 252.9±3.7±3.6 MeV, and fD+ = 205.4±22.5stat MeV. Using the averages of fD+ and
fDs+ weighted from all existing measurements, we determine the ratio to be fDs+ : fD+ = 1.244 ±
0.033stat+syst . Comparisons of fD+ , fDs+ , and fDs+ : fD+ with other measurements and theoretical
calculations are shown in Figs. 1 (left), (center), and (right). We can see that the averages of the
measured values of fD+ , fDs+ , and fDs+ : fD+ deviate from the theoretical calculations 14 by −1.4σ,
+1.5σ, and +2.0σ, respectively.
The LQCD calculations of fD+ 14 have been performed by HPQCD (2+1), RBCUKQCD (2+1),
ETM (2+1+1), and Fermilab Lattice and MILC Collaborations. The LQCD calculations of fDs+ 14
have been performed by HPQCD (2+1), χQCD (2+1), RBCUKQCD (2+1), ETM (2+1+1), and
Fermilab Lattice and MILC Collaborations. The simple averages of these theoretical calculations
yield fD+ = 212.3 ± 0.6 MeV and fDs+ = 249.7 ± 0.4 MeV. Combining these averages with our
averages of fD+ |Vcd | and fDs+ |Vcs | from all existing measurements, we determine |Vcd | = 0.2170 ±
0.0054experiment ± 0.0006LQCD and |Vcs | = 0.992 ± 0.013experiment ± 0.002LQCD .
HPQCD (2+1)
χQCD (2+1)
RBCUKQCD (2+1)

HPQCD (2+1)
RBCUKQCD (2+1)

ETM (2+1+1)
FMILC (2+1+1)
Average (theory)
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Measurements with D0(+) → K̄+ ν and D0(+) → π+ ν
√
Using the data sample taken at s = 3.773 GeV, BESIII report the ﬁts to the diﬀerential partial
0
−
decay rates (PDRs) of D → K (π − )e+ νe 15 . Here, the Simple Pole model 16 , the Modiﬁed Pole

2.2
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model 16 , the ISGW2 model 17 , the two-parameter series expansion (Series.2.Par.) 18 and the
three-parameter series expansion (Series.3.Par.) 18 are used. Later, BESIII reported the dynamics
analyses of D+ → KL0 e+ νe 19 , D+ → K̄ 0 (π 0 )e+ νe 20 , D0 → K − μ+ νμ 21 . As example, Figs. 2 (a) and
(b) show the ﬁt to the PDRs and the projection to f+K (q 2 ) for D0 → K − μ+ νμ . Throughout this
article, the BESIII results are based on Series.2.Par. Combining the results based on Series. 2. Par.
and |Vcd(s) | from the SM global ﬁt, we obtain the updated HFFs f+D→K (0)D0 →K − e+ νe = 0.7368 ±
0.0026 ± 0.0036, f+D→K (0)D+ →K 0 e+ νe = 0.748 ± 0.007 ± 0.012, f+D→K (0)D0 →K̄ 0 (K 0 →π+ π− )e+ νe =
L
S
0.7246 ± 0.0041 ± 0.0115, f+D→K (0)D0 →K − μ+ νμ = 0.7343 ± 0.0039 ± 0.0030, f+D→π (0)D0 →π− e+ νe =
0.6372 ± 0.0080 ± 0.0044, and f+D→π (0)D+ →π0 e+ νe = 0.6216 ± 0.0115 ± 0.0035. Figure 3 shows the
comparisons with the theoretical calculations 22 and other measurements. It should be noted that
the HFLAV results 23 are based on all other measurements (including BESIII) published before
2016.
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Figure 2 – (a) Fit to the PDRs, (b) projection to f+
(q ) for D0 → K − μ+ νμ and (c) the measured Rμ/e in each
q 2 interval. Dots with error bars are data. Solid curves are the ﬁt, the projection or the Rμ/e expected with the
parameters in Ref. ? where the uncertainty is negligible due to strong correlations in hadronic FFs.

D→K(π)

The LQCD calculations of f+
(0) 22 have been performed by HPQCD (2+1), ETM
(2+1+1), and Fermilab Lattice and MILC (2+1+1) Collaborations. The averages of these theoretical calculations are f+D→K (0) = 0.7600 ± 0.0115 and f+D→π (0) = 0.6341 ± 0.0155. With these averages, the updated |Vcd | and |Vcs | are obtained to be |Vcs |D0 →K − e+ νe ,HFLAV = 0.951±0.005experiment ±
0.0036LQCD , |Vcs |D0 →K̄ 0 (K 0 →π+ π− )e+ νe ,BESIII = 0.928±0.016experiment ±0.0015LQCD , |Vcs |D0 →K − μ+ νμ ,BESIII =
S
0.939±0.006experiment ±0.014LQCD , |Vcd |D0 →π− e+ νe ,HFLAV = 0.2249±0.0030experiment ±0.0055LQCD ,
and |Vcd |D+ →π0 e+ νe ,BESIII = 0.2208 ± 0.0042experiment ± 0.0054LQCD . Figures 4 (center) and (right)
shows comparisions of the updated |Vcs | and |Vcd |, respectively.
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Figure 3 – Comparisons of the measured FFs with theoretical calculations and other experiments. The yellow and
green bands are the averages of the theoretical calculations and experimental measurements.

2.3

Measurements with Ds+ → η () + ν

√
Based on analyses of the data sample taken at s = 4.178 GeV, we reported the improved
measurements of the BFs of Ds+ → ηe+ νe and Ds+ → η  e+ νe , which are (2.32 ± 0.06 ± 0.06)% and
(0.82 ± 0.07 ± 0.03)%, respectively 24 . With the same samples, we also performed the ﬁrst study of
the dynamics of Ds+ → ηe+ νe and Ds+ → η  e+ νe , by using the HFF parameterizations mentioned
above. Figures 4 (a) shows the projections of the ﬁts to the partial decay widths of Ds+ → η () + ν .
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+

+



From the ﬁts, we obtain f+Ds →η (0)|Vcs | = 0.4455 ± 0.0053 ± 0.0044 and f+Ds →η (0)|Vcs | = 0.477 ±
0.049 ± 0.011. Figure 3 shows comparisons to the theoretical calculations 25 . Combining |Vcs |
+

+



from the SM global ﬁt, we determine f+Ds →η (0) = 0.4576 ± 0.0054 ± 0.0045 and f+Ds →η (0) =
0.490 ± 0.050 ± 0.011 for the ﬁrst time.
+
()
Reversely, with the FFs f+Ds →η (0) calculated with LCSR 26 , we determine |Vcs | = 1.031 ±
0.015 ± 0.079 and 0.917 ± 0.095 ± 0.155 with Ds+ → η () + ν for the ﬁrst time. These results
are consistent with our previous measurements with Ds+ → + ν and D0(+) → K̄+ ν . Although
+

our measured f+Ds →η (0) are consistent with the LCSR calculations, we ﬁnd that the measured
()

D + →η ()

f+
(0) by CLEO-c 27 and BESIII 28 all deviate from the corresponding LCSR calculations by
more than 2σ. Figure 4 (right) shows the comparisons of the measured |Vcs | with various methods
and experiments.
+

0

BESIII D → K S e ν

+

BESIII D → π e ν

BESIII D s → η 'e ν

D→μ ν
BESIII D s → η e ν

D→π l ν

0

BESIII D → K μ ν
Ds →l ν

Average
D → ( π )l ν

D→K l ν
Average
D s → l ν +D → K l ν

νN

Indirect

0.2

0.22
|V |

0.24

3
3.1

0.94-0.26 ±0.13

Indirect

0.973394-0.000096

0.8

+0.000074

0.9

1

1.1

|Vcs|

cd
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+0.32

W →cs

+

ν (left). Comparisons of the measured

LFU tests
+
Tests with D(s)
→ + ν 

BESIII have determined the BFs of D+ → μ+ νμ , Ds+ → μ+ νμ , and D+ → τ + ντ to be (3.71 ±
0.19 ± 0.10) × 10−4 11 , (5.49 ± 0.16 ± 0.15) × 10−3 12 , and (1.20 ± 0.24stat ) × 10−3 13 , respectively.
With the BFs of D+ → μ+ νμ and D+ → τ + ντ measured at BESIII, we determine the BF ratio to
be BD+ →τ + ντ /BD+ →μ+ νμ = 3.21 ± 0.64, which is consistent with the SM prediction of 2.67. With
the BF of Ds+ → μ+ νμ measured at BESIII and all previous measurements, we determine the
averaged BF to be (5.49 ± 0.17) × 10−3 . Combining the world average of BD+ →τ + ντ , we determine
the BF ratio to be BDs+ →τ + ντ /BDs+ →μ+ νμ = 9.98 ± 0.52, which is consistent with the SM prediction
of 9.74.
Tests with D0(+) → K̄+ ν and D0(+) → π+ ν
√
From analyses of the data sample taken at s = 3.773 GeV, BESIII report the improved measurements of the following BFs: BD0 →K − e+ νe = (3.505 ± 0.014 ± 0.033)% 15 , BD0 →π− e+ νe =
(0.295±0.004±0.003)% 15 , BD+ →K̄ 0 e+ νe = (8.74±0.19stat+syst )% 29 , BD+ →π0 e+ νe = (0.363±0.008±
0.005)% 20 , BD0 →K − μ+ νμ = (3.413 ± 0.019 ± 0.035)% 21 , BD+ →K̄ 0 μ+ νμ = (8.72 ± 0.07 ± 0.18)% 30 ,
BD0 →π− μ+ νμ = (0.272 ± 0.008 ± 0.006)% 31 , and the ﬁrst measurement of BD+ →π0 μ+ νm u = (0.350 ±
0.011±0.010)% 31 . With these BFs, we determine the BF ratios to be BD0 →K − μ+ νμ /BD0 →K − e+ νe =
0.978 ± 0.07 ± 0.12, BD+ →K̄ 0 μ+ νμ /BD+ →K̄ 0 e+ νe = 1.00 ± 0.03stat+syst , BD0 →π− μ+ νμ /BD0 →π− e+ νe =
0.922 ± 0.30 ± 0.22, BD+ →π0 μ+ νμ /BD+ →π0 e+ νe = 0.964 ± 0.37 ± 0.26. These ratios are consistent
with the corresponding SM predictions within uncertainties. We also examine the partial BF ratios
3.2
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in various q 2 intervals, as shown in Fig. 2 (c) and Fig. 5, no signiﬁcant deviations from the SM
predictions are found.
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Figure 5 – ΔΓi /Δq 2 of D0(+) → π −(0) + ν (top) and RLFU (bottom) in various q 2 bins. Data are shown as dots
with error bars, where the uncertainties are combined from statistical and systematic errors, and the uncertainties in
0(+)
RLFU are dominated by the statistical uncertainties of semi-muonic modes. The blue, green and black curves with
bands show the LQCD predictions with uncertainties.
0(+)

0(+)

Tests with Ds+ → φ+ ν and Ds+ → η () + ν
√
Based on analyses of the data sample taken at s = 4.009 GeV, BESIII report the measurements
+
+
+
+
of the BFs of Ds → φe νe , Ds → ηe νe , and Ds+ → η  e+ νe , which are (2.26 ± 0.45 ± 0.09)%,
(2.30±0.31±0.08)%, and (0.93±0.30±0.05)%, respectively 32 . With the same data sample, BESIII
also report the ﬁrst measurements of the BFs of Ds+ → φμ+ νμ , Ds+ → ημ+ νμ , and Ds+ → η  μ+ νμ ,
which are (1.94±0.53±0.09)%, (2.42±0.46±0.11)%, and (1.06±0.54±0.07)%, respectively32 . The
BF ratios are determined to be BDs+ →φμ+ νμ /BDs+ →φe+ νe = 0.86 ± 0.29, BDs+ →ημ+ νμ /BDs+ →ηe+ νe =
1.05 ± 0.24, BDs+ →η μ+ νμ /BDs+ →η e+ νe = 1.14 ± 0.68, which are all consistent with unit within
uncertainties, but dominated by statistical uncertainties.
3.3

3.4

+
Tests with Λ+
c → Λ ν

√
By utilizing the data samples taken at s = 4.6 GeV, BESIII report the ﬁrst measurements of the
+
+
+
absolute BFs of Λc → Λe νe and Λc → Λμ+ νμ to be (3.63±0.38±0.20)% and (3.49±0.40±0.26)%,
/BΛ+
=
respectively 33 . Based these two BFs, we determine the BF ratio to be BΛ+
+
+
c →Λμ νμ
c →Λe νe
0.96 ± 0.16 ± 0.04, which is consistent with unit within uncertainties, but dominated by statistical
uncertainty.
4

Summary

√
Based on the data samples taken at s = 3.773, 4.009, 4.178, and 4.60 GeV with the BESIII
detector, we report the improved measurements of |Vcs |, fD+ , and the HFFs of some SL D(s)
(s)

decays. We also report tests of LFU with these (semi)leptonic D(s) decays, but no violation is
found with the current statistical and systematic uncertainties. These results are the most precise
+
decays have better precision due to that the LQCD
to date. The |Vcs(d) | measured by leptonic D(s)
calculations on fD+ are more precise than those on f+P (0). Some other measurements of the SL D
(s)

decays have also been performed at BESIII, see Refs. 35 for more details. More results with current
data samples and improved measurements with larger data samples are hopefully to be ﬁnished in
the near future.
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STATUS OF LEPTON FLAVOUR UNIVERSALITY AND OTHER
DISCREPANCIES IN B PHYSICS a
DAVID M. STRAUB
Excellence Cluster Universe, Boltzmannstr. 2, 85748 Garching, Germany

Following the updated measurement of the lepton ﬂavour universality (LFU) ratio RK in
B → K decays by LHCb, as well as a number of further measurements, e.g. RK ∗ by Belle
and Bs → μμ by ATLAS, I present an analysis of the global status of new physics in b → s
transitions in the weak eﬀective theory at the b-quark scale, in the Standard Model eﬀective
theory above the electroweak scale, and in simpliﬁed models of new physics.

1

Introduction

In recent years, several deviations from Standard Model (SM) expectations have been building
up in B-decay measurements. These deviations – or “anomalies” – can be grouped into four
categories: apparent suppression of various branching ratios of exclusive decays based on the
b → sμμ transition, deviations from SM expectations in B → K ∗ μ+ μ− angular observables,
apparent deviations from μ-e universality in b → s transitions, and apparent deviations from
τ -μ and τ -e universality in b → cν transitions. The purpose of our analysis is to examine the
status of the tensions after inclusion of a number of updated or newly available measurements,
in particular:
• The new measurement of RK by the LHCb collaboration,2 presented by Th. Humair at
this conference
RK =

BR(B → Kμμ)
= 0.846 +0.060
−0.054
BR(B → Kee)

+0.016
−0.014 ,

for 1.1 GeV2 < q 2 < 6 GeV2 ,

(1)

While the updated experimental value is closer to the SM prediction than the Run-1 result,3
the reduced experimental uncertainties imply a tension between theory and experiment at
the level of 2.5σ, which is comparable to the situation before the update.
a
This talk is based entirely on a publication1 by J. Aebischer, W. Altmannshofer, D. Guadagnoli, M. Reboud,
P. Stangl, and myself.
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• The new, preliminary measurement of RK ∗ by Belle,4 presented by M. Prim at this conference. Averaged over B ± and B 0 decays, the measured RK ∗ values at low and high q 2
are
#
for 0.1 GeV2 < q 2 < 8 GeV2 ,
0.90+0.27
BR(B → K ∗ μμ)
−0.21 ± 0.10 ,
(2)
RK ∗ =
=
+0.52
BR(B → K ∗ ee)
for 15 GeV2 < q 2 < 19 GeV2 .
1.18−0.32 ± 0.10 ,
Given their sizable uncertainties, these values are compatible with both the SM predictions
SM approximately unity) and previous results on R ∗ from LHCb.5
(RK
∗
K
#
for 0.045 GeV2 < q 2 < 1.1 GeV2 ,
0.66+0.11
BR(B → K ∗ μμ)
−0.07 ± 0.03 ,
RK ∗ =
=
+0.11
∗
BR(B → K ee)
0.69−0.07 ± 0.05 ,
for 1.1 GeV2 < q 2 < 6 GeV2 ,
(3)
• One further, important piece of information included in our study is the 2018 measurement
of Bs → μμ by the ATLAS collaboration,6 that we combine with the existing measurements
by CMS and LHCb.7–9 We stress that a two-dimensional combination of the correlated
likelihoods of Bs → μμ and Bd → μμ is required for consistency, and that a naive average
of the Bs → μμ measurements obtained from proﬁling over the Bd → μμ branching ratio
is inconsistent.
Our numerical analysis is entirely based on open-source software, notably the global likelihood in Wilson coeﬃcient space provided by the smelli package,10 built on flavio11 and
wilson.12 As such, our analysis is easily reproducible and modiﬁable. For more details on
the statistical approach and the list of observables and measurements included, we refer to the
publication on the global likelihood.10
2

Model-independent numerical analysis

 we perform a
Having at hand the global likelihood in the space of NP Wilson coeﬃcients, L(C),
model-independent numerical analysis by studying it in simple one- and two-coeﬃcient scenarios.
This analysis proceeds in two steps:
1. We ﬁrst investigate the Wilson coeﬃcients of the weak eﬀective theory at the b-quark
mass scale. This analysis can be seen as an update of earlier analyses (see e.g.13–18 ) and
is completely general, barring new particles lighter than the b quark (see e.g.19–22 ).
2. Next, we embed these results into the SMEFT at a scale Λ above the electroweak scale.
This is based on the additional assumptions that there are no new particles beneath Λ
and that EW symmetry breaking is approximately linear (see e.g.23 ). This allows us to
correlate NP eﬀects in b → s model-independently with other sectors like EW precision
tests or b → c transitions (cf.10, 24–26 ).
2.1

b → s observables in the WET

We work with the eﬀective Hamiltonian
bs
bs
bs
= Heﬀ,
Heﬀ
SM + Heﬀ, NP ,

(4)

where the ﬁrst term contains the SM contributions to the Wilson coeﬃcients. The second reads


bs
Heﬀ,
=
−N
C7bs O7bs + C7bs O7bs +
NP



=e,μ i=9,10,S,P
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Cibs Oibs + Cibs Oibs


+ h.c. ,

(5)

Table 1: Best-ﬁt values, 1 and 2σ ranges, and pulls (cf. Eq. (8)) between the best-ﬁt point and the SM point for
scenarios with NP in a single Wilson coeﬃcient (or Wilson coeﬃcient combination).

Coeﬀ.

best ﬁt

1σ

2σ

pull

C9bsμμ
C9bsμμ
bsμμ
C10
bsμμ
C10
bsμμ
C9bsμμ = C10
bsμμ
C9bsμμ = −C10

−0.95

[−1.10, −0.79]

[−1.26, −0.63]

5.8σ

+0.09

[−0.07, +0.24]

[−0.23, +0.39]

0.5σ

+0.73

[+0.59, +0.87]

[+0.46, +1.01]

5.6σ

−0.19

[−0.30, −0.07]

[−0.41, +0.04]

1.6σ

+0.20

[+0.05, +0.35]

[−0.09, +0.51]

1.4σ

−0.53

[−0.62, −0.45]

[−0.70, −0.36]

6.5σ

with the normalization factor N =
semi-leptonic operators

4G
√F
2

e
Vtb Vts∗ 16π
2 . For this talk, we focus on new physics in the
2

¯ μ ) ,
O9bs = (s̄γμ PR b)(γ
bs
¯ μ γ5 ) .
O
= (s̄γμ PR b)(γ

¯ μ ) ,
O9bs = (s̄γμ PL b)(γ
bs
¯ μ γ5 ) ,
= (s̄γμ PL b)(γ
O
10

10

(6)
(7)

Scenarios with a single Wilson coeﬃcient
We now consider the global likelihood in the space of the above Wilson coeﬃcients. We start with
scenarios where only a single NP Wilson coeﬃcient (or a single linear combination motivated
by UV scenarios) is nonzero. The best-ﬁt values, 1 and 2σ ranges, and pulls for several such
scenarios are listed in Table 1. For the 1D scenarios, the pull in σ is deﬁned as
pull =



Δχ2 ,

1
 best ﬁt ) .
where − Δχ2 = ln L(0) − ln L(C
2

(8)

We make the following observations.
• Like in previous analyses, two scenarios stand out, namely a shift to C9bsμμ by approxi4.1), or a shift to the combination C9bsμμ =
mately −25% of its SM value (C9SM (μb )
bsμμ
−C10 by approximately −15% of its SM value. However, at variance with previous analyses, it is the second scenario, rather than the ﬁrst one, to have the largest pull. Given
our assumptions about hadronic uncertainties, the pull exceeds 6σ.
bsμμ
performs better is the ∼ 2σ tension
• The main reason why the combination C9bsμμ = −C10
in BR(Bs → μμ), which remains unresolved in the C9bsμμ scenario.
bsμμ
• New physics in C10
alone also improves the agreement between theory and data considerably. However, tensions in B → K ∗ μμ angular observables remain in this scenario.
bsμμ
• Muonic scenarios with right-handed currents on the quark side, C9bsμμ and C10
, or the
bsμμ
bsμμ
lepton side, C9
= C10 , do not lead to a good description of the data.

Scenarios with a pair of Wilson coeﬃcients
Next, we consider the likelihood in the space of pairs of Wilson coeﬃcients. The results in
bsμμ
ought to give an excellent ﬁt to the data. The
Table 1 suggest that NP in both C9bsμμ and C10
bsμμ
plane. The blue and orange
left plot of Fig. 1 shows the best ﬁt regions in the C9bsμμ - C10
regions correspond to the 1σ constraints from RK and RK ∗ , and b → sμμ observables (including
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3.0
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RK Δχ2 = 1
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global 1σ, 2σ

2.5
1.0

C9bsμμ

bsμμ
C10

2.0

0.5

1.5

1.0
0.0
0.5
−0.5
0.0
−1.5

−1.0

−0.5

0.0

−3.0

0.5

C9bsμμ

−2.5

−2.0

−1.5

C9bsμμ

−1.0

−0.5

0.0

Figure 1 – Two projections of the WET ﬁt to b → sμμ and RK (∗) in the plane of the Wilson coeﬃcients C9bsμμ and
bsμμ
C10
(left), and C9bsμμ and C9bsμμ (right). Solid (dashed) contours include (exclude) the Moriond-2019 results
for RK and RK ∗ . Individual constraints are shown at 1σ, the result of the global ﬁt is shown at 1 and 2σ. As
RK only constrains a single combination of Wilson coeﬃcients in the right plot, its 1σ contour corresponds to
Δχ2 = 1. For the other sets of data, 1 and 2σ contours correspond respectively to Δχ2 ≈ 2.3 and 6.2.

Bs → μ+ μ− ), respectively. The combined 1 and 2σ region is shown in red. The dotted contours
indicate the situation without the Moriond-2019
results for RK and RK ∗ . The best ﬁt point

bsμμ
−0.72 and C10
0.40 has a Δχ2 = 6.5, which, corrected for the two degrees of
C9bsμμ
freedom, corresponds to a pull of 6.2σ. In this scenario a slight tension between RK and RK ∗
remains, as it predicts RK
RK ∗ while the data seems to indicate RK > RK ∗ . In addition,
there is also a slight tension between the RK & RK ∗ ﬁt and the ﬁt to b → sμμ observables,
especially in the C9bsμμ direction.
Overall, we ﬁnd a similarly good ﬁt of the data in a scenario with NP in C9bsμμ and C9bsμμ .
The scenario is shown in the right plot ofFig. 1. The best ﬁt values for the Wilson coeﬃcients are
C9bsμμ −1.04 and C9bsμμ 0.48. The Δχ2 = 6.3 corresponds to a pull of 6.0σ. Interestingly,
in this scenario a non-zero C9bsμμ is preferred at the 2σ level. The right-handed quark current
allows one to accommodate the current experimental results for the LFU ratios, RK > RK ∗ .
This scenario cannot address the tension in BR(Bs → μ+ μ− ). It predicts BR(Bs → μ+ μ− ) =
BR(Bs → μ+ μ− )SM .

Universal vs. non-universal Wilson coeﬃcients
In view of the updated RK (∗) measurements, which are closer to the SM prediction than the
bsμμ
shows a tension between the RK & RK ∗ ﬁt and the ﬁt to
Run-1 results, our ﬁt in C9bsμμ and C10
b → sμμ observables, especially in the C9bsμμ direction. Therefore, it is interesting to investigate,
whether lepton ﬂavour universal new physics that mostly aﬀects b → sμμ observables but not
RK and RK ∗ is preferred by the global analysis. In Fig. 2 we show the likelihood in the space of a
LFU contribution to C9 vs. a purely muonic contribution to the linear combination C9 = −C10 ,
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ﬂavio

0.0

bsμμ
ΔC9bsμμ = −C10

−0.2

−0.4

−0.6
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−1.0
RK & RK ∗ 3σ
b → sμμ 1σ
global 1σ, 2σ

−1.2

−1.5

−1.0

−0.5

0.0

0.5

C9univ.

Figure 2 – Projections of the WET ﬁt to b → sμμ and RK (∗) onto the plane of a lepton ﬂavor universal contribution
to C9univ. ≡ C9bs , ∀ , and a muon speciﬁc contribution to the linear combination C9 = −C10 (see text for details).
Solid (dashed) contours include (exclude) the Moriond-2019 results for RK and RK ∗ .

i.e. we consider a two-parameter scenario where the total NP Wilson coeﬃcients are given by
C9bsμμ = ΔC9bsμμ + C9univ. ,

(9)

C9bsee = C9bsτ τ = C9univ. ,

(10)

bsμμ
= −ΔC9bsμμ ,
C10

(11)

bsee
bsτ τ
= C10
= 0.
C10

(12)


The best ﬁt values in this scenario are C9univ. = −0.58 and ΔC9bsμμ = −0.39 with a Δχ2 = 6.7
that corresponds to a pull of 6.4σ. The updated values of RK (∗) favour a non zero lepton ﬂavour
universal contribution to C9 in this scenario.
2.2

The global picture in the SMEFT

We next discuss the interpretation of the above results within the SMEFT. In contrast to the
discussion in WET at the b-quark scale, more Wilson coeﬃcients become relevant in SMEFT
due to RG mixing above and below the EW scale. Apart from the direct tree-level matching
contributions from semi-leptonic SMEFT operators, additional SMEFT Wilson coeﬃcients can
induce a contribution to C9 at the b mass scale through RG evolution above or below the EW
scale, as pictured in Fig. 3.
q3

f

l

b

l

s

B, W
q2

τ, ui, di
γ





Figure 3 – Diagrams inducing a contribution to C9 through RG running above (left panel) and below (right panel)
the EW scale. A sizeable contribution to C9 is obtained when f = u1,2 , d1,2,3 or l3 , see text for details.

There are two interesting possibilities:
(1,3)

• Wilson coeﬃcients [Clq

(1)

(3)

]3323 or [Cqe ]2333 of semitauonic operators [Olq ]3323 , [Olq ]3323 ,
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or [Oqe ]2333 , that induce a LFU contribution to C9bs from gauge-induced running both
above and below the EW scale.27, 28
• Four-quark operators that also induce a LFU contribution to C9bs analogously to the
semitauonic ones.29
The case of semitauonic operators is particularly interesting as it potentially allows for a
simultaneous explanation of the anomalies in neutral-current b → s transitions and in charged(3)
current b → c transitions involving taus:10, 28 this is because a large value for [Clq ]3323 , that can
explain RD and RD∗ , also induces a LFU eﬀect in C9 that goes in the right direction to solve
the b → sμμ anomalies in branching ratios and angular observables. An additional contribution
(a)
to [Clq ]2223 (a = 1 or 3) of similar size can accommodate the deviations in RK and RK ∗ . Since
(1)

(3)

the linear combination [Clq ]3323 − [Clq ]3323 generates a sizable contribution to B → K (∗) ν ν̄
decays30 that is constrained by B-factory searches for these modes, such models are only viable
if the semitauonic singlet and triplet Wilson coeﬃcients are approximately equalb .
Fig. 4 shows the likelihood contributions from RD(∗) , RK (∗) , b → sμμ observables, and
(1)
(3)
the global likelihood in the space of the two Wilson coeﬃcients [Clq ]3323 = [Clq ]3323 and
(1)

(3)

[Clq ]2223 = [Clq ]2223 at the renormalization scale μ = 2 TeV. It is interesting to note that before
the Moriond 2019 updates (indicated by the dotted contours), for a purely muonic solution with
(1,3)
[Clq ]3323 = 0 (corresponding to the vertical axis), the best-ﬁt values for RK (∗) and b → sμμ
data were in perfect agreement with each other (even though RD(∗) cannot be explained in this
case). Including the RK (∗) updates, the best-ﬁt point of the RK (∗) and b → sμμ data instead
lies in the region with non-zero semitauonic Wilson coeﬃcients, just as required to explain the
RD(∗) anomalies. In fact, the agreement between the 1σ regions for RK (∗) , RD(∗) , and b → sμμ
improves compared to the case without the RK (∗) updates.

0.0008

RK & RK ∗ Δχ2 = 1

ﬂavio

RD & RD∗ Δχ2 = 1

(1)

(3)

[Clq ]2223 = [Clq ]2223 [TeV−2 ]

0.0007

b → sμμ 1σ
global 1σ, 2σ

0.0006
0.0005
0.0004
0.0003
0.0002
0.0001
0.0000
−0.14

−0.12

−0.10
(1)

−0.08

−0.06
(3)

−0.04

−0.02

0.00

[Clq ]3323 = [Clq ]3323 [TeV−2 ]

Figure 4 – Likelihood contours from RD(∗) , RK (∗) and b → sμμ observables in the space of the two SMEFT
(1)
(3)
(1)
(3)
Wilson coeﬃcients [Clq ]3323 = [Clq ]3323 and [Clq ]2223 = [Clq ]2223 at 2 TeV. All other Wilson coeﬃcients are
assumed to vanish at 2 TeV. Solid (dashed) contours include (exclude) the Moriond-2019 results for RK and RK ∗ .
For sets of data that eﬀectively constrain only a single Wilson coeﬃcient (namely RD(∗) , RK (∗) ), 1σ contours
correspond to Δχ2 = 1. For the other data (b → sμμ and the global likelihood), 1 and 2σ contours correspond
respectively to Δχ2 ≈ 2.3 and 6.2.
b

Note that exact equality is not preserved by the RG evolution in SMEFT.
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We note that a further improvement of the ﬁt would be achieved if also the 1σ region
for RD(∗) would move slightly closer to the SM value. The best ﬁt values in this scenario is

(1,3)
(1,3)
[Clq ]3323 = −6.3 × 10−2 TeV−2 and [Clq ]2223 = 3.4 × 10−4 TeV−2 with a Δχ2 = 8.2 that
corresponds to a pull of 7.9σ. The pull is considerably larger in the present scenario than in
those discussed in section 2.1 since it can also explain discrepancies in b → c transitions.
3

Explaining the data by a single mediator: the U1 leptoquark solution
(1)

(3)

(1)

The only single mediator that can yield non-zero values for [Clq ]3323 = [Clq ]3323 and [Clq ]2223 =
(3)
[Clq ]2223

leptoquark,31–46

is the U1 vector
which transforms as (3, 1)2/3 under the SM gauge
group. We deﬁne its couplings to the left-handed SM fermion doublets q and l as
ji  i μ j 
LU1 ⊃ glq
q̄ γ l Uμ + h.c.

(13)

32 and g 33 ,
We perform a ﬁt with ﬁxed MU = 2 TeV in the space of tauonic couplings glq
lq
which we take to be real for simplicity. This can be viewed as a minimal model implementation
of the semi-tauonic EFT scenario discussed in Section ??. The results of the ﬁt are shown in
32 and g 33 in which
Fig. 5 (left). The global ﬁt selects a well-deﬁned region in the space of glq
lq
RD(∗) can be explained while satisfying all constraints. The strongest constraints are due to
leptonic tau decays τ → νν, and BR(B → Xs γ). Based on the allowed, we select a benchmark
32 = 0.6 and g 33 = 0.8, which is
point from the best-ﬁt region in the ﬁt to tauonic couplings, glq
lq
also shown in Fig. 5 (left). Using this benchmark point, we then perform a ﬁt in the space of
22 and g 23 . The results of the ﬁt are shown in Fig. 5 (right).
muonic couplings glq
lq
2.00
1.75
1.50

RD & RD∗ Δχ2 = 1

0.40

global 1σ, 2σ
excl. by lept. τ decays
excl. by BR(B → Xs γ)

0.35

32
33
glq
= 0.6, glq
= 0.8

0.30

1.25

b → sμμ Δχ2 = 1
RK & RK ∗ Δχ2 = 1
excl. by LFV
32
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33
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= 0.8
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33
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1.00
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0.25
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Figure 5 – Likelihood contours from diﬀerent observables in the space of the U1 leptoquark couplings at 2 TeV.
The shaded or hatched areas are excluded at the 2σ level. RD(∗) data and leptonic τ decays select a well-deﬁned
32
33
32
33
region in the glq
versus glq
plane (left panel). Choosing a point in this region (glq
= 0.6, glq
= 0.8) allows
22
23
to constrain the coeﬃcients glq
and glq
(right panel). As in Fig. 4, for observables that only constrain one
degree of freedom (here RD(∗) , RK (∗) and b → sμμ), 1σ contours correspond to Δχ2 = 1, while for others (the
global likelihood, leptonic τ decays, BR(B → Xs γ), and lepton ﬂavor violating observables), 1 and 2σ contours
correspond respectively to Δχ2 ≈ 2.3 and 6.2.

Given the presence of non-zero values for the tauonic couplings at the benchmark point, the
22 and g 23 is due to LFV observables, in particular
strongest constraint on the muonic couplings glq
lq
τ → φμ and B → Kτ μ. Interestingly, the 1σ regions for RK (∗) and b → sμμ data had only
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a tiny overlap before the Moriond 2019 updates of RK (∗) (indicated by the dotted contours).
Including the RK (∗) updates, they are found in perfect agreement with each other.
In conclusion we ﬁnd that the U1 vector leptoquark can still provide an excellent description
of the B anomalies while satisfying all indirect constraints.
4

Conclusions

We have updated the global EFT analysis of new physics in b → s transitions. A new-physics
eﬀect in the semi-muonic Wilson coeﬃcient C9bsμμ continues to give a much improved ﬁt to the
data compared to the SM. However, compared to previous global analyses, we ﬁnd that there is
bsμμ
, mostly
now also a preference for a non-zero value of the semi-muonic Wilson coeﬃcient C10
+
−
driven by the global combination of the Bs → μ μ branching ratio including the ATLAS
measurement. The single-coeﬃcient scenario giving the best ﬁt to the data is the one where
bsμμ
C9bsμμ = −C10
, which is known to be well suited to UV-complete interpretations, and indeed
is predicted in several new-physics models with tree-level mediators coupling dominantly to
left-handed fermions.
We have also studied the possibility of a simultaneous interpretation of the b → s data and
the discrepancies in b → cτ ν transitions in the framework of a global likelihood in SMEFT Wilson
coeﬃcient space. We ﬁnd one especially compelling scenario, characterised by new physics in
all-left-handed semitauonic four-fermion operators. These operators can explain directly the
discrepancies in b → cτ ν transitions, and, at the same time, radiatively induce a lepton ﬂavour
universal contribution to the b → s Wilson coeﬃcients. An additional nonzero semimuonic
Wilson coeﬃcient then allows accommodating the RK (∗) discrepancies. Such picture can be
quantitatively realized in the context of the U1 leptoquark simpliﬁed model, and we ﬁnd that
indeed an excellent description of the data can be obtained, including the deviations in b → cτ ν
transitions.
Another logical possibility to generate a lepton ﬂavour universal NP eﬀect in C9 is via RG
eﬀects from a four-quark operator. We have investigated this possibility in the SMEFT and
in simpliﬁed tree-level models. We ﬁnd that the only potentially viable setup is a colour-octet
scalar. Due to its TeV-scale mass and large coupling to quarks, it is strongly constrained by
di-jet resonance searches at the LHC and can be tested in the near future.
Our study illustrates how the theoretical picture has evolved as a consequence of crucial
measurement updates, and how this picture stays coherent in spite of the numerous constraints.
The situation will only get more exciting due to the host of new analyses using the full Run-2
data set, as well as the Belle-II data set, to which we look forward.
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BSM Constraints from Standard Model measurements with Contur
D. YALLUP
Department of Physics & Astronomy, University College London, Gower St., WC1E 6BT, London, UK
The LHC has embarked, and continues to make excellent progress on, a vast program of precision measurements of various properties and processes predicted by the Standard Model. An
important step in realising this goal has been the array of ﬂexible calculation tools for LHC
observables, that can predict both Standard Model observables and the impact of a multitude
of possible Beyond the Standard Model extensions. Contur is a program attempting to leverage both the wealth of measurement results and the simulation tools available, to construct
limits on Beyond the Standard Model theories and explore the phenomenology of the precision
measurement program.

1

Introduction

It is perhaps more typical when considering an exploration of the phenomenology of physics
Beyond the Standard Model (BSM) at the Large Hadron Collider (LHC) experiments to ﬁrst
consider the published results for explicit searches for hypothesised new physics. This comes
with a set of considerations one must account for, for example how one is to model the impact
of the detector machinery on a theoretical prediction and the impact of using a diﬀerent signal
hypothesis to the analysis selection eﬃciency itself. This is pressing as the majority of searches
for BSM physics, chieﬂy at ATLAS and CMS for the purposes of this discussion, are presented
in terms of observables recorded with detector level data. An alternative approach then arises
from the complimentary program of the LHC experiments, conducting precision measurements
of particle level ﬁducial observables, which are typically found to be consistent with the Standard Model (SM). These precision measurement results typically undergo a process known as
unfolding, whereby one corrects the observed detector level counts back to a ﬁducial particle
level production cross section. The data of these corrected quantities are stored in the HEPDATA project 1 and the corresponding recipe to reconstruct the quantities from simulations is
stored under the Rivet project 2 .
These particle level observables are however still complicated quantities to simulate at the
LHC, mainly due to the diﬃculties encountered when modelling QCD at the various scales and
the sheer particle multiplicities that occur in an LHC interaction event. In order to realise the
goal of precision many general purpose Monte Carlo event generator codes have been developed,
with a particular focus on precision QCD. One such code that is used in this discussion is
known as Herwig 3,4 , which enables simulation of the full particle content of LHC events in
SM or BSM scenarios. With these tools one can take an arbitrary BSM extension with some
interaction Lagrangian and particle content to a fully simulated observable event. Then this can
be compared to the wealth of unfolded precision measurement data and one can quantify the
perturbation that the hypothesised new physics would have made on the observed measurement.
Finally given that the measurement has been shown to agree with predictions arising purely from
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SM physics this can be translated to an expected limit on the BSM hypothesis. This general
idea of a toolchain and a statistical methodology has been gathered together under the acronym
Contur 5 .
2

A Gauged B-L Model example

In order to illustrate the philosophy outlined in Section 1, here an application of the technique
to study a model with a gauged B − L symmetry and additional heavy neutrinos 6 is presented.
The underlying motivation for interest in such a scenario is left out of this note. Instead some
key features of this model that make it an interesting challenge to study are noted. Firstly a
minimal implementation comprises of 6 free parameters, the choices made to study are outlined
in Table 1, where scenario C is used in the rest of this section. The challenge noted here is that
as a simpliﬁed BSM model becomes more complicated with higher dimensionality of parameters,
reinterpreting the benchmark models used in explicit search analyses becomes more challenging.
There is no such limitation with the Contur approach. The model described is simulated in
Table 1:
 Benchmark scenarios used in this analysis. In addition, the active-sterile neutrino mixing is ﬁxed as
VlN = 0.1 eV/MN i , independent of the generation of the heavy neutrino.

Scenario
A
B
C
D
E

MZ  [GeV]
[1, 104 ]
[1, 104 ]
[1, 104 ]
7000
35

g1
[3 × 10−5 , 0.6]
[3 × 10−5 , 0.6]
[3 × 10−5 , 0.6]
0.2
10−3

M h2
MZ  /(2g1 )
MZ  /(2g1 )
200 GeV
[0, 800] GeV
[0, 800] GeV

sin α
0
0.2
0.2
[0, 0.7]
[0, 0.7]

MN i
MZ  /5
MZ  /5
MZ  /5
MZ  /5
MZ  /5

Herwig and analysed through the library of available Rivet measurements. An example of one
relevant distribution calculated from the simulation in Rivet is shown in Figure 1. Here 4 points
are chosen in the larger 6D parameter space, and the resulting perturbation of the measured
cross section is shown and quantiﬁed in terms of a conﬁdence level. This distribution is one of
many that are measured for this set of events recorded at ATLAS. A combination of this along
with all of the other Z(+jets) measurements at 8TeV is shown for the parameters of interest in
scenario C in Figure 2.
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Figure 1 – The dijet mass in Z events observed by ATLAS
√
at s = 8 TeV 7 .

Figure 2 – The expected exclusion limits as a function
√
of MZ  and g1 combining all ATLAS s = 8 TeV
analyses of Z events.
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One can then expand this by now including all possible measurements recorded in the Rivet
library, this covers a multitude of ﬁnal states measured. Of particular interest in this scenario
include the Z(+jets), Drell-Yan and diboson production cross section measurements and include
measurements made at ATLAS, CMS and LHCb. The total excluded region as a function of the
same parameters as in Figure 2 is shown in Figure 3. It can be seen that even when evaluating
additional relevant constraints, the Contur methodology can probe regions of the parameter
space that are unconstrained for such a scenario.
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Figure 3 – Left, 95% (yellow) and 68% (green) excluded contours. Right, underlying heatmap of exclusion at each
scanned parameter space point for scenario C., with additional relevant theoretical and experimental constraints
overlaid.

3

Summary and Outlook

The Contur project is designed to enable fast limit calculation on a given model. The concept
of analysing ﬁducial cross section measurements renders the interpretation simple and fast,
whilst still providing insights into the phenomenology of theoretically interesting models. At
this conference an extract of a particular application, to a model with a gauged B − L symmetry
was shown, with a view to provide insight into the components of a Contur analysis. Key
areas identiﬁed for improvement of this program mostly center on increasing the amount of
information entering the likelihood calculation. The statistical treatment of correlations within
the measurements is currently simpliﬁed. However recent improvements to the HEPDATA/Rivet
data pipeline, combined with an increased drive from the experiments to more explicitly publish
as much information as possible, enable an opportunity to improve the amount of information
included in the already rich Contur likelihood. It is anticipated that in the upcoming months
the project will have a full initial software release with more advance correlation capabilities
included. Additionally the interplay of alternative null hypothesis calculations is an avenue
of inquiry under consideration. Aside from the technical developments, the project is being
actively applied to a variety of models. A summary image of some recent models considered is
shown in Figure 4. The most up to date picture with with more detailed model information,
and including many other scenarios that have currently been analysed with this technique, can
be found at contur.hepforge.org.
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Leptophobic DM

B-L Gauged

Leptophilic DM

Light Scalars

Figure 4 – 95% (yellow) and 68% (green) excluded contours for a variety of models (name shown in legend)
calculated with Contur. Further discussion of the models can be found on the Contur webpage.
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Search for Dilepton Resonances with the ATLAS Detector and Run 2 Data

Aaron White
On behalf of the ATLAS Collaboration
University of Michigan, Department of Physics
A search for resonances in the dielectron and dimuon mass spectra from 250 GeV to 6 TeV is
presented. The data were recorded during Run 2 of the LHC by the ATLAS experiment using
√
proton-proton (pp) collisions with a center-of-mass energy of s = 13 TeV. The integrated
luminosity of the data corresponds to 139 fb−1 . The background models are a functional
form ﬁt to the data, and generic signal shapes are used to represent various models with
diﬀerent resonant widths and masses. No signiﬁcant deviation from the expected background
is observed and 95% conﬁdence level upper limits are set on the ﬁducial cross-section times
branching ratio for models of various widths. For benchmark models, limits are converted to
lower limits on the resonance mass and reach 4.5 TeV for the E6 motivated Zψ boson.

1

Introduction

The dielectron and dimuon ﬁnal states have been useful for a number of discoveries including
the J/ψ and Υ mesons, as well as the Z boson. These discoveries have aided the establishment
of the Standard Model (SM), and they motivate this search for resonances with a pole mass
between 250 GeV and 6 TeV. This proceeding summarizes the results which are described in
detail in the√paper Search for high-mass dilepton resonances using 139 fb−1 of pp collision data
collected at 13 TeV with the ATLAS detector 1 by the ATLAS Collaboration 2 .
Various models predict spin-1 vector bosons which decay to dileptons. The Sequential Stan
dard Model predicts a ZSSM
boson associated with a new U(1) gauge group, with the same
fermion couplings as the SM Z boson 3 . The E6 -motivated Grand Uniﬁcation model predicts
another Zχ and Zψ bosons also associated with an additional U(1) symmetry 4 . The Heavy

Vector Triplet model predicts a ZHV
T boson which is a neutral member of a new SU(2) gauge
5
group . This search is also sensitive to spin-0 resonances such as that predicted by the Minimal
Supersymmetric SM 6 , or spin-2 resonances such as those predicted in the Randall-Sundrum
model 7 .
This study presents a search for a new resonance decaying to either two electrons or two
√
muons in 139 fb−1 of data collected in center of mass energy s = 13 TeV pp collisions at the
LHC. Previous searches have been conducted by the ATLAS and CMS collaborations 8,9 showing
no excess beyond the background, and leading to lower limits of up to 3.8 TeV for the mass of
the Zψ boson. This study beneﬁts from a larger data sample by a factor of four, the use of a
functional form to model the backgrounds instead of a simulated background, and the use of
generic signal shapes that can readily be interpreted for diﬀerent models.
Copyright 2019 CERN for the beneﬁt of the ATLAS Collaboration. CC-BY-4.0 license.
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2

Detector and Data

ATLAS is a multipurpose detector built in a cylinder around the LHC beam axis. Starting from
the center, the Inner Detector (ID) help reconstruct particle tracks bent by a 2 T axial magnetic
ﬁeld for |η| < 2.5. Outside of this, electromagnetic and hadronic calorimeters measure energy
deposits covering |η| < 4.9. The outermost layer consists of a Muon Spectrometer (MS) covering
|η| < 2.7 and incorporating a toroidal magnetic ﬁeld.
The dataset used for this study was collected between 2015 and 2018 during the LHC Run
2, and includes only events during stable beam conditions and nominal detector operation. For
the dielectron channel, events were recorded using the “very loose” or “loose” identiﬁcation
criteria, and a transverse energy threshold (ET ) threshold depending on the year. For the
dimuon channel, events were recorded using one of two single muon triggers: any muon with
pT > 50 GeV, or isolated muon with pT > 26 GeV 10 . The integrated luminosity has been
determined to be 139.0 ± 2.4 fb−1 11 .
Electron candidates are reconstructed from ID tracks that match with energy deposits in
the electromagnetic calorimeter. The “medium” working point is used which has an eﬃciency
above 92% for ET > 80 GeV. Muon candidates are also reconstructed using ID and matching
tracks from the MS. The “high-pT ” working point is used which requires muon hits in each of the
three MS stations and vetoes regions with suboptimal alignment, with an eﬃciency of 69% at 1
TeV. There are additional cuts on longitudinal (z0 ) and transverse (z0 ) impact parameters, η,
and ET (pT ) for electrons (muons). The selection requirements for muon and electron candidates
is shown in Table 1. Additional details on cuts to reduce background are described in the full
paper.
Table 1: Electron and muon selection requirements

Selection
Working point
Pseudo-rapidity
ET
pT
Impact parameter
Impact parameter

Electrons
medium
|η| < 1.37 or 1.52 < |η| < 2.47
ET > 30 GeV

Muons
high-pT
|η| < 2.5

pT > 30 GeV
|d0 /σ(d0 )| < 5
|d0 /σ(d0 )| < 3
|z0 sin θ| < 0.5 mm

Events are required to contain at least two same-ﬂavor leptons. Dimuons are required to be
oppositely charged, but same-sign dielectrons are permitted. In events with multiple dilepton
candidates, electrons with the highest ET and muons with the highest pT are used. In events with
both dielectron and dimuon pairs, the dielectron pair is preferred due to the higher eﬃciency.
3

Signal and Background Modeling

This analysis searches for resonant shapes in the smoothly falling dilepton spectra as seen in
Figure 1. A smooth functional form plus a generic signal shape is ﬁt to the data to model
background and signal, respectively. The background is modeled using a smooth functional
form. The choice of the form is based on MC performance studies that attempted to minimize
the spurious signal arising from the background model. The selected form for the background
shown in Equation 1

√

f (mll ) = a · fBW,mZ ,ΓZ (mll ) · (1 − xc )b · x

3
i=0

pi logi (x)

,

(1)

where x = mll / s, and parameters b and pi are determined by the ﬁt to data. Parameter c is
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Figure 1 – Dielectron invariant mass spectrum (left) and dimuon invariant mass spectrum (right). On top of the
smoothly falling background, some generic signal shapes are drawn in dotted lines.

chosen to be 1 for the dielectron channel and 1/3 for the dimuon channel. fBW,mZ ,ΓZ (mll ) is the
non-relativistic Breit-Wigner function with mZ and ΓZ as the Z mass and width, respectively.
a normalizes the background function to the total number of background events.
The generic signal shape is a non-relativistic Breit-Wigner function to model the physical
width of the resonance, convolved with the sum of a Gaussian and a crystal ball shapes to
model detector resolution. The detector resolution is determined via a comparison between
reconstructed and truth mass using MC simulation. The generic signal shape is a determined
by a reconstructed mass mX and width ΓX . The systematic uncertainty depends both on
mX and ΓX . A ﬁducial region is deﬁned in order to interpret this generic shape for diﬀerent
models predicting a dilepton resonance. For a given model, each lepton must pass |η| < 2.5
> mX − 2ΓX where mtrue
is
and ET (pT ) > 30 GeV, and the dilepton mass must satisfy mtrue
ll
ll
the simulated dilepton mass at Born level before reconstruction. This reduces the impact from
oﬀ-shell eﬀects not modeled by the generic signal shape.
4

Results

The numbers of signal and background events are measured using a ﬁt of the signal-plusbackground model to the dilepton mass distribution. A background-only ﬁt is also performed.
Systematic uncertainties are taken into account via nuisance parameters constrained by either
Gaussian (energy and momentum scale) or log-normal (eﬃciency and resolution) distributions
in the likelihood. The spurious signal is represented by allowing a non-zero signal normalization
under the background-only hypothesis. The dielectron and dimuon channels are ﬁt separately,
and then combined under a lepton-ﬂavor universality assumption.
The invariant mass distributions are shown in Figure 1. In the full Run 2 dataset, the event
with the highest reconstructed mass is a dielectron candidate with mee = 4.06 TeV, while the
highest mass dimuon event has mμμ = 2.75 TeV.
Signal models are considered for reconstructed masses from 250 GeV to 6 TeV in steps of 1
GeV, and for relative widths from 0% to 10% in steps of 0.5%. The probability that the data
are compatible with the background-only hypothesis as a function of pole mass for zero-width
signals is shown on the left in Figure 2. The 2D scan in pole mass and relative width is shown on
the right. No signiﬁcant excess is observed. For the zero-width case, the largest deviations from
the background-only hypothesis for the dielectron, dimuon, and combined dilepton channels are
observed at masses of 774 GeV, 267 GeV, and 264 GeV. These have global signiﬁcances of 0.1σ,
0.3σ, and ∼ 0, respectively.
The upper limits on the ﬁducial cross-section times branching ratio for the dilepton combination for several relative widths is shown in Figure 3. Several model predictions are superimposed
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on top of the limits for ZSSM
, Zψ , and Zχ bosons. Masses below the intersection of the model
prediction and the observed limit are considered excluded. The observed and expected lower
limits are shown in Table 2. This result improves upon the previous exclusion by 500-800 GeV.

Table 2: Observed and expected 95% CL lower limits on mZ  for three models

Lower limits on mZ  [TeV]
ee
μμ

obs exp obs exp obs exp
4.1 4.3 4.0 4.0 4.5 4.5
4.6 4.6 4.2 4.2 4.8 4.8
4.9 4.9 4.5 4.5 5.1 5.1
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Figure 2 – Probability that the spectrum is compatible with the background-only hypothesis for the dielectron,
dimuon and combined dilepton channels. The local p0 is quantiﬁed in standard deviations σ. To the left, the
zero-width signiﬁcance scan in mass is shown. To the right, the vertical axis shows the scan repeated for various
signal widths.
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Conclusions
In summary, the ATLAS collaboration has searched for resonances in the dilepton mass spectra
√
from 250 GeV to 6 TeV. The search covers the full s = 13 TeV Run 2 dataset corresponding to
−1
139 fb collected at the LHC. The background estimate uses a functional form ﬁt to data, and
the search covers resonances with a variety of masses and relative widths. No signiﬁcant excess
is found above background, and limits are set on the ﬁducial cross-section times branching ratio
for generic resonances with a relative natural width range from 0 to 10%. Lower limits on several
benchmark Z  models are set, and limits on the heavy vector triplet model couplings are set and
described in the full paper.
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Search for a heavy pseudoscalar Higgs boson in ﬁnal states with two light and two
tau leptons at the CMS experiment
Jaana Heikkilä
On behalf of the CMS Collaboration
Helsinki Institute of Physics, Helsinki, Finland

A search for a pseudoscalar Higgs boson, A, decaying into a standard model-like Higgs boson
h and a Z boson is presented. The standard model-like Higgs boson is speciﬁcally targeted
in its decay into a pair of tau leptons, while the Z boson decays leptonically. A data sample
√
of proton-proton collisions collected at s = 13 TeV by the CMS experiment at the LHC
is used, and corresponds to an integrated luminosity of 35.9 fb−1 . No excesses above the
standard model background expectations are observed in data. Model-independent and modeldependent limits in two minimal supersymmetric standard model benchmark scenarios in the
mA –tan β plane are set.

1

Introduction

The standard model (SM) of particle physics, being unable to explain many observations such as
dark matter, must be a piece of a larger puzzle. One of the simplest, yet interesting, extensions
of the SM is the minimal supersymmetric standard model (MSSM). The MSSM includes two
Higgs doublets instead of a single one, and results in ﬁve physical Higgs bosons: h, H, A, and
H± . The parameter space of diﬀerent MSSM scenarios can be explored by performing searches
for the additional Higgs bosons. Either the h or the H boson could correspond to the SM Higgs
boson with a mass of 125 GeV, which further encourages to study processes with experimentally
accessible signatures and at least one SM-like Higgs boson.
The pseudoscalar A has a sizeable branching fraction into a SM-like Higgs boson h and a Z
boson in the phase region with low tan β values (tan β  8) 1 . Moreover, the branching fraction is
close to unity when the A boson mass is between 220 and 400 GeV. This has motivated multiple
searches targeting diﬀerent experimental signatures from the h boson decays, while the Z boson
decays into two leptons are usually considered. A search covering the Higgs boson h decay into
two tau leptons is performed using the CMS detector 2 at the LHC. The data sample of proton√
proton collisions collected at s = 13 TeV is used, corresponding to an integrated luminosity
of 35.9 fb−1 . Both ATLAS and CMS experiments have also searched for the pseudoscalar A in
ﬁnal states with two bottom quarks from the h boson decay 3,4 .
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2

Search in ﬁnal states with two light and two tau leptons

In this search, we consider the h boson decay into two tau leptons due to the reasonable branching
fraction (∼ 6.3%) and the clean experimental signature. In total four h → τ τ decay channels are
considered, whereas the Z boson can decay into two light leptons (electrons or muons), resulting
in the following ﬁnal states of the A boson decay: ll + eτh , ll + μτh , ll + τh τh , and ll + eμ, where
τh denotes a hadronic decay of the tau lepton. This search targets the gluon fusion production
of the A boson, as it is the dominant production mode up to tan β  6. Higher tan β values can
be explored by targeting the bottom quark associated production of the pseudoscalar A instead
of the gluon fusion production.
As the tau lepton decays include neutrinos that escape the detector, the visible mass of the
pseudoscalar A is smaller than its true mass. Thus, a proper reconstruction of the A boson
four-vector is a challenge. The neutrinos in the ﬁnal states can be accounted for by using
a likelihood function method (the svfit algorithm 5 ) to reconstruct the four-vector of the h
boson. The svfit algorithm combines the four-vectors of both τ candidates whilst accounting
for the missing energy. As this results a better estimate of the h boson four-vector, also the A
boson reconstruction is improved.
2.1

Reconstruction of the A boson
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The pseudoscalar A is reconstructed in two steps. First, the four-vector of the Z boson is
reconstructed by selecting two opposite-sign, same ﬂavor electrons or muons that fulﬁll 60 GeV <
mll < 120 GeV. If there are more than one Z boson candidate, the one with a mass closest to
the Z boson mass is chosen. The Z boson reconstruction is followed by the reconstruction of the
h boson.
The four-vector of the h boson is reconstructed by selecting two opposite-sign leptons. The
known mass of the SM-like Higgs boson (125 GeV) is given as an input for the svfit algorithm,
resulting in a constrained estimate of the h boson four-vector. The four-vectors of the Z and
h bosons are then combined to obtain the ﬁnal four-vector of the A boson, yielding a precise
estimate of the A boson mass mcllτ τ . The previous results by the CMS experiment 6 also relied
on the svfit algorithm, but without applying the constraint on the h boson mass. The nonconstrained implementation of the svfit algorithm results in an estimate of the A boson mass
ﬁt
c
mﬁt
llτ τ with a worse resolution. The distributions of two alternative masses mllτ τ and mllτ τ are
shown for this analysis in Fig. 1. In this analysis, the reconstructed mass mcllτ τ improves the
combined expected upper limit by 30% compared to limits obtained using mﬁt
llτ τ .
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Figure 1 – Distributions and uncertainties of reconstructed masses mﬁt
llτ τ (left) and mllτ τ (right) before a
background-only ﬁt is performed simultaneously in all eight ﬁnal states. All signal region selections except the
requirement for the SM-like Higgs boson mass mﬁt
τ τ to be within 90–180 GeV were applied. The eight ﬁnal states
are combined together only for visualization purposes. The uncertainties include both statistical and systematic
components. The expected contribution from the AZh signal process is shown for a pseudoscalar Higgs boson
with mA = 300 GeV with a cross section times branching fraction of 20 fb. 7
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As the constrained four-vector of the h boson is used for the ﬁnal results, an optimisation
selection can be based on the h boson mass mﬁt
τ τ resulting from the non-constrained four-vector
of the h boson. Optimisation studies yielded a requirement for the mass mﬁt
τ τ to be within 90–
180 GeV. This selection provides a signiﬁcant discrimination between the background and the
signal processes, increasing the sensitivity by an additional 20%.
3

Results
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The distribution of the A boson mass mcllτ τ is shown in Fig. 2 for all eight ﬁnal states, combined
together only for visualization purposes. No excess above the SM expectation is observed.
Model-independent and model-dependent upper limits at the 95% conﬁdence level are set on
the product of the cross section and branching fraction for σ (ggA) B (A → Zh → llτ τ ). The
model-independent limits are shown in Fig. 2. Though the expected limits are of similar values
as those obtained by the previous analysis by the CMS experiment 6 , more exclusion power in
model-dependent scenarios is obtained as the signal cross section is at least twice as large at
13 TeV. This is demonstrated in Fig. 3 where the results are interpreted in the low-tb-high
scenario 8 and shown next to the previous results by the CMS experiment 6 . Additional modeldependent upper limits accounting for the bottom quark associated production of the A boson
were produced. Details and the full set of results can be found in the physics analysis summary 7 .
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Figure 2 – Left: Reconstructed mass mcllτ τ distribution and uncertainties after a background-only ﬁt in all eight
ﬁnal states. The ﬁnal states are each included as separate distributions in the simultaneous ﬁt; combining them
together is for visualization purposes only. The uncertainties include both statistical and systematic components.
The expected contribution from the AZh signal process is shown for a pseudoscalar Higgs boson with mA =
300 GeV with a cross section times branching fraction of 20 fb. Right: The expected and observed 95% CL
model-independent limits are shown for the product of the cross section and branching fraction for the studied
process: σ (ggA) B (A → Zh → llτ τ ). The green (yellow) band corresponds to the 68% (95%) conﬁdence intervals
for the expected limit. 7

4

Summary and outlook

The ﬁrst search for a pseudoscalar A decaying into a Z boson and a Higgs boson h in ﬁnal states
with two light and two tau leptons at 13 TeV is presented. This is the most sensitive channel
in the phase space region with low tan β values. The search targeted gluon fusion production of
the A boson, and covered four h → τ τ decay channels: ll + eτh , ll + μτh , ll + τh τh , and ll + eμ.
The sensitivity of the search was increased notably since the previous analysis 6 by constraining
the mass of the Higgs boson h to 125 GeV in the h → τ τ four-vector reconstruction using the
svfit algorithm.
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Figure 3 – The previous 6 (left) and the most recent 7 (right) expected and observed 95% CL exclusion limits
in the mA –tan β plane are shown for the low-tb-high scenario when only the gluon fusion production process is
included. The excluded region is the lower mA and lower tan β phase space. The most recent limits are overlaid
on a background showing the theorized σ (ggA) B (A → Zh → llτ τ ) at each grid point.

As this analysis is limited by the statistical uncertainties, producing an analysis utilising the
full Run 2 data set corresponding to integrated luminosity of ∼140 fb−1 will oﬀer a more fruitful
interpretation in multiple MSSM scenarios. To fully take advantage of the increased amount
of data, the analysis will be improved for example by targeting the bottom quark associated
production of the A boson.
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SEARCH FOR SUPERSYMMETRY IN FINAL STATES WITH PHOTONS
AND MISSING TRANSVERSE MOMENTUM IN PROTON-PROTON
COLLISIONS AT 13 TeV
GARYFALLIA PASPALAKI ON BEHALF OF THE CMS COLLABORATION
National Center for Scientiﬁc Research ”Demokritos”,
Ayia Paraskevi, Attiki,Greece
The results of a search for new physics in ﬁnal states with photons and missing transverse
momentum are reported. The data sample corresponds to an integrated luminosity of 35.9
fb−1 collected at a center-of-mass energy of 13 TeV using the CMS detector at the CERN
LHC. The analysis exploits data-driven techniques for the estimation of diﬀerent backgrounds
and the results are used to set cross section limits on gluino and squark pair production in
the GGM model framework. This analysis gives a substantial improvement in sensitivity
compared to the search performed by the CMS collaboration on the smaller 2015 dataset.

1

Introduction

One of the main goals of the CMS experiment[1] is to search for physics beyond the Standard
Model (SM). Supersymmetry (SUSY) is a theoretical possible extension of the standard model
since it provides explanations for several issues. Models with general gauge mediation (GGM),
have the additional beneﬁt of naturally suppressing ﬂavor violations in the SUSY sector. Many
of those models typically result in ﬁnal states that include the gravitino (G̃) as the lightest supersymmetric particle (LSP) and the neutralino (χ˜01 ) as the next-to-the-lightest supersymmetric
particle (NLSP). The NLSP remains stable and undetected which results in an imbalance in the
total observed transverse momentum referred as missing transverse momentum. The missing
transverse momentum is deﬁned as the negative vector sum of the transverse momenta of all
visible particles in an event and it’s magnitude is referred to as pmiss
. A bino-like NLSP will
T
primary decay to a gravitino and a photon (γ), resulting in ﬁnal states with signiﬁcant missing
momentum and one or more photons. The data sample for this search corresponds to√an integrated luminosity of 35.9 fb−1 of proton-proton collisions at a center of mass energy 13 TeV
and they were collected by the CMS detector in 2016. Events with two photons and signiﬁcant
missing energy were considered.

1.1

Simpliﬁed Models

For the interpretation of the results two simpliﬁed models were used. The T5gg model assumes
gluino (g̃) pair production and the T6gg model assumes squark (q̃) pair production. For both
models we assume 100% branching fraction for the NLSP neutralino to decay to an nearly
massless gravitino and a photon as shown in Fig. 1. This results in characteristic events with
large pmiss
and two photons.
T
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Figure 1 – Diagrams showing the production of signal events in the collision of two protons (p). The T5gg
simpliﬁed model (left) assumes gluino (g̃) pair production where the gluino decays to a quark antiquark pair (q q̄)
and a neutralino (χ˜01 ). For the T6gg simpliﬁed model (right), the squark (q̃) decays to a quark and a neutralino.
For both cases the neutralino subsequently decays to a photon γ and a gravitino (G̃)[1].

2

Event Selection

The data were collected with a diphoton trigger which requires a leading (subleading) photon
with transverse momentum pT > 30(18) GeV, and a combined invariant mass mγγ > 95 GeV.
Photons that pass isolation and cluster shape requirements are selected in order to ensure high
purity. To preserve a high trigger eﬃciency, only photons with pT > 40 GeV within the barrel
ﬁducial region of the detector (|η| < 1.44) are considered. This is motivated by the fact that
signal SUSY events are expected to be produced primarily in the central region of the detector
and because the magnitude of the background increases considerably in high |η|. We further
require that the photon candidate has no pixel detector track seed, to distinguish the candidate
from an electron.
Another set of selection criteria is considered by loosing the requirements on photon isolation
and neutral-hadron isolation and by requiring the candidate to fail either the shape for the
ECAL clusters or the charged-hadron isolation requirement. The candidates that fulﬁll those
requirements are the misidentiﬁed ”fake” photons (f ) which are used to construct various control
regions.
SUSY signal events are expected to have large hadronic activity and therefore real photons
from neutralino decays can fail the charged-hadron requirement and fall in the misidentiﬁed
photon category. To ensure that there is no signal contamination from SUSY events in the
control region we additionally require that misidentiﬁed photons satisfy R9 < 0.9, where R9 is
deﬁned as the ratio of the energy deposited in a 3x3 array of ECAL crystals to the total energy
in the cluster. Since real photons have a R9 value close to unity with this requirement they will
not enter in the control region.
The photon and electron eﬃciency is measured in data and simulation with a tag and probe
method and the ratio is found to be close to unity.
The candidates are further assigned in four orthogonal categories, γγ, ee, f f , eγ based on
the highest pT EM object. The two EM objects are separated by ΔR > 0.6 and have an invariant
mass greater than 105 GeV. The latter requirement is to ensure a fully eﬃcient trigger.
In order to be orthogonal with other SUSY analyses that have leptons in the ﬁnal state we
veto on events with a pT > 25 GeV and |η| < 2.4 muon or a pT > 25 GeV and |η| < 2.5 electron
that also satisfy shape and isolation requirements.
control region (pmiss
< 100 GeV) and
The γγ candidate sample is divided to the low-pmiss
T
T
signal region (pmiss
> 100 GeV). The signal region consists of six signal bins with
the high-pmiss
T
T
suﬃcient number of (f f ) events in each bin.
3

Backgrounds Estimation

The dominant background comes from QCD processes such as multijet production that can
mimic the signal topology. These kind of processes lack genuine pmiss
which mainly comes from
T
mismeasurement of the hadronic activity in the event. The contribution of this background
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processes is estimated directly from the data by using the f f sample control region. In particular,
the ratio of the event yield in the candidate γγ sample to that in the f f sample is constructed
as a function of pmiss
. The dependence of pmiss
is modeled by ﬁtting the ratio to an exponential
T
T
miss
function in the pT
< 100 GeV control region. The predicted number of QCD background
events in each pmiss
bin in the signal region is then given by this function multiplied by the
T
number of ﬀ events seen in that bin. A subdominat background for this analysis comes from
EWK processes. This processes have genuine pmiss
and include W γ and W + jets events where
T
the W decays to an electron and a neutrino and the electron is misidentiﬁed as a photon. The
rate at which electrons are misidentiﬁed as photons (f → e) is used in order to estimate the
contribution of this background. This rate is obtained by comparing the mass peak from the Z
boson in the ee control sample with the mass peak in the eγ control sample. The ﬁnal EWK
background prediction is given by scaling the number of events in the eγ control sample by the
factor feγ→γγ = fe→γ /(1 − fe→γ ) = (2.63 ± 0.79)%
There is also a contribution form the irreducible Zγγ background that is modeled via simulation. A 50% systematic uncertainty is assigned to cover for any potential mismodelling.
3.1

Cross Checks on QCD background and Systematic uncertainties

Due to the diﬀerent R9 requirement more ﬀ events are observed at high pmiss
relative to the γγ
T
sample. To account on that diﬀerence and also to set a systematic uncertainty on the overall
shape, a second QCD prediction is derived. This is done by using an alternative f f control
pmiss
T
sample with the R9 requirement reversed (high-R9 f f ). By ﬁtting the ratio of high-R9 ﬀ events
to nominal, low-R9 ﬀ events, a correction of about 20-40 % is derived which leads to a constant
ratio between the γγ and the corrected f f sample. Fitting the corrected ratio to a constant
and extrapolating to the signal region gives a second QCD background prediction
at low pmiss
T
with values consistent within the uncertainties with the nominal QCD background estimation.
The largest uncertainties for the background prediction come from the QCD background
estimate. Those uncertainties include the statistical uncertainty from the f f control sample
in the signal region, the uncertainty of propagating errors in the ﬁt parameters to the ﬁnal
prediction and the uncertainty from the ﬁtting procedure. The latter is estimated by comparing
the primary prediction to the cross check prediction derived using the high-R9 ﬀ sample. The
systematic uncertainty is taken as the diﬀerence between the two methods or the uncertainty in
that diﬀerence, whichever is larger, and ranges between 10 and 83% in the signal region.
For the EWK background estimation a 30% uncertainty in the rate at which electrons are
misidentiﬁed as photons is assigned. In each six signal bins the statistical uncertainty is less
than 9%.
Other sources of uncertainties include the signal eﬃciency uncertainties and the uncertainty
concerning the jet energy scale and the photon identiﬁcation eﬃciency.
4

Results

The full background prediction and the measured pmiss
distribution are shown in Fig 2. The
T
excess in the last bin corresponds to a 2.4 standard deviation signiﬁcance. This signiﬁcance is
calculated by taking all six bins into account.
We determine 95% conﬁdence level (CL) upper limits on gluino pair production and squark
pair production cross sections as shown in Fig 3.
5

Conclusions

The results of a search for general gauge-mediated supersymmetry breaking in proton-proton
collisions with two photons and missing transverse momentum in the ﬁnal state are reported.
An excess of events corresponding to 2.4 standard deviations is observed. For values of the
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Figure 2 – On the top panel the pmiss
distibution is shown in data (black points) and predicted background
T
< 100 GeV)
distributions prior to the ﬁt. The vertical line marks the boundary between the control region (pmiss
T
> 100 GeV). Two signal mass points for the T5gg signal are also shown in pink and
and the signal region (pmiss
T
purple points. The bottom panel shows the ratio of observed events to the expected background. The shaded
region corresponds to the total uncertainty in the background estimate. The error bars in the ratio plot include
both the background uncertainties and the statistical uncertainty in the number of observed events [1].
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Figure 3 – The 95% conﬁdence level upper limits on the gluino (left) and squark (right) pair production cross
sections as a function of gluino or squark and neutralino masses. The contours show the observed and expected
exclusions assuming the NLO+NLL cross sections, with their one standard deviation uncertainties [1].

neutralino mass between 500 and 1500 GeV, we expect to exclude gluino masses up to 2.02 TeV
and squark masses up to 1.74 TeV. This is an improvement of approximately 400 and 300 GeV,
respectively, upon the reach of the previous CMS result [3]. We observe exclusions for gluino
masses up to 1.86 TeV and squark masses up to 1.59 TeV.
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Constraining the top quark Yukawa coupling from tt̄ diﬀerential cross sections in
√
the lepton+jets ﬁnal state in proton-proton collisions at s = 13 TeV
Yi-Ting Duh on behalf of the CMS Collaboration
Department of Physics, University of Rochester, NY, USA
A measurement of the top quark Yukawa coupling from the top quark-antiquark (tt̄) differential production cross sections in proton-proton collisions in the lepton+jets channel is
presented. Corrections due to weak boson exchange, including the Higgs boson, between the
top quarks can produce large distortions of diﬀerential distributions near the energy threshold
of top quark pair production. Therefore, precise measurements of these distributions are sensitive to the Yukawa coupling. This analysis is based on data collected by the CMS experiment
√
at the LHC at s = 13 TeV corresponding to an integrated luminosity of 35.8 fb−1 . The
data yields in Mtt̄ , the rapidity diﬀerence |yt − yt̄ |, and the number of reconstructed jets are
compared with distributions representing diﬀerent Yukawa couplings. These comparisons are
used to extract an upper limit on the top quark Yukawa coupling of 1.67 (1.62 expected) at
95% conﬁdence level.

1

Introduction

The study of the properties of the newly discovered Higgs boson —responsible for electroweak
symmetry breaking— is one of the main goals of the LHC. The standard model (SM) relates
the mass of a fermion to its Yukawa coupling, i.e., the strength of its interaction with the Higgs
boson. It is important to verify this prediction experimentally, which in the SM is predicted
to be close to one. We deﬁne Yt to be the ratio of the top quark Yukawa coupling to its SM
predicted value. In this talk, we explore a complementary approach to measure Yt independently
of the Higgs coupling to other particles by utilizing a precise measurement of the top quark pair
production cross section 1 . It has been shown that in the top quark pair production threshold
region, the tt̄ cross section is sensitive to the top quark Yukawa coupling through weak force
mediated corrections 2 . A detailed study of the diﬀerential tt̄ kinematic properties close to the
production threshold could, therefore, determine the value of the top quark Yukawa coupling.
Weak force corrections to the tt̄ production cross section were found to have a very small
eﬀect on the total cross section, so they are typically not implemented in Monte Carlo event
generators. Nevertheless, they can have a sizable impact on diﬀerential distributions and on the
top quark charge asymmetry. Weak force corrections start entering the cross section at loopinduced order αs2 αweak (as shown in Fig. 1). The amplitude of the Higgs boson contribution to
g

t

g

t
g

Γ
g

Γ

t

g

t

Figure 1 – Example diagrams for gluon-induced process of tt̄ production and the virtual corrections. Γ stands for
all contributions from the gauge boson and Higgs boson exchanges. Figure can be found in Ref. 1 .
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the loop is proportional to Yt2 . The interference of this process with the Born-level tt̄ production
has a cross section proportional to αs2 Yt2 .
We calculate the weak interaction correction factors for diﬀerent values of Yt using Hathor
(v2.1) 3 and apply them at the parton level to the existing tt̄ simulated samples. A twodimensional correction factor that contains the ratio of the tt̄ production cross section with
weak corrections over the leading-order QCD production cross section in bins of Mtt̄ and |Δyt |.
This is done for diﬀerent hypothesized values of Yt , as shown in Fig. 2. From these modiﬁed
simulations, we obtain distributions at detector level that can be directly compared to data.
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Figure 2 – The dependence of the ratio of electroweak (EW) corrections over the leading-order production QCD
production cross section on the sensitive kinematic variables Mtt̄ and Δyt for diﬀerent values of Yt . The lines
contain an uncertainty band derived from the dependence of the EW correction on the top quark mass varied by
±1 GeV. The eﬀect of the top quark mass is very small at the parton level. Figure can be found in Ref. 1 .

2

Analysis method

The data set used in the analysis contains events correspond to an integrated luminosity of
√
35.8 fb−1 at a center-of-mass energy of s = 13 TeV. A more detailed description of the CMS
detector, together with a deﬁnition of the coordinate system and relevant kinematical variables,
can be found in Ref. 4 .
Top quarks decay almost exclusively through t → W b and the ﬁnal topology depends on the
W bosons’ decays. When one W boson decays to lν and one decays to lq, the ﬁnal state consists
of an isolated lepton (electron or muon), missing transverse momentum (from the neutrino),
and four jets (from two b quarks and two light quarks) in this analysis. This analysis follows the
reconsruction methodology employed in Ref. 5 and introduces an algorithm to reconstruct the
tt̄ pair when only three jets are detected, for which one of jet from tt̄ decay are likely to have
pT or η outside of the selection thresholds.
All of the tt̄ components depend on the top quark Yukawa coupling from the production,
so all of them are considered as signal. Here, the signal simulation is divided into the following categories: correctly reconstructed tt̄ systems (tt̄ right reco); events where all required
decay products are available, but the algorithm failed to identify the correct jet assignments
(tt̄ wrong reco); l+jets tt̄ events where at least one required decay product is missing (tt̄nonreconstructible); and tt̄ events from dileptonic or fully hadronic decays (tt̄ background). Figure 3
shows the comparison of data and simulation. In general, good agreement between data and
prediction is observed.
3

Results

Two-dimensional data distributions in (Mtt̄ , |Δyt |) are ﬁt to the sum of the predicted contributions to infer the value of Yt for events with three, four, and ﬁve or more jets in the ﬁnal state.
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Figure 3 – Events after selection and tt̄ reconstruction. The plot shows (from left to right) pT of the tt̄ system.
The hatched band shows the total uncertainty associated with signal and background predictions with the sources
of uncertainty uncorrelated and summed in quadrature. The ratios of data to the sum of the predicted yields are
provided at the bottom of each panel. Figure can be found in Ref. 1 .

The distributions after performing the likelihood ﬁt are shown in Fig. 4.
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Figure 4 – The Mtt̄ distribution in |Δyt | bins for all channels combined, after the likelihood ﬁt. The hatched
bands show the total post-ﬁt uncertainty. The ratios of data to the sum of the predicted yields are provided at
the bottom of each panel. Figure can be found in Ref. 1 .

We measure the top quark Yukawa coupling by scanning the likelihood function with respect
to Yt . The likelihood scan distributions can be found in Fig. 5. The expected and observed results
are presented in Table 1.
Table 1: The expected and observed 95% CL limits on Yt .

Channel
3 jets
4 jets
5 jets
Combined

Expected 95% CL
Yt < 2.17
Yt < 1.88
Yt < 2.03
Yt < 1.62
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Observed 95% CL
Yt < 2.59
Yt < 1.77
Yt < 2.23
Yt < 1.67
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Figure 5 – The test-statistic scan versus Yt for each channel (three jets, four jets, ﬁve or more jets), and all
channels combined. The test-statistic minimum indicates the best ﬁt of Yt . The horizontal lines indicate 68% CL
and 95% CL. Figure can be found in Ref. 1 .

4

Summary

A novel approach is presented to constrain the top quark Yukawa coupling using diﬀerential tt̄
production cross section measurements. The method presented in this talk does not depend on
any assumptions about the couplings of the Higgs boson to particles other than top quark. The
method presented here is more sensitive than the only other method exclusively dependent on
Yt , the four top quark production, which constrains Yt to be less than 2.1 at 95% CL 6 .
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SEARCH FOR A LOW ENERGY EXCESS IN MICROBOONE
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MicroBooNE (the Micro Booster Neutrino Experiment) is a liquid argon time-projection
chamber (TPC) experiment designed for short-baseline neutrino physics, currently running
at Fermilab. It aims to address the anomalous excess of low-energy events observed by
the MiniBooNE experiment. Recent progress towards the search for the low-energy events
have brought to develop fully automated event selection algorithm to identify charged-current
electron neutrino event candidates with no pions and at least one proton in the ﬁnal state
(νe CC0πNp) using the Pandora multi-algorithm pattern recognition. Several cross checks
and sidebands have been studied so far to validate the analysis.

1

The Low Energy Excess

Several short baseline neutrino experiments have observed anomalies which can be explained with
the presence of additional sterile neutrinos in the eV mass range. The Liquid Scintillator Neutrino
Detector (LSND) and the MiniBooNE experiments observed excesses of electromagnetic-like events
with respect to the predictions in the low energy regions 1 and 2 . The two plots in ﬁgure 1 show
the comparisons between the data and the simulation as observed by LSND (left) and MiniBooNE
(right). The excess, often referred as Low Energy Excess (LEE) has been interpreted as due to
the presence of an additional sterile neutrino which ampliﬁes the oscillation νμ → νe through
νμ → νsterile → νe . The main goal of the The Micro Booster Neutrino Experiment (MicroBooNE)
experiment is to investigate the origin of this anomalies. MicroBooNE is a liquid argon time
projection chamber, designed to measure neutrino interactions with bubble chamber resolution,
providing capability to distinguish electromagnetic showers originated by electrons and photons.
For this reason MicroBooNE might be able to shed new light on the LEE. MicroBooNE is located
at Fermilab, close to MiniBooNE, in order to explore the same baseline and energy regime explored
by MiniBooNE, but with a new technology. In addition to the LEE program, MicroBooNE will also
be able to deliver several neutrino-nucleus cross section measurements in liquid argon. As liquid
argon is the technology that has been chosen for the Deep Underground Neutrino Experiment
(DUNE) 3 , these measurements will be extremely important in view of an accurate simulation of
the expected event rates in DUNE.
2
2.1

The MicroBooNE experiment
Beamlines

Neutrinos detected by MicroBooNE come from two diﬀerent beamlines. BNB is the main beamline designed to achieve the physics goals of MiniBooNE and MicroBooNE. The second beamline
exploited by MicroBooNE is NuMI, which is primarily designed and used by a diﬀerent set of
experiment, such as NOvA and MINERvA. MicroBooNE detects oﬀ-axis neutrinos from NuMI:
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Figure 1 – Energy distribution of the selected events by the LSND (left) and MiniBooNE (right) experiments,
showing the excess of events with respect to the prediction. The MiniBooNE excess is often referred as the Low
Energy Excess.

this implies larger uncertainties on the simulation of the neutrino ﬂux with respect to BNB. For
this reason this second beamline is mainly used for cross checks and sidebands rather than to study
oscillation physics.
2.2

Detector and reconstruction

MicroBooNE 4 is a liquid argon time projection chamber containing about 89 tons of liquid argon,
in a volume of 10.4 (length) × 2.5 (width) × 2.3 (height) m. Charged particles travelling through
the detector ionise the argon, leaving a sea of electrons that are drifted in an orthogonal direction
to the beam, through a 70kV electric ﬁeld, as shown in the left drawing of ﬁgure 2. Because of the
high purity of the argon, electrons can travel the whole detector with being little or no aﬀected.
The ionisation is subsequently detected by three wire planes, providing three 2-dimensional images
of the interactions. An example of such an image for an event containing a νe charged current
interaction is shown in the right plot of ﬁgure 2. The three 2-dimensional images are then combined
together in order to produce a 3-dimensional reconstruction of the interaction, through the Pandora
multi-algorithm pattern recognition software 5 .

NuMI DATA: RUN 10811, EVENT 2549. APRIL 9, 2017.

Figure 2 – Left: Production of signals in a liquid argon TPC like MicroBooNE. Right: Event display of the charge
deposited on the collection plane in a νe CC interaction recorded in the NuMI dataset. The colormap shows the
amount of deposited charge. Among the diﬀerent particles associated with the interaction an electromagnetic shower
generated by an electron is clearly distinguished.
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3

LEE search

The low energy excess search is structured as a blind analysis, developed on the Monte Carlo
simulation. Only small fraction of the data is currently available to evaluate the goodness of the
simulation, and cross check the analysis using speciﬁc sidebands and control regions. The datasets
the results in this article are based on consist of 4 × 1019 protons-on-target (POT) BNB (3.5% of
the total BNB data) and 2.4 × 1020 POT NuMI (21% of the total NuMI data).
3.1

Categories and topologies

There are two main searches currently ongoing within the MicroBooNE collaboration. Firstly, a
search for an electron-like excess. This channel tests the possibility that the low energy excess is
produced through an enhanced oscillation νμ → νe . This analysis aims to select electron neutrinos
charged current interaction, characterised by the presence of an electromagnetic shower, which
is attached to the main vertex, and whose energy deposition at the beginning of the shower is
compatible with the value of a minimum ionising particle (mip) of about dE/dx
2MeV/cm.
Within this search, several subchannels are considered. The ﬁnal state electron can be produced
as the only particle in the ﬁnal state (νe CC0π0p), in association with a certain number of protons
(νe CC0πNp), or in association with protons and pions (νe CCMπNp). The ﬁrst channel is the most
diﬃcult to distinguish from the single photon production, whereas the third one typically consist
of high energy interactions. In order to investigate the LEE, the second channel is of primarily
importance, as this was the category targeted by the MiniBooNE analysis that observed the LEE,
and because the presence of additional protons allows an accurate reconstruction of the vertex,
and a more precise tagging of the electron shower. This subchannel is the main focus of the rest of
the document. The second main search is for a photon-like excess, testing the hypothesis that the
low energy excess is due to photons. This second analysis exploits the typical separation between
the main vertex and the beginning of the electromagnetic shower, as well as the energy deposition
at the beginning of the shower corresponding to an e+ e− pair. Further details about this analysis
can be found in 6 .
3.2

The νe CC0πNp analysis chain

The νe CC0πNp analysis chain relies on three main steps. First of all, in order to drastically remove
the background produced by cosmic rays, compatibility between scintillation light recorded by the
Photo Multiplier system and the charge detected in the TPC is required. Additionally, several cuts
to ensure selection of good quality events and with the correct topology are applied. Eventually
several cut to reject the background based on the calorimetry are applied. Eventually the energy
deposited in the TPC can be reconstructed by properly convert the charge to energy. More details
about this selection can be found in 7 .
3.3

Sidebands and cross checks

The selection described in the previous section has been validated with two sidebands. In the
ﬁrst one, the contribution of neutral current interactions with a production of a π 0 (NC π 0 ) is
enhanced, by inverting the calorimetry requirements on the showers, in order to select photon-like
showers produced by the π 0 decay. Secondly, a sample enriched of νμ CC interactions is selected
by vetoing shower and requiring the presence of a long track compatible with a mip particle. The
distribution of the energy of the selected events in the two sidebands are shown in ﬁgure 3. This
result is also in good agreement with a more complete νμ CC analysis, developed aiming at a
cross section measurement 8 . In both cases the agreement between the data and the simulation is
satisfactory, making the analysis and the simulation reliable. Eventually, this analysis has been
reproduced on the NuMI dataset, which contains a larger number of νe CC interaction per POT,
within the same energy regime. This test showed a good capability of the analysis in selecting
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Figure 3 – Distributions of the selected events in the NC π 0 sideband (left) and νμ CC sideband (right) of the
νe CC0πNp analysis.

νe CC0πNp interactions with a decent agreement between the data and the simulation. A similar
analysis, selecting νe CC interactions inclusively also showed similar and encouraging result 9 .
4

Conclusion and outlook

A solid strategy for the Low Energy Excess search with the MicroBooNE detector, in the νe CC0πNp
channel has been demonstrated, using diﬀerent control regions and datasets. The MicroBooNE
collaboration is now preparing the ﬁnal analyses, reﬁning and improving the simulation as well as
the reconstruction in order to achieve a larger eﬃciency for the selection of the signal and increase
the chance to discover a possible low energy excess.
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Singlet–doublet/triplet dark matter and neutrino masses
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In these proceedings, we present a study of a combined singlet–doublet fermion and triplet scalar
model for dark matter (DM). Together, these models form a simple extension of the Standard
Model (SM) that can account for DM and explain the existence of neutrino masses, which
are generated radiatively. However, this also implies the existence of lepton ﬂavour violating
(LFV) processes. In addition, this particular model allows for gauge coupling uniﬁcation. The
new ﬁelds are odd under a new Z2 symmetry to stabilise the DM candidate. We analyse the
DM, neutrino mass and LFV aspects, exploring the viable parameter space of the model. This
is done using a numerical random scan imposing successively the neutrino mass and mixing,
relic density, Higgs mass, direct detection, collider and LFV constraints. We ﬁnd that DM in
this model is fermionic for masses below about 1 TeV and scalar above. We observe a high
degree of complementarity between direct detection and LFV experiments, which should soon
allow to fully probe the fermionic DM sector and at least partially the scalar DM sector.

1

Introduction

Particularly well-motivated DM models do not only provide a DM candidate, but also solve other
SM problems such as the smallness of neutrino masses. This is possible when the d = 5 Weinberg
operator is realised at one loop,1 such that the particles in the loop have opposite Z2 parity to
the SM particles and include a neutral DM candidate.2
In our paper,3 we study a model of topology T1-3 with one scalar and two fermions, one of
which is vector-like. In contrast to the ﬁrst of these models (T1-3-A with hypercharge parameter
α = 0), where the scalar DM was a singlet,4 we investigate here a model (T1-3-B, also with α = 0)
where the scalar DM is the neutral component of a triplet. Both models, like a previously studied
model with both singlet–doublet scalars and fermions (T1-2-A with α = 0),5 have the additional
advantage that they allow for gauge coupling uniﬁcation at a scale Λ = O(1013 GeV).6
2

Description of the model

Following the notation in previous literature,1,2 the model T1-3-B with hypercharge parameter
α = 0 is deﬁned by extending the SM with the colour-singlet ﬁelds in table 1. The present
model therefore combines the SU(2)L triplet scalars φi of zero hypercharge (U(1)Y ) with an
SU(2)L singlet fermion Ψ and doublet fermions ψ, ψ  . They are all odd under the discrete global
a

Speaker
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Table 1: New ﬁelds and their quantum numbers in the model T1-3-B with α = 0.

Field

Generations

Spin

Lorentz rep.

SU(3)C

SU(2)L

U(1)Y

Z2

Ψ
ψ
ψ
φi

1
1
1
2

1/2

(1/2, 0)

1/2

(1/2, 0)
(1/2, 0)
(0, 0)

1
1
1
1

1
2
2
3

0
−1
1
0

−1
−1
−1
−1

1/2

0

symmetry Z2 , while the SM ﬁelds are even. The components of the new ﬁelds are given by
 1

 0
 + 
√ φ0
φ+
ψ
ψ
i
i
0

2
, ψ =
, φi =
Ψ=Ψ , ψ=
,
(1)
ψ−
ψ 0
φ−
− √12 φ0i
i
where superscripts indicate electric charges. To obtain two non-zero neutrino mass diﬀerences,
two generations of scalar triplets are required. Since the scalar triplets have zero hypercharge,
−
†
they are treated as real, (φ0i )† = φ0i , (φ+
i ) = φi . Ψ has the same quantum numbers as a Z2 -odd

right-handed neutrino, whereas ψ and ψ together form a Z2 -odd vector-like lepton doublet,
which makes the model automatically anomaly-free. In principle, all neutral ﬁeld components are
possible DM candidates. The Z2 symmetry not only stabilises the lightest new particle against
decay into SM ﬁelds, but also forbids neutrino masses from a tree-level type-I seesaw mechanism.
The most general renormalisable Lagrangian for the model is




1
1
L = LSM + Lkin − (Mφ2 )ij Tr(φi φj ) −
MΨ ΨΨ + H. c. − Mψψ ψψ  + H. c.
2
2
− (λ2 )ij H † φi φj H − (λ3 )ijkm Tr(φi φj φk φm )



− λ4 (H † ψ  )Ψ + H. c. − (λ5 (Hψ)Ψ + H. c.) − (λ6 )ij Li φj ψ  + H. c. ,

(2)

where H is the SM Higgs ﬁeld (with vacuum expectation value v and quartic coupling λ). The
couplings λ4 and λ5 have the function of Yukawa terms, which link the fermion singlet and
doublets to the SM Higgs boson. The coupling λ6 connects the SM lepton doublet L to the new
ﬁelds, so that it will be involved in the process of radiative neutrino mass generation.
3

Radiative neutrino masses

After electroweak symmetry breaking, neutrino masses in our model arise from a single one-loop
diagram. Only the nf neutral fermion ﬁelds χk and ns neutral scalar ﬁelds ηl contribute to mass
generation, whereas the charged ﬁelds enter only into the propagator correction. In our model,
the nf = 3 fermions are superpositions of SU(2)L singlets and doublets, while the ns = 2 scalars
are superpositions of the two generations of scalar triplets required for two non-zero neutrino
masses. Evaluating the two-point function in dimensional regularisation and summing over all
contributions (with the neutral fermionic and scalar mixing matrices Uχ and Oη ) leads to
 2 
nf
ns
mχ0
m3χ0

1 
im jn
∗ 2
k
k
λ
λ
(O
)
(O
)
(U
)
ln
(Mν )ij =
.
(3)
η lm
η ln
χ k3
6
6
2
2
2
32π
mη0 − mχ0
m2η0
l=1

k=1

l

k

l

As evident from equation (3), the structure of the mass matrix is chieﬂy determined by the
number of scalar generations, which must be at least as large as the desired number of non-zero
neutrino masses. The neutrino mass matrix Mν depends explicitly on the couplings λ6 and on
the masses mχ0 and mη0 of the neutral fermions and scalars, while the dependence on the other
k
l
couplings λ1,4,5 remains implicit in the mixing matrices. The Casas–Ibarra parametrisation 7 then
allows to obtain λ6 from the experimental neutrino data, once the other couplings and masses
have been ﬁxed.
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4

Dark matter direct detection and lepton ﬂavour violation

We now connect singlet–doublet fermions with triplet scalars with the aim to not only explain the
observed small neutrino masses as described in the previous section, but also in order to study the
eﬀect of the neutrino mass constraints on the nature, allowed parameter space, direct detection
prospects and LFV properties of the two DM candidates in this combined model. We explore
the model’s parameter space with the help of SARAH 4.13.0 12 , calculating the physical particle
spectrum and relevant precision observables with SPheno 4.0.3 13 as well as the DM relic density
and direct detection cross sections with micrOMEGAs 4.3.5 14 using a random parameter scan.
All models resulting from the random scan with the observed neutrino masses and mixings as
2
well as the correct DM relic density Ωobs
c h = 0.120 ± 0.001 and Higgs mass are shown in ﬁgure 1
as a function of the DM mass, together with their spin-independent direct detection cross section
and the branching ratio for the usually most sensitive LFV process μ → eγ.
For fermionic DM, the models accumulating at a DM mass of about 1 TeV feature mostly
doublet fermions, whereas lighter fermionic DM is generally a superposition of singlet and doublet.
XENON1T excludes most of the models with small scalar-fermion couplings λ6 and therefore
also little LFV. These models are therefore similar to those in the pure singlet–doublet fermion
DM model. The combination with the scalar sector opens up a considerable parameter space
of leptophilic DM. Interestingly, one observes a strong complementarity with LFV experiments,
which already probe the models with the smallest spin-independent direct detection cross section.10
Similarly to the fermionic DM case, LEP constraints already rule out light scalar DM
candidates. As for a pure triplet scalar model, we observe an accumulation of points around a
mass of 2 TeV. Many of these models have only very small couplings λ6 to the fermion sector and
thus very little LFV. As λ1 increases, so must the DM mass beyond 2 TeV to compensate for the
stronger Higgs annihilation. However, most of these models will soon be probed by XENONnT,
and those that will not can soon be excluded by the process μ → eγ. While the mass region from
1 TeV to 2 TeV with leptophilic fermion DM, that was opened up by coupling the fermion and
scalar sectors, was already excluded by LFV limits (see above), the corresponding models with
scalar DM are still allowed, but will soon be probed by the process μ → eγ.
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Figure 1 – The spin-independent direct detection cross section as a function of the DM mass for singlet–doublet
fermion DM (left) and triplet scalar DM (right). The colours show the branching ratios for the LFV process
μ → eγ. Also shown are the LEP limits on light neutral and charged particles (shaded areas) as well as current
(full lines) and future (dashed lines) exclusion limits for the DM relic density from XENON1T 8 and XENONnT 9 ,
and for μ → eγ 10,11 .

385

5

Conclusion

We have combined the singlet–doublet fermion model with the triplet scalar model in order to
explain not only the observed DM relic density, but also the neutrino masses and mixings, which
were generated radiatively. This model allows in addition for the correct Higgs boson mass,
couplings of natural size, masses in the TeV range and gauge coupling uniﬁcation.
We found that DM in our model is fermionic up to the TeV scale and scalar beyond. The
scalar–fermion couplings opened the parameter space, so that leptophilic singlet–doublet fermion
DM around 1 TeV became again viable below the XENON1T exclusion limit, as did triplet scalar
DM between 1 TeV and 2 TeV. In both regions, we observed an interesting complementarity
between the expectations for XENONnT and for LFV experiments.
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Calibration and monitoring of the highly segmented SoLid anti-neutrino detector
V. Pestel
on behalf of the SoLid Collaboration
Normandie Univ, ENSICAEN, UNICAEN, CNRS/IN2P3, LPC Caen, 14000 Caen, France
pestel@lpccaen.in2p3.fr
6 bld. Marchal Juin, 14000, Caen, France
The SoLid experiment is currently taking physics data close to the BR2 reactor core at
SCK·CEN, Belgium, exploring very short baseline anti-neutrino oscillations. It aims to resolve
the reactor anti-neutrino anomaly by measuring both anti-neutrino rate and energy spectrum.
The 1.6-tonne detector is based on a highly segmented dual scintillator technology, which enables to face the high background environment imposed by operating at less than 10 meters
from the reactor core without signiﬁcant overburden. One of the challenges is to ensure the
homogeneity and performance of the 12800 5 cm cubic voxels, particularly concerning the design energy resolution of 14 % and the design detection eﬃciency of 40 % for respectively the
positron and the neutron from the inverse beta decay. To this end, the individual detection
cells were tested during construction, and regularly calibrated since then using an automated
calibration system.

1

Introduction

The “reactor anti-neutrino anomaly” (RAA) emerged few years ago, after the recalculation of
the neutrino ﬂux emitted by nuclear reactor cores and an update of the Inverse Beta Decay
(IBD) cross section. It consists of a 2.5 σ deﬁcit in average in the measured ﬂux by all reactor
experiments with baselines shorter than 100 m. Along with the LSND/MiniBooNE anomaly
and the Gallium anomaly, the RAA could be explained by the existence of light sterile(s) neutrino(s)1) , in the range of Δm2 ≈ 1eV2 , mixing with the 3 known active neutrinos. The SoLid
experiment aims to perform new measurements, adding new constraints at very short-baseline
(<10m). The signature of such a new sterile state can be seen by comparing the rates and
the energy spectra at diﬀerent baselines between 6.7 m and 9.2 m. These measurements need
a good neutrino detection eﬃciency along with a good spatial and energetic resolution. The
low overburden and the proximity to the nuclear reactor require also good background rejection
capabilities.
2

SoLid detector

The SoLid detector is based on cubic detection cells made of 5 × 5 × 5 cm3 polyvinyl-toluene
(PVT) plastic scintillator cubes covered on two faces with 250 μm 6 LiF:ZnS layers2) . Each cube
is optically isolated with a thin Tyvek wrapping, and the light is collected by 4 wavelength
shifting optical ﬁbers coupled to SiPM3) , as shown on ﬁgure 1.
Neutrinos will interact through the Inverse Beta Decay process (IBD):
ν e + p → n + e+
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(1)

The PVT is a hydrogen rich material, that plays the role of target for the IBD reaction. The
produced positron will immediately deposit its energy in the same material, leading to a prompt
and narrow scintillation signal. The neutron will loose its energy by multiple scatterings in the
PVT, before being captured by the 6 Li from the LiF:ZnS layers:
n +6 Li → α + T

(2)

The break-up reaction products will then induce a long scintillation in the ZnS inorganic scintillator. The scintillation diﬀerence between PVT and LiF:ZnS, as the time delay induced by
the neutron moderation process (O(100 μs)), can then be use to tag eﬃciently the neutrino
interaction. The SoLid detector is made of 12800 detection cells, arranged in 50 planes of 256
cubes each. This large segmentation, 8000 voxels/m3 , is used to reconstruct event topologies
and reject backgrounds.
The detector construction period took place during the year 2017. At this occasion, a quality
assurance process4) was realized, aiming to validate the detection capability of each plane before
its integration in the ﬁnal detector. This process allowed us to check performances, as well as
identify and correct potential issues. It also brings suﬃcient knowledge about the detector to
design the calibration system of the SoLid detector. Since the beginning of 2018 the detector
has been installed at the BR2 reactor facilities, and operating in stable condition.
A dedicated radioactive source carrier was designed to calibrate the detector on site. This
system, CROSS, is shown ﬁgure 1. The 5 detection modules, which correspond to 10 planes
grouped together on a mechanical structure, can be moved using an actuator system. By sequentially moving each detector module by roughly 3.5 cm, it is then possible to insert radioactive
sources every 50 cm. The area available in these 6 gaps corresponds approximately to half of the
plane surface. Thus the largest cube-source distance is less than 35 cm. The radioactive source
is installed on the calibration arm from the outside of the shielding, and the detector scan is
performed automatically using pre-deﬁned settings, increasing the eﬃciency of the calibration
periods.

Figure 1 – Left: Schematic view of a 2×2 cube detection system. The incoming neutrino (black) interacts through
the Inverse Beta Decay with a proton from the plastic scintillator, producing a positron (red) and a neutron (blue).
After annihilation, the positron produces two gammas (purple). Right: CROSS robotic calibration system above
the detector volume. Blue shaded areas are accessible with radioactive calibration sources.

3

Neutron detection eﬃciency measurement

The neutron detection eﬃciency det is the primary factor that impacts the neutrino detection
eﬃciency, making its precise measurement a critical point. det can be expressed as the product
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of two factors :
det

=

capt

×

reco

(3)

• The capture eﬃciency capt is the probability for a neutron to be captured on the 6 Li from
the LiF:ZnS layer. This parameter is estimated using a GEANT4 Monte-Carlo simulation.
A typical capture eﬃciency for a source placed in the center of a gap between two modules
is capt ≈ 70%.
• The reconstruction eﬃciency reco is the probability for a neutron capture on the 6 Li to
be detected. It is deﬁned as the product between the trigger eﬃciency and the particle
identiﬁcation eﬃciency. Knowing the capture eﬃciency, this parameter can be computed
as the ratio between the number of neutrons reconstructed in a given cube and the number
of neutrons expected to interact in the same cube.
The calibration process uses 9 calibration points per gap (54 in total), that allows a suﬃcient
homogeneous coverage of the detector. AmBe and 252 Cf sources are used for this measurement
(see ﬁgure 2). The shift between both eﬃciency measurements is compatible with sources
activity uncertainties, at 1-2% each. The reconstruction eﬃciency, with a mean value reco ≈
76%, is determined with a mean statistical uncertainty of about 2%, depending on the cube
counting rate, closely related to the cube distance from the source. However, to perform baselinedependent neutrino analysis the detector segmentation unit is a single plane, each corresponding
to a speciﬁc distance to the reactor core. Thus, merging the 256 cubes of each plane, the
statistical uncertainty on the reconstruction eﬃciency drops below 1%, in agreement with the
physical requirements of the experiment.

Figure 2 – Reconstruction eﬃciency distribution per cube (left) and related statistical uncertainty (right) for
two typical calibration scans. The AmBe (252 Cf) scan integrates more than 111.106 (186.106 ) neutrons, with an
exposure time of around 44(54) hours.

4

Light yield measurement

The regular light yield (LY) measurements are based on 22 Na calibration runs, using both
1.27 MeV and 511 keV gammas. Due to the small volume of each detection cell, made from a
low Z plastic scintillator, it is unlikely to detect the full gamma energy in only one cube. Thus,
the LY measurement per cube is based on a Compton edge measurement at diﬀerent energies.
Two diﬀerents methods are used to measure the light yield for each cube:
• The Compton-Edge position is ﬁtted with an analytical function, based on the KleinNishina cross section smeared by a gaussian energy resolution.
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• The measured Compton-Edge is compared to Monte-Carlo simulation results. By adjusting
the light yield and the energy resolution of the Monte-Carlo, a Kolmogorow-Smirnov test
allows us to determine the two parameters.
The measurements show a LY of about 96 Photo-Avalanches per MeV which lead, after a SiPM
cross-talk correction of about 19%, to a stochastic energy resolution of σstochastic ≈ 12% at 1
MeV.
To estimate the linearity of the energy detector response, the calibration is extended to
other sources, and so other energies. An example of this LY comparison, where the LY for 22 Na
is compared with that obtained for 4.4 MeV gammas from AmBe, is available ﬁgure 3. The
gaussian ﬁt shows an agreement at the percent level, demonstrating a linear energy response
between 1 and 4 MeV. Further developments are ongoing to extend this study at higher energy
using muons.

Figure 3 – Left : Light yield measurement, using 22 Na and a Kolmogorow-Smirnov test between data and MonteCarlo. Right : Ratio of the light yield measured using 22 Na 1.27 MeV gammas and AmBe 4.4 MeV gammas. The
ﬁtted parameters of the Gaussian function demonstrate the good agreement between both measurements. The σ
value is driven by the AmBe statistical uncertainty.

5

Conclusion

The calibration process, which was one of the challenging milestones of the experiment, is
now under control and shows performances in agreement with the physics goal. The measured
neutron reconstruction eﬃciency indicates an IBD eﬃciency before cuts above 50%, along with
a light yield compatible with a 14% energy resolution at 1 MeV. These parameters bring SoLid
to the required sensitivity level to probe the sterile neutrino hypothesis.
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Cosmological observations indicate that most of the matter in the Universe is Dark Matter.
Dark Matter in the form of Weakly Interacting Massive Particles (WIMPs) can be detected
directly, via its elastic scattering oﬀ target nuclei. Most current direct detection experiments
only measure the energy of the recoiling nuclei. However, directional detection experiments
are sensitive to the direction of the nuclear recoil as well. NEWSdm is meant to be the
ﬁrst experiment with a solid target for directional dark matter searches: the use of a nuclear
emulsion based detector, acting both as target and tracking device, would allow to extend
dark matter searches beyond the neutrino ﬂoor and provide an unambiguous signature of the
detection of Galactic dark matter.

1

Introduction

New generation detectors capable of measuring the direction of nuclear recoil tracks resulting
from the elastic scattering of a target nucleus by an incoming WIMP (Weakly Interacting Massive
Particle), would provide a route towards the discrimination of neutrino background and the
unambiguous identiﬁcation of WIMPs as being responsible for the galactic dark matter. From
the experimental point of view several approaches have been proposed. The more diﬀuse strategy
is based on the use of low pressure gaseous Time Projection Chambers (TPCs) 1 . Nevertheless this
technology is hardly scalable to very large detectors masses needed to reach a good sensitivity to
the Spin-Independent (SI) case. The use of a solid target for directional searches would overcome
the mass limitation of gaseous TPC approach thus allowing to reach an high sensitivity in the
low cross section sectors of the SI case. Nevertheless, in a solid medium, the track of the WIMPscattered nuclear recoil will have a path length of the order of a few hundred nanometers and
detector with high tracking resolution is therefore needed.
2

The NEWSdm experiment

The approach proposed by the NEWSdm Collaboration 2 consists in the use of a nuclear emulsionbased detector acting both as target and as tracking device. The project foresees the employment
of a novel emulsion technology called Nano Imaging Trackers (NIT) 3,4 featuring a position
resolution one order of magnitude higher than that of the emulsion currently used in the OPERA
experiment 5 . The detector is conceived as a bulk of NIT surrounded by a shield to reduce the
external background. The detector is then placed on an equatorial telescope in order to absorb the
Earth rotation, thus keeping ﬁxed the detector orientation with respect to the incoming apparent
WIMP ﬂux. The angular distribution of the WIMP-scattered nuclei is therefore expected to be
strongly anisotropic with a peak centered in the forward direction.
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2.1

NIT: Nano Imaging Trackers

Nuclear emulsions are made of silver halide crystals embedded in a gelatine matrix. When ionizing particles pass through it, some of the halide crystals are modiﬁed in such a way that they
are turned into grains of silver when a developing process is performed. The three-dimensional
trajectory of passing through particles can be reconstructed with an optical microscope by connecting all the silver grains. The presence in the emulsion gel of lighter nuclei such as Carbon,
Oxygen and Nitrogen, in addition to the heavier nuclei of silver and bromine, is a key feature
of the NEWSdm project, resulting in a good sensitivity to WIMPs with both light and heavy
masses.

2.2

Read-out system

The analysis of NIT emulsions is performed with a two-step approach: a fast scanning with a
state-of-the-art resolution for the signal preselection followed by a pin-point check of preselected
candidates with unprecedented nanometric resolution to further enhance the signal to noise ratio
and perform very accurate measurements of the range and the recoil direction. In the ﬁrst phase
a fast scanning is performed by means of an improved version of the optical microscope used
for the scanning of the OPERA ﬁlms 6 . The starting point of the emulsion scanning is the
image analysis to collect clusters made of dark grains at several depths across the emulsion plate
thickness. Given the intrinsic resolution of the optical microscope (∼ 200 nm), the sequence
of several grains making a track of a few hundred nanometers, appears as a single cluster.
Therefore, the key element to distinguish clusters made of several grains from clusters made of
a single grain produced by thermal excitation (fog) is the analysis of their shape. A cluster
made of several grains indeed tends to have an elliptical shape with the major axis along the
direction of the trajectory (Fig. 1 left), while a cluster produced by a single grain tends to have a
spherical shape 7,8 . The second phase is performed exploiting the resonance eﬀect occurring when
nanometric metal grains are dispersed in a dielectric medium 9 . The polarization dependence
of the resonance frequencies strongly reﬂects the shape anisotropy and can be used to infer
the presence of non-spherical nanometric silver grains. NEWSdm will use this technology to
retrieve track information in NIT emulsions beyond the optical resolution. Images of the same
cluster taken with diﬀerent polarization angles will show a displacement of the position of its
barycenter. The analysis of the displacements allows to distinguish clusters made of a single
grain (background-like) from those made of two (or more) grains (signal-like). The unprecedented
accuracy of ∼ 6 nm was achieved in both coordinates (Fig. 1 right).

Figure 1 – Kr ions implanted on NIT ﬁlms (left). The image is taken with an optical microscope. The selection
of candidate tracks is based on the elliptic ﬁt of the clusters. Position accuracy less than 10 nm with the resonant
light scattering with C 10 keV ion sample (right).
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3

Polarization analysis with Carbon ion beam

In order to benchmark with real data the capability to reconstruct nuclear recoils induced by
WIMPs, the Collaboration is analysing NIT emulsion samples implanted with low energy Carbon
ions with an inclination of ∼ 10◦ with respect to the emulsion surface. The analyzed samples
were exposed to 100, 60 and 30 keV Carbon ions, whose average range calculated by SRIM
software [179] is estimated to be 240, 150 and 80 nm, respectively. The ﬁrst two samples act
as a signal-like samples since Carbon ions are expected to sensitise on average more than one
crystal, thus resulting in a cluster with elliptical shape and a signiﬁcant barycenter shift . The
latter represents an intermediate case between background-like and the signal-like sample since
the majority of clusters is formed by just one grain. It therefore plays an important role in this
analysis since it could be used to determine the threshold both in energy per nucleon and in
track length achieved by the NEWSdm experiment using the plasmon analysis. The samples
were analyzed using the prototype microscope located in the Emulsion Laboratory in Napoli
University equipped with liquid crystal polarizer. Clusters are ﬁrst selected by the elliptical ﬁt
and then analyzed by using 8 diﬀerent polarization angles of the incident light to exploit the
barycentre displacement. The line connecting the minimum and the maximum displacement
of the cluster barycentre corresponds to the tracks direction, φ angle (see Fig. 2). Figure 3
(left) shows the φ angles of the selected candidates for the 30 keV Carbon ion sample: clusters
with a displacement smaller than 30 nm (static grains) show a ﬂat distribution (blue histogram)
while those with displacement larger than 30 nm (moving grains) present a peak at φ ∼ 0 (red
histogram) that corresponds to the incoming direction of implanted Carbon ions. In ﬁgure 3
(right) it is shown the signal identiﬁcation threshold achieved with plasmon analysis in NIT
samples made of ∼ 44 nm AgBr crystals corresponding to 120 nm.

Figure 2 – XY scatter plot of BFPCs positions for a static grain (left) and a moving grain (right).

Figure 3 – Left: φ angle distribution of clusters showing (red) and not showing (blue) a displacement of the
barycenter. The green histog ram is the angular distribution of micro-tracks. Right: track length threshold
achieved with plasmon analysiswith 1σ (dark teal) and 2σ (light teal) error bands for the 30 keV C ion sample.
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4

Sensitivity

In ﬁgure 4 (left) the state-of-art threshold was used to construct the NEWSdm sensitivity curve
for the pilot experiment with an exposure of 10 kg per year assuming zero background: the black
dotted-line represents the sensitivity region with 120 nm as threshold while the solid dark and
light teal lines the 1σ and 2σ bands. It is worth noting that with mass detector of 10 kg and
assuming a spin-indipendent interaction and the SHM for the local WIMP density, it is possible
to cover a wide region of the DAMA/LIBRA signal by using a completely diﬀerent approach.
The neutrino ﬂoor (black-dotted line) obtained for the NEWSdm targets is shown in ﬁgure 4
(right), where colored lines represent the isocurves for diﬀerent thresholds and the grey-ﬁlled
area the neutrino ﬂoor as shown in 11 . The neutrino ﬂoor for the NEWSdm detector refers to the
so called one-neutrino event line and represents the level where the neutrino background begin
to be observable; but it does not represent a ﬁnal discovery limit for the NEWSdm detector. The
long term goal of the experiment is indeed to overcome the neutrino ﬂoor through a statistical
analysis of the direction of the events.

Figure 4 – Left: sensitivity curve of NEWSdm experiment assuming zero background and a track length threshold
of 120 nm. Right: neutrino ﬂoor (black-dotted line) for the NEWSdm detector.

5

Conclusions

The directional dark matter search with a solid target requires the use of detectors capable to
reconstruct tracks of few hundred nanometers, as expected from WIMP-induced nuclear recoils.
NIT emulsions with nanometric-scale crystals make it possible to detect an eventual WIMP
signal by using new generation optical microscopes exploiting the plasmon analysis which makes
it possible to overcome the optical limit lowering the sensitivity threshold down to ∼ 120 nm.
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Latest results of the antineutrino ﬂux and spectrum from Daya Bay
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The antineutrino ﬂux and spectrum from the reactors at Daya Bay are monitored by the near
detectors in Daya Bay reactor neutrino experiment. The antineutrino ﬂux from reactors is
found to be about 5% less than prediction, and a 5 MeV bump is found when comparing the
measured spectrum from Daya Bay and prediction. By studying the fuel evolution the IBD
yield of 235 U and 239 Pu is obtained. With more statistics and more precise energy nonlinearity
model, an improved measurement of the antineutrino spectrum is obtained. The shape of the
detected antineutrino spectrum disagrees with the prediction from Huber-Mueller model at
5.3σ. The local deviation reaches 6.3σ in the energy region between 4 to 6 MeV.

1

Introduction

During the operation of nuclear reactors, a huge amount of antineutrinos are emitted from
the ﬁssion products of the ﬁssion isotopes 235 U, 238 U, 239 Pu, 241 Pu. Reactor has played a
signiﬁcant role in the neutrino physics, from the ﬁrst discovery of the neutrino [1] , to the precise measurement of the neutrino oscillation parameters like θ12 , Δm221 and θ13 [2, 3] . Before
2011, the antineutrino spectra of ﬁssion products from thermal neutron induced ﬁssion of 235 U,
239 Pu and 241 Pu derived from a measurement of beta spectra are performed at the ILL High
Flux Reactor [4–6] . The antineutrino of 238 U is induced by fast neutron, and the antineutrino
spectrum is calculated by summing over the ﬁssion products from 238 U based on the nuclear data
library [7] , which has large uncertainty because of the missing information of some isotopes. In
2011, a reevalution of the antineutrino spectra from these isotopes is carried out by Mueller and
Huber with more precise beta decay theoretical calculation [8, 9] . The antineutrino ﬂux predicted
from Huber-Mueller model is found to be about 6% less than measurement (reactor antineutrino anomaly, RAA) and spectral distortion is also found in Daya Bay [10–13] , RENO [14, 15] and
Double Chooz [16, 17] . This paper reports the latest results from Daya Bay and tries to ﬁnd some
hints for the antineutrino deﬁcit and the spectral distortion.
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2

Daya Bay reactor neutrino experiment

The Daya Bay reactor neutrino experiment is located near the Daya Bay nuclear power plants
and Ling Ao nuclear power plants, with 17.4 GW total thermal power in maximum. Eight
identical antineutrino detectors (ADs) are distributed in three experiment halls [18] . The ADs
consist of three zones separated by acrylic vessels. The inner side of ADs is the detection target
for the ν e , containing 20 tons gadolinium-doped liquid scintillator. The ν e is detected by inverse
beta decay (IBD) reaction with the selection of prompt and delayed signals.
3

Antineutrino ﬂux

The uncertainty of the antineutrino ﬂux is dominated by the detection eﬃciency of the ADs.
The detection eﬃciency can be divided into two factors: IBD = n × others , where n stands for
the neutron selection eﬃciency due to the delayed signal cut ([6, 12] MeV cut) and others is for
the PMT light emission, prompt energy and coincident time cuts. In previous study, diﬀerent
neutron calibration data are used to estimate the eﬀects which will inﬂuence the uncertainty
of the neutron detection eﬃciency. The latest result at Daya Bay reduces the dominant uncertainty on the neutron detection eﬃciency by 56% with respect to the previous one through a
comprehensive neutron calibration as well as detailed data and simulation analysis. The average
IBD yield measured by Daya Bay is determined to be (5.91 ± 0.09) × 10−43 cm2 /ﬁssion [19] , and
the ratio over the prediction from Huber-Mueller model is 0.952 ± 0.014(data) ± 0.023(model).
This result is consistent with world average ﬂux and conﬁrms the reactor antineutrino anamoly
(RAA), as shown in Fig. 1(left).

Figure 1 – The ratio of measured reactor antineutrino yield to the prediction from Huber-Mueller model as a
function of the distance from the reactor to detector [19] (left). Combined measurement of 235 U and 239 Pu IBD
yields per ﬁssion σ235 and σ239 [20] (right).

The total IBD yield is the summation of the ones from 4 main isotopes, weighted by ﬁssion
fractions. As the fuel burning, the ﬁssion fractions are changing over time and the IBD yield
from diﬀerent isotopes are diﬀerent, so the total IBD yield is changing over time. With these
information, we can get the IBD yield from 235 U and 239 Pu with 10% uncertainty constraints on
the ﬂux of 238 U and 241 Pu. The IBD yield from 235 U is (6.17 ± 0.17) × 10−43 cm2 /ﬁssion while
for 239 Pu is (4.27 ± 0.26) × 10−43 cm2 /ﬁssion. The contour plot is shown in Fig. 1 (right). The
observed 235 U yield is found to be 7.8% less than prediction from Huber model. By χ2 test with
additional constraints on the previous ﬁtting algorithm, the hypothesis that 235 U is primarily
responsible for the reactor antineutrino anomaly is favored by the Daya Bay data, while the
equal deﬁcit and 239 Pu-only deﬁcit hypotheses are disfavored at the 2.8 and 3.2 conﬁdence
levels, respectively.
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4

Measured prompt energy spectrum

Daya Bay has seen a bump between 4 to 6 MeV when comparing the shape of the spectra between
measurement and prediction from near detectors based on 621 days’ data [21] . The total deviation
of the data and prediction is 2.9σ while the local deviation focusing on 4 to 6 MeV is 4.4σ. The
results can be updated with 1230 days’ data, with more precise energy nonlinearity model.
Previously the energy nonlinearity model is constrained by γ calibration points from deployed
and naturally occurring radioactive sources, as well as the β spectrum from 12 B decays. In Dec.
2015 a new ﬂash analog-to-digital converter (FADC) readout system was installed on EH1-AD1
to directly measure the electronic nonlinearity. EH1-AD1 acquires data with FADC and FEE
readout system simultaneously and a deconvolution method is used to extract the true charge
based on the FADC waveform from the PMTs [22] . With electronic nonlinearity correction, the
residual electronic nonlinearity in the FADC waveform reconstruction of a single channel is less
than 0.7%. Since the electronic nonlinearity can be decoupled precisely, the uncertainty of the
total energy nonlinearity improves from about 1% level to about 0.5% level, as shown in Fig. 2.

Figure 2 – Relationship between the reconstructed and true prompt energy, with previous model shown in red as
a comparison [23] .

The statistics of the IBD candidates increases from about 1.2 million to about 3.5 million.
In this case, the uncertainty of the measured spectrum is about 0.5% level while the total
uncertainty including measurement and prediction is less than 1% in minimum. The comparison
between data and prediction is shown in Fig. 3. The signiﬁcance of global deviation is 5.3σ,
while for local deviation on sliding 2 MeV scaning window is found to be 6.3σ between 4 to 6
MeV.
5

Summary

After improving the uncertainty of the detection eﬃciency, the ratio of the total IBD yield
between measurement and prediction is found to be 0.952 ± 0.014(data) ± 0.023(model), which
is consistent with the world average value. By investigating the fuel evolution the IBD yield
from 235 U is (6.17±0.17)×10−43 cm2 /ﬁssion while for 239 Pu is (4.27±0.26)×10−43 cm2 /ﬁssion.
With improved energy nonlinearity model and more statistics, more precise measured prompt
energy spectrum is obtained, which deviates from the Huber-Mueller model prediction by 6.3σ
from 0.7 to 8 MeV. The local deviation can reach 6.3σ when focusing on the bump region (4 ∼ 6
MeV), which arises a problem that whether the reactor antineutrino specum is well predicted
or there is some new physics behind it.
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Figure 3 – Predicted and measured prompt energy spectrum (error bars are statistical uncertainty) with relevant
uncertainty shown in ﬁlled band. Middle pannel is the ratio between measurement and prediction while the
bottom pannel is the signigicance of the local deviation in 2 MeV scanning window [24] .
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SO(3) FAMILY SYMMETRY AND AXIONS
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C/ Catedrático José Beltrán, 2 E-46980 Paterna (Valencia) - SPAIN
Motivated by the idea of Comprehensive Uniﬁcation, we consider a gauged SO(3) ﬂavor extension of the Standard Model, including right-handed neutrinos and a Peccei-Quinn symmetry.
The model accommodates the observed fermion masses and mixings and yields a characteristic,
successful relation among them. The Peccei-Quinn symmetry is an essential ingredient.

1

SO(3) as a gauge family symmetry: the threefold way

Since the late ’70s and beginning of the ’80s many proposals have been made to explain family
replication and the pattern of fermion masses and mixings. To this end, it seems appropriate
to consider symmetry groups containing triplet representations. Many possibilities emerge. For
example, one can use discrete symmetries like Δ(27) 2 , A4 3 or T7 4 as ﬂavor symmetries since
all of them contain triplet representations. However, only two options appear if one considers
continuous symmetries: SU (3) and SO(3). Therefore, the requirement of a gauged theory of
ﬂavor reduces our possible choices considerably.
SU (3) is an appealing possibility that has been studied in the past (see for example 6 ). This
family symmetry is particularly interesting because one can use Higgses in sextet, 6, representation. The 6 is an interesting representation to explain why the third family is much heavier
than the second and ﬁrst generations. A fermion mass term, in this case, must come from the
vacuum expectation value (VEV) of a Higgs with SU (3) charge
Mf ∼ yf f¯L HfR .

(1)

This possibility, however, requires a chiral assignment of ﬂavor charge to fermions, fL ∼ 3 and
fR ∼ 3∗ , and is plagued by anomalies unless extra, exotic fermions are introduced to cancel
them. Therefore one loses minimality to generate the hierarchy among generations a . We will
not consider this possibility further.
In this work we consider SO(3) as a gauge family symmetry 1 . The SO(3) group is theoretically interesting because it is more easily compatible with the ideas of Grand Uniﬁed Theories
(GUT). For example, in the usual SU (5) and SO(10) theories one embeds the Standard Model
particle content in the chiral, anomaly free sets of representations: 3 × (5̄ + 10) for SU (5) and
3 × 16 for SO(10). As we have said, assigning these representations as SU (3) triplets generally
leads to anomalies. For example, in the SO(10) × SU (3) theory the standard (16, 3) combination has an [SU (3)F ]3 anomaly. This is not the case for SO(3) because it is automatically
a
Note that this requirement of anomaly cancellation is absent if the SU (3)F is a global symmetry. However,
quantum gravity might require that all symmetries should be gauged 5 .
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anomaly free. This property was used in 7 where we revived the idea of Comprehensive Uniﬁcation, merging gauge and family symmetry, that was initially proposed in the ’80s 8 . More
speciﬁcally, the breaking scheme SO(18) → SO(10) × SO(5) × SO(3) 9 allows for the standard
SO(10) gauge uniﬁcation together with a hypercolor SO(5), which conﬁnes the 5 extra families
(leaving 3), and an SO(3) family symmetry group. This motivates consideration of SO(3) as a
family uniﬁcation group. SO(3) as a gauge family symmetry was ﬁrst proposed in 10 . In their
pioneer work, Wilczek and Zee proposed that in the same way the SU (2) group relates up and
down-type fermions a new interaction relating families in the horizontal direction could explain
family replication. In addition the authors also propose a particular symmetry breaking pattern
as the origin of the fermion mass and mixing hierarchies.
The use of SO(3) family symmetry was a successful, predictive scenario. First of all, in that
framework quark mixing angles can be written in terms of quark masses:
⎛
⎜
⎜
⎝

VCKM ≈ ⎜

1



−



md
−
 ms
mu mc
+
−
m2t



md
ms

mu
mmc m
d s
m2b

+



mu
mc



mu mc
m2t

−

1

0

0

1

⎞

m

d ms
m2b

⎟
⎟
⎟.
⎠

(2)

In addition they predicted an interesting relation between quark and lepton masses
md ms
mu mc
me mμ
=
=
.
m2τ
m2b
m2t

(3)

With this formula, the threefold way was able to predict a very light top quark:
≈ 15 GeV.
mpredicted
t

(4)

It is important to notice that this idea was born 16 years before the top quark was discovered.
In 1995 the top quark was discovered with a mass around 173 GeV, ruling out the original
threefold way. Notice also that due to the predicted CKM matrix (see Eq. 2) the b quark,
whose properties were not very well known by that time, was expected to decay mainly to up
quarks in the original SO(3) scenario.
SO(3) × U (1)P Q , the threefold way revamped

2

In this work 1 we revisit the SO(3) family symmetry scenario and study which are the requirements to make it phenomenologically viable. We ﬁnd that the implementation of the PQ
mechanism 11,12,13 à la DFSZ 14 allows to avoid the wrong top quark mass prediction and solve
the strong CP problem, simultaneously. A crucial point is that in the absence of heavy vectorlike quarks the QCD anomaly condition, needed to implement the PQ mechanism, can only
be achieved by introducing a duplicated Higgs sector (see table 1). We assume the following
pattern for their VEV
⎛
⎜

⎞

0
u,d
1
k u,d

−k u,d

Φu,d  = ⎝

u,d
1

⎟
⎠,

⎛

⎞

v u,d
⎜
⎟
u,d
Ψ  = ⎝ 0 ⎠ .

(5)

u,d
2

The 1,2 correspond to small perturbations around the minimum of the scalar potential. These
scalars will couple to up-type and down-type fermions selectively.
L = q̄L (y1 Ψu + y2 Φu )uR + q̄L (y3 Ψd + y4 Φd )dR + ¯lL (y5 Ψd + y6 Φd )eR + h.c.

(6)

After electroweak breaking, Eq. (6) leads to the quark mass matrices
⎛

0

⎜
M = ⎝ −y1
u

0

u
2

y1 u2
−y2 k u
−y1 v u + y2

y1
u
1

0
+ y2
y2 k u

vu

⎞

u
1

⎛

0

⎟
⎜
d
⎠ , M = ⎝ −y3

0

d
2

y3 d2
−y4 k d
−y3 v d + y4

0
y3 + y4
y4 k d
vd

d
1

⎞
d
1

⎟
⎠,

(7)
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Table 1: Particle content and transformation properties under the SM and ﬂavor SO(3) gauge groups. The VEVs
of SM singlets σ and ρ break U (1)P Q and lepton number, generating Majorana neutrino masses.

qL
3
2

SU(3)c
SU(2)L
U(1)Y
SO(3)F
U(1)PQ

uR
3
1

1
6

2
3

3
1

3
-1

dR
3
1
- 13
3
-1

lL
1
2
- 12
3
1

eR
1
1
−1
3
-1

Φu
1
2
- 12
5
2

νR
1
1
0
3
-1

Φd
1
2
1
2

5
2

Ψu
1
2
- 12
3
2

Ψd
1
2
1
2

3
2

σ
1
1
0
5
2

ρ
1
1
0
1
2

while for the charged leptons we have
⎛

0

⎜
M e = ⎝ −y5

d
2

0

y5 d2
−y6 k d
−y5 v d + y6

d
1

0
y5 v d + y6
y6 k d

⎞
d
1

⎟
⎠ ,

(8)

where we took into account the VEV alignment patterns of the SO(3) triplet and quintuplet
scalars, respectively (see 1 for more details). From the mass matrices above we get, in ﬁrst
approximation neglecting the perturbations 1,2 , the fermion masses
mu,d,e = 0 ,

mc,s,μ = |y2,4,6 k u,d − y1,3,5 v u,d | ,

Once the perturbations

u,d
1,2

mt,b,τ = |y2,4,6 k u,d + y1,3,5 v u,d | .

(9)

are taken into account a small mass is generated for the ﬁrst family
m1st ∼

2
2 /m2nd .

(10)

One can notice that this resembles to a seesaw mass relation and explains the smallness of the
ﬁrst family. In addition, turning on the perturbations, i , allows us to get the conceptual relation
between quark and lepton masses (also present in a A4 supersymmetric scenario 3 )
√

mb
mτ
≈√
.
me mμ
md ms

(11)

This successful formula nicely relates down-type quark and charged lepton masses. On the other
hand, the doubled Higgs structure forced by PQ symmetry allows us to avoid the unwanted top
quark mass prediction √mmeτmμ ≈ √mmutmc present in 10 . In addition to this relation, quark mixing
angles can be written in terms of quark masses with a reasonable accuracy
√
√


u
d
md ms
mu mc
md
mu
−
, |Vub | ≈
−
, |Vcb | ≈ 1u − 1d .
(12)
θC ≈
ms
mc
mb
mt
2k
2k
Notice that unlike θC and |Vub |, the |Vcb | matrix element is not given in terms of quark masses but
it is predicted to be small. This solves the issue of the original threefold way 10 , that predicted
the b quark decaying mainly to up quarks through the weak charged current.
Another interesting feature of the framework is that since lepton number, PQ and SO(3)
family symmetries are spontaneously broken at the same scale some connections between ﬂavor,
neutrino mass and the axion mass scales appear. In particular, the axion and neutrino mass
scales get connected through the conceptual relation
2
ma ∼ ΛQCD mπ /vEW
mν .

(13)

The connection between family and PQ symmetry breaking scales allows one to constrain the
axion decay constant. This is because the SO(3) gauge bosons can mediate ΔF = 2 processes
like K 0 − K̄ 0 mixing, which constrain the gauge boson mass to be
1
g2
≤
.
[104 T eV ]2
MF2
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(14)

Since SO(3) bosons obtain their mass from the scalar breaking PQ symmetry, a constrain to
the axion decay constant appears: fa ≥ 107 GeV. This lower bound is, however, much weaker
than astrophysical constraints 15 .
3

Conclusions

Taking Comprehensive Uniﬁcation using spinors as a guideline we have studied the consequences
of extending the Standard Model with a SO(3) family symmetry. We ﬁnd that the implementation of the PQ symmetry is a crucial ingredient to achieve a phenomenologically viable theory
which also oﬀers interesting predictions in the ﬂavor sector. In addition, the predicted QCD
axion constitutes, as usual, a successful dark matter candidate.
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CP VIOLATION IN CHARM DECAYS IN LHCb
G.TUCI, on behalf of the LHCb collaboration
Universitá di Pisa, Dipartimento di Fisica and INFN − Sezione di Pisa,
Largo Bruno Pontecorvo 3, Pisa, Italy
The LHCb experiment has collected the world’s largest sample of charmed hadrons. With this
sample, CP violation has been observed for the ﬁrst time in D0 mesons decays. Because of
the large uncertainty on theoretical predictions, additional measurements on diﬀerent charm
decays are needed for a better understanding of the physics picture. The D0 → KS0 KS0 decay
is a perfect channel for the study of CP violation. A prediction based on the Standard Model
gives an upper limit for the CP asymmetry of about 1% and further enhancements could
result from contributions from physics beyond the Standard Model. The latest measurement
on this channel, performed by the LHCb collaboration using data collected in 2015 and 2016,
is discussed in this document.

1

Introduction

CP violation (CP V ) plays an important role in the understanding of particle physics and of
the conditions in the early universe. As the D0 system is the only up-type quark system in
which ﬂavour oscillation and CP V can be observed, it oﬀers a privileged window to look for
New Physics beyond the Standard Model (SM). Mixing is well established at a level which is
consistent with SM expectations, and has been measured with a high level of signiﬁcance by
LHCb 1 . Finally also CP V has been observed in D0 mesons decays 2 . The result is consistent
with SM expectations, which lie in the range 10−4 − 10−3 3,4,5,6 . However, present theoretical
understanding does not allow very precise predictions to be made, due to the presence of stronginteraction eﬀects which are diﬃcult to compute. Therefore further measurements with charmed
particles, in addition to theoretical improvements, are needed in the next few years to clarify the
physics picture. Because of the size of the expected eﬀect 7 , the D0 → KS0 K ∗0 and D0 → KS0 KS0
decay channels are very interesting to study.
1.1

The D0 → KS0 KS0 decay channel

The D0 → KS0 KS0 decay is a promising channel for observation of CP V in charm. In fact
only loop-suppressed and exchange diagrams, where the latter vanish in the SU(3) ﬂavour limit,
contribute to this decay. These contributions are of similar size and therefore ACP could reach
the level of ∼ 1% 8 , within experimental reach in the near future; further enhancements could
result also from contributions from physics beyond the Standard Model. The CP asymmetry is
deﬁned as
Γ(D0 → KS0 KS0 ) − Γ(D̄0 → KS0 KS0 )
ACP (KS0 KS0 ) ≡
,
(1)
Γ(D0 → KS0 KS0 ) + Γ(D̄0 → KS0 KS0 )
where Γ is the decay rate of D0 (D̄0 ) in the ﬁnal state KS0 KS0 . This quantity has already been
measured by the CLEO collaboration 9 , by the Belle collaboration 10 , and by the LHCb collaboration 11 using Run 1 data. All the measurements are compatible with zero and the world’s best
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measurement has been performed by Belle, who measured ACP (KS0 KS0 ) = (−0.02 ± 1.53 ± 0.17)%,
where the ﬁrst uncertainty is statistical and the second is systematic. Here a new LHCb mea√
surement, performed using data collected in the ﬁrst two years of Run 2 ( s = 13TeV, integrated
−1
luminosity ∼ 2fb ), is presented.
2

Detector and signal samples

The LHCb detector 12 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 silicon-strip vertex
detector surrounding the pp interaction region allows c and b hadrons to be identiﬁed from their
characteristically long ﬂight distance and the tracking system provides the precise measurement
of momentum of charged particles (σp /p ∼ 0.5% − 1% ).
In LHCb tracks are classiﬁed according to the subdetectors crossed. In particular particles
traversing the full tracking system are called “long”(L) tracks, while tracks reconstructed in all
the tracking stations but not in the vertex-detector are called “downstream”(D) tracks. In this
analysis two samples are used: the LL sample, with both KS0 reconstructed from long tracks,
and the LD sample, with one KS0 reconstructed from long tracks and the other one reconstructed
from downstream tracks. The two samples are analysed separately because of the diﬀerent mass
resolution.
Selecting KS0 at trigger level in an experiment like LHCb is challenging. KS0 particles have
a relatively high mean life (τ 0.9 × 10−10 s 13 ) and are produced with a high boost along the
beam direction. Therefore, they can likely decay outside the vertex-detector acceptance. Despite
this, in Run 2 a dedicated trigger, for both the LL and the LD sample, has been successfully
added for the ﬁrst time to select this channel.
3

Measurement methodology

A sample of ﬂavour-tagged D0 → KS0 KS0 decays has been obtained by selecting prompt D∗+ candidates, with subsequent decay D∗+ → D0 π + (charge conjugate decays are implied throughout
this document, unless explicitly speciﬁed). The sign of the pion in this decay gives the ﬂavour of
the accompanying D0 , and D0 − D̄0 mixing is negligible at this level of precision. KS0 candidates
are reconstructed in the π + π − decay channel.
The quantity measured in LHCb is
Araw =

ND0 − ND̄0
,
ND0 + ND̄0

(2)

where ND0 is the measured yield of D∗+ → D0 π + and ND̄0 is the measured yield of D∗− → D̄0 π −
decays. This observable is related to the CP asymmetry by the expression, valid to ﬁrst order,
Araw ≈ ACP + Aprod + Adet , where Aprod is the production asymmetry of the D∗± and Adet is
the detection asymmetry of the tag pion. The production asymmetry arises from the fact that
the initial state pp is not CP -symmetric, and therefore the production cross section of D∗+ is
diﬀerent from the production cross section of D∗− . The detection asymmetry depends both on
the magnet polarity (left-right detector asymmetry) and on diﬀerent detection eﬃciencies for
opposite charged tracks (particles and antiparticles have diﬀerent interaction cross sections with
detector material). To remove these two asymmetries D0 → K + K − is used as a calibration channel. In fact these asymmetries cancel out in the diﬀerence ΔACP = Araw (KS0 KS0 )−Araw (K + K − )
if the kinematics of the D∗+ and tag pion are equal. Then the CP asymmetry in the KS0 KS0
decay channel can be determined by computing
ACP (KS0 KS0 ) = ΔACP + ACP (K + K − ).
ACP (K + K − )

(3)

The value of
has been independently measured by LHCb with an uncertainty of
∼ 0.2% 14 , which is an order of magnitude smaller than the sensitivity on the D0 → KS0 KS0 decay

404

channel. The imperfect cancellation of production and detection asymmetries due to diﬀerences
in D∗+ and tag pion kinematics is taken into account as a systematic uncertainty.
4

Results and outlook

The result, obtained by performing a simultaneous maximum likelihood ﬁt to the separate D∗+
and D∗− unbinned Δm = m(D∗ ) − m(D0 ) distributions, is 15
ACP (KS0 KS0 ) = 0.043 ± 0.034 ± 0.010,

(4)
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where the ﬁrst uncertainty is statistical and the second is systematic. The raw asymmetry Araw
is a free and shared parameter in the ﬁt. The ﬁtted Δm distributions, obtained for the “magnet
up”polarity, are shown in Fig. 1.
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Figure 1 – Fits to Δm distributions of D0 → KS0 KS0 candidates for the “magnet up”polarity. The ﬁt to (a)
D∗+ → D0 π + and (b) D∗− → D̄0 π − candidates for the LL sample and the ﬁt to (c) D∗+ → D0 π + and (d)
D∗− → D̄0 π − candidates for the LD sample are shown. The black crosses represent the data points, the solid
blue curve is the total ﬁt function, and the dashed blue curve is the background component of the ﬁt.

Results obtained on LL and LD samples and on the two separate magnet polarities are
compatible within 2σ. The main systematic uncertainty arises from the possible bias introduced
by the ﬁtting procedure for the determination of Araw on the D0 → KS0 KS0 signal sample (5×10−3
for LL and 10 × 10−3 for LD). Combining these results with the previous LHCb measurement
on the Run 1 dataset, the asymmetry value obtained is
ACP (KS0 KS0 ) = 0.023 ± 0.028 ± 0.009,

(5)

therefore no evidence of CP violation is found.
An additional 3.9 fb−1 of data has been collected in 2017 and 2018. Furthermore, some
improvements have been made to the trigger selection and, for these last two years of datataking, also the sample in which both KS0 are reconstructed from downstream tracks has been
collected. Therefore, using the full Run 2 LHCb dataset, the statistical uncertainty on this
measurement will approach the precision reached by Belle. Looking ahead, in 2021 LHCb
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will start to acquire data with an almost completely new detector and trigger system 16 . The
instantaneous luminosity will increase by a factor of 5, reaching 2 × 1033 cm−2 s−1 . A lot of eﬀort
is being made in keeping an high reconstruction eﬃciency for downstream tracks despite the
increase of luminosity. As an example of this, the LHCb collaboration is actively considering
the deployment of dedicated accelerators in the trigger and data-processing chain to ﬁnd tracks
downstream of the magnet and present these tracks to the earliest stage of the software trigger 17 .
This would allow to signiﬁcantly increase the eﬃciency for these decay modes and thus oﬀer the
opportunity to probe the SM predictions on these channels with signiﬁcantly better precision,
at the 10−3 level.
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One of the main goals of the LHCb experiment is to determine the mixing-induced CP violating
phase φs in b → cc̄s transitions. Assuming the Standard Model, φs is precisely predicted, hence
new physics could easily aﬀect the measurement. The most precise single measurement using
Bs0 → J/ψK + K − data collected in 2015 and 2016 is presented along with a total combined
analyses. The result is further combined with Tevatron and
value including all LHCb φcc̄s
s
other LHC experimental results.

1

Introduction

Interference between decay of Bs0 mesons into CP eigenstates through b → cc̄s transitions directly
and via Bs0 − B̄s0 mixing gives rise to the CP violating phase φs . Assuming the Standard Model
(SM), and ignoring sub-leading higher-order contributions (Figure 1), φs can be related to −2βs
as the following 1 :
φs = φM − 2φD = −2βs = −2arg(

Vts Vtb∗
),
Vcs Vcb∗

(1)

where φM is the mixing phase and φD the decay phase. Global ﬁts to experimental data lead
2
to a very precise prediction of −2βs = −36.9+1.0
−0.7 mrad . If non-SM particles would play a role
in the Bs0 − B̄s0 oscillation, they could signiﬁcantly aﬀect the measured value, which makes φs
very interesting to study.
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Figure 1 – Feynman diagrams of Bs0 − B̄s0 mixing (left), and SM tree and penguin contributions to the Bs0 →
J/ψh+ h− decay, where h = π, K (right).
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2

Run 2 analysis of Bs0 → J/ψK + K −

The most recent φcc̄s
s measurement performed at LHCb is the time-dependent angular analysis
of Bs0 → J/ψ(→ μ+ μ− )φ(→ K + K − ). The decay has the advantages of a large branching
fraction and large reconstruction eﬃciency. The main background contribution, originating
from combinatorial events, is suppressed by a Boosted Decision Tree 4 that is trained while
avoiding variables that could introduce a decay time bias. The combined 2015 and 2016 data
sample, which corresponds to a total integraded luminosity of 1.9 fb−1 at a centre-of-mass energy
√
of s = 13 TeV, contains 117694 ± 364 signal candidates.
Due to angular momentum conservation the ﬁnal state is an admixture of CP-even and
CP-odd components, with orbital angular momentum of L = 0, 2 and L = 1, respectively. The
kaons in the three polarisation states originate mainly from the decay of the φ(1020) resonance
(P-wave), however there is also a CP-odd contribution coming from an S-wave K + K − (∼ 2%).
An analysis of the decay angles of the kaons and muons is required to disentangle the even and
odd components and determine φs . Three helicity angles are deﬁned as in Figure 2.

y
K

−

μ+

x

ϕh

θμ
θK

K +K −

Bs0

z

μ+ μ −

K+

μ−

Figure 2 – The angular distribution of Bs0 → J/ψ(→ μ+ μ− )φ(→ K + K − ) 3 . The angle between K + momentum
in φ rest frame and φ momentum in Bs0 rest frame is deﬁned as θK ; the angle between μ+ momentum in J/ψ rest
frame and J/ψ momentum in Bs0 rest frame is deﬁned as θμ ; the angle between J/ψ and φ decay plane is deﬁned
as φh .

Weighted cands. / (0.6 MeV/c2)

To account for the S-wave, the data sample is split into six m(K + K − ) bins ([990, 1008,
1016, 1020, 1032, 1050] MeV/c2 , see Figure 3). In each bin the interference between the P- and
S-wave contribution is expressed in an eﬀective coupling factor, CSP . This is determined from
simulation by integrating the interference in each bin. The ﬂat broad S-wave contribution is
considered to be an f0 (980) resonance. The ﬁnal ﬁt is performed by simultaneously ﬁtting to
each m(K + K − ) bin with a ﬂoating fraction FS as CSP ∗ FS . The background is removed by
applying the sPlot 5 technique.
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Figure 3 – Distribution of the K + K − invariant mass from selected Bs0 → J/ψK + K − decays 7 . The six m(K + K − )
bins [990, 1008, 1016, 1020, 1032, 1050] are indicated by vertical blue dashed lines.

The Bs0 − B̄s0 oscillation occurs very rapidly with a period of about 350 fs−1 . The oscillation
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amplitude is proportional to sin φs . However it is damped by the LHCb decay time resolution,
hence the relative resolution precision directly aﬀects the relative precision on φs . For an accurate
determination of the resolution, prompt J/ψ data is studied. The calibration yiels a decay time
resolution of ∼ 45 fs−1 . Another damping factor arises from the wrong tagging probability ωtag
of the signal Bs0 ﬂavour. Flavour tagging algorithms use the information from same-side and
opposite-side particles with respect to the signal channel to determine an eﬀective tagging power
2
tag D , where D = (1 − 2ω). The separate taggers are optimised using simulation samples and
calibrated on data using ﬂavour speciﬁc control channels. The taggers are combined to obtain
an overall eﬀective tagging power of the signal channel of 4.73 ± 0.34%.
The weighted unbinned likelihood ﬁt is performed using a signal-only Probability Density
Function (PDF) 6 . The ﬁt procedure takes into account decay time and angular acceptances,
decay time resolution, as well as ﬂavour tagging. The decay-time acceptance is determined using
the control channel Bd0 → J/ψK ∗0 (→ K + π − ), because it has a well-known lifetime and similar
kinematics. The angular acceptance is taken from simulation by determining normalisation
weights for all separate polarisation ﬁnal states. The ﬁnal result yields φs = −0.083 ± 0.041 ±
0.006 rad 7 , where the ﬁrst uncertainty is statistical and the second systematic. This is the most
precise single measurement of φs to date and is in agreement with the SM predictions 2 .
3

Combination

Many diﬀerent decay channels have previously been exploited by the LHCb collaboration to
0
+ − 8 , B 0 → J/ψπ + π − 9 ,
determine φcc̄s
s . These are the Run 1 analyses of Bs → J/ψK K
s
0
+
−
+
−
Bs → J/ψK K for the K K invariant mass region above the φ(1020) 10 , Bs0 → ψ(2S)φ 11
and Bs0 → Ds+ Ds− 12 , and the Run 2 analysis of Bs0 → J/ψπ + π − 13 . For the combination,
potential systematic correlations have to be taken into account, as the analyses occasionally
overlap with datasets and methods used, e.g. prompt J/ψ data in the decay time resolution
determination and Bd0 → J/ψK ∗0 in the decay time eﬃciency determination. The combined
LHCb result yields φs = 0.041 ± 0.025 rad 7 , which is in agreement with the SM.
This result is further combined with measurements performed by Tevatron and further LHC
experiments, namely the analysis of Bs0 → J/ψφ performed by the D0 14 , CDF 15 , ATLAS 16 and
CMS 17 collaborations. Figure 4 shows the world average result determined by the Heavy Flavour
Averaging Group. The value of the CP violating phase φs = −0.055 ± 0.021 rad 18 (Preliminary)
is dominated by LHCb and in agreement with the SM. However the experimental precision
is still signiﬁcantly larger than the theoretical uncertainty, thus leaving enough room for New
Physics. More Run 2 data will be added to improve the statistical uncertainty, as well as data
from future experimental upgrades with increased LHC luminosity.

Figure 4 – 68% conﬁdence level regions in φs vs ΔΓs plane obtained from individual contours of D0, CDF, ATLAS,
CMS and LHCb measurements and the combined contour 18 . The prediction assuming the SM 2 is shown as a
black thin rectangle.
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We study a possible solution to the Strong CP Problem in the Minimal Flavour Violation
(MFV) framework. An Abelian factor of the complete ﬂavour symmetry of the fermionic
kinetic terms is identiﬁed as the Peccei-Quinn symmetry in traditional axion models. Its
spontaneous breaking generates the MFV axion, which could dynamically make the QCD
theta parameter vanish. This model is characterized by the way its couplings to fermions are
related to the ﬂavour structure, and describes ﬂavour non-universality eﬀects but not ﬂavour
violation, in contrast to other ﬂavoured axion models like the Axiﬂavon or Flaxion. We discuss
the phenomenology of the MFV axion model taking into account astrophysical, collider and
ﬂavour data, as well as its possible detection through cosmological observables.

1

Motivation

The Standard Model (SM), despite its unrivaled success at describing the phenomena observed in particle physics, presents some issues that require solutions. Some of these problems
are the so called theoretical problems, things in the Standard Model that are not in contradiction with experiments but look odd, concerning some level of ﬁne tuning. With this model, the
Minimal Flavour Violating Axion 1 , we will try to address two of these problems: the Strong CP
Problem and the SM Flavour Puzzle.
The Strong CP Problem is related to the absence of CP violation in the strong sector. That
violation is given by the following term in the Lagrangian:
2

gs
aμν G̃a .
LQCD ∈ −θQCD 32π
2G
μν

(1)

This parameter can be probed searching for the neutron electric dipole moment (NEDM),
and the SM prediction for this observable and the experimental bound on θQCD are:
SM → dn ∼ θQCD · O(10−16 )e · cm,
EXP → dn < 0.30 · 10−25 e · cm ⇒ θQCD ≤ 10−10 .

(2)

This is the source of the Strong CP Problem: the extremely tiny value that the theta parameter needs to acquire so as to explain current experimental data. The original solution to
this problem is to dynamically drive this parameter to zero, with the introduction of an axion,
originally proposed by Robert Peccei and Helen Quinn 2 .
The Flavour puzzle is the name that receives the fact that fermion masses in the SM are
spread through a very wide range of values, from below the eV masses of the neutrinos up to the
173 GeV mass of the top quark. On top of this, the mixing in the quark and lepton sector are
extremely diﬀerent, being the CKM matrix very hierarchical whereas the PMNS is democratic.
A common solution to this problem is based in the introduction of ﬂavour symmetries, being
the simplest continous one an Abelian symmetry U (1)F N ﬁrst proposed by Froggatt and Nielsen 3 .
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In this models, SM fermions transform under the ﬂavour symmetry and the Yukawas are made
invariant by the introduction of a new scalar ﬁeld that also transforms under this symmetry. With
the appropriate charge association for the fermion ﬁelds, masses and mixings can be explained.
This idea has been implemented in models with a ﬂavoured axion like the Axiﬂavon 4 /Flaxion 5 .
A diﬀerent option is adding non-Abelian symmetries. This is a way to keep under control the
Beyond SM Flavour Problem: solving the SM Flavour Puzzle can imply more ﬂavour violation
than the one currently observed. This is the path followed in the Minimal Flavour Violation
framework, in which our model will be based.
2

The working scenario: Minimal Flavour Violation

A way to prevent BSM models of having too much ﬂavour violation is working in the so
called Minimal Flavour Violation 6 framework. When doing so, one assumes that the only
ﬂavour violation existing is the one in the SM, i.e., the Yukawas. Therefore, when the Yukawa
matrices vanish, a ﬂavour symmetry can be identiﬁed from the fermionic kinetic terms 7,8 . This
symmetry group is:
GF = SU (3)QL × SU (3)uR × SU (3)dR × SU (3)LL × SU (3)eR

(3)

× U (1)B × U (1)L × U (1)Y × U (1)P Q × U (1)eR .
Yu ∼ (3, 3̄, 1)SU (3)3q , Yd ∼ (3, 1, 3̄)SU (3)3q .

(4)

In order to make the Yukawa terms invariant, the Yukawa matrices must become spurions,
transforming under the non-Abelian parts of the symmetry as shown before. When these spurions
take a background value (BV), they reproduce the interfamily mass structure. Notice, however,
that Minimal Flavour Violation does not solve the Flavour Puzzle, as the BV are imposed. In
order to give a dynamical explanation, they should be promoted to scalar ﬁelds and look for
minima in the potential that explain the observed masses and mixings.
3

The Minimal Flavour Violating Axion

Our model will take MFV as the starting point and go a step further by identifying one of
the Abelian symmetries present in the ﬂavour symmetry group as the Peccei-Quinn symmetry.
The charges under this symmetry will be therefore family independent, but diﬀerent for each
family triplet, describing therefore ﬂavour conserving non-universal couplings. A complex scalar
ﬁeld that transforms under this symmetry, a ﬂavon, is introduced in the Yukawas so that they
remain fully invariant. The Yukawa Lagrangian reads:
LY =

Φ
ΛΦ

xd −xQ

Q̄L HdR Yd +

Φ
ΛΦ

xu −xQ

Q̄L H̃uR Yu +

Φ
ΛΦ

xe −xL

L̄L HeR Ye + h.c.,

(5)

i a
ρ+v
Φ= √ Φ e vΦ
2

where the complex scalar ﬁeld is deﬁned as
and each ﬁeld transforms under U (1)P Q as
−ixΨ va
Φ . The ﬂavon charge is xΦ =−1 to ensure invariance of the full Lagrangian. When the
ﬂavon takes a VEV and the Yukawa spurions take a BV the SM Yukawa matrices are recovered:

Ψ→Ψe

Yu =

√vΦ
2ΛΦ

Yu  = cu VCKM diag

xu −xQ

Yu  , Yd =

mu mc
mt , mt , 1

√vΦ
2ΛΦ

, Yd  = cd diag

xd −xQ

Yd  , Y=

md ms
mb , mb , 1

√vΦ
2ΛΦ

xe −xL

, Ye  = ce diag

Ye  ,
me mμ
mτ , mτ , 1

(6)

, (7)

where cu , cd and ce are global parameters smaller than 1 and VCKM is the CKM matrix. This
allows us to choose the diﬀerence in fermion charges, xΨR − xΨL , so that they allow to explain
mτ
b
the m
mt and mt mass ratios. However, as we will see in the next section, this choice is not unique.
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4

Phenomenology

In order to discuss the phenomenology of this model we must ﬁrst ﬁx the fermion charges
under the PQ symmetry. In order to do so, we use the mass ratios mentioned before, as well
as the current upper bound on the scale of lepton number violation 9 , leaving only two possible
scenarios, which are:
S0: xq = 0 = xu = xL , xd = 3 = xe ,

(8)

S1: xq = 0 = xu , xL = 1, xd = 3, xe = 4,
which translate into axion couplings to fermions and gauge bosons as follows:

Table 1: Values of the coeﬃcients of the axion couplings to fermions and gauge boson ﬁeld strengths in the
physical basis for the two scenarios previously identiﬁed. In the S0 scenario the axion does not couple to W boson
whereas in the S1, it does.

S0
S1

x
0
1

xe
3
4

cau
0
0

cad
−3
−3

cae
−3
−3

cagg
−9
−9

caγγ
−24
−24

caZZ
−6.8
+2.8

caγZ
−12.8
−20

caW W
0
+27

Taking into account these couplings we can extract bounds on the axion scale vΦ considering
diﬀerent mass ranges. Considering ﬁrst astrophysical and cosmological bounds, like the one from
CAST 10 , the axion photon coupling leads to limits in the lower axion mass region:
vΦ  4 × 108 GeV

for ma  10 meV,

vΦ  2.8 ×

for 10 meV  ma  10 eV,

108

GeV

vΦ  2.8 × 1010 GeV for 10 eV  ma  0.1 GeV,
vΦ  28 GeV

(9)

for 0.1 GeV  ma  1 TeV .

Through the axion-electron coupling, astrophysical processes provide a bound in a similar
mass region:
vΦ  3.5 × 109 GeV for ma  1 eV,
vΦ  5.8 × 107 GeV for 1 eV  ma  10 MeV .

(10)

Looking now at signatures at colliders like mono-W, mono-Z and modiﬁcations in the Z
width, for masses below 1 GeV we have diﬀerent bounds in the S0 and S1 scenarios respectively:
(aZZ)

fa  9.6 GeV,

(aZγ)

fa  8.3 GeV ,

(aW W )

fa  19.1 GeV,

(aZZ)

fa  4.0 GeV,

(aZγ)

fa  12.9 GeV .

(11)

(12)

Finally, ﬂavour factories can provide information. In rare decays like K + → π + + a and
B + → K + + a, where the axion is emitted through its coupling to a W, can give interesting
bounds on the higher mass region for the S1 scenario:
vΦ 105 GeV

for ma  0.2 GeV

vΦ  3.1 × 102 GeV for 0.2 GeV  ma  5 GeV .

(13)

The MFV Axion works as any other usual invisible axion in the lower mass region, whereas
in the ALP scenario where it has a heavy mass can give signals both at colliders and ﬂavour
factories, while models like the Axiﬂavon would only show up in ﬂavour factories.
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5

The MFV Axion as Dark Radiation

In the case of a very light axion, it can behave as dark radiation if produced thermally. In
our model in particular, the dominant processes would be b + g → b + a, b + b̄ → g + a and
g + g → g + a. The relic density of such a light relativistic species would lead to a modiﬁcation
in the relativistic degrees of freedom, and it could be measured looking at the polarization in the
CMB radiation, with the possibility of detection with the CMB-S4 experiment.

Figure 1 – Additional relativistic degrees of freedom associated to the existence of a MFV Axion. Current CAST
limits and prospect of IAXO on the axion-photon coupling have been translated into a bound on fa = vΦ /cagg .
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1

We investigate asymptotically safe extensions of the Standard Model with new matter ﬁelds
arising in the TeV energy range. The new sector contains singlet scalars and vector-like
fermions in representations which permit Yukawa interactions with the Standard Model leptons. Phenomenological implications are explored including charged lepton ﬂavour violation,
Drell-Yan processes and lepton anomalous magnetic moments. For the latter, we ﬁnd that
BSM contributions can be sizeable enough to explain the present experimental discrepancies
of the electron and muon anomalous magnetic moments with the Standard Model.

1

Asymptotically safe models

In particle physics, the running of couplings is a consequence of quantum ﬂuctuations. In the
Standard Model (SM), it causes the strong and weak gauge couplings to become asymptotically
free while the hypercharge coupling, ultimately, runs into a Landau pole. Asymptotic safety
(AS) generalizes the paradigm of asymptotic freedom by observing that couplings may very
well run into interacting rather than free ﬁxed points at high energies.1,2 The motivation to
search for asymptotically safe extensions of the SM, then, is twofold. On a fundamental level,
asymptotically safe theories are UV complete and predictive at energies up to, at least, the Planck
scale. On the phenomenological side, asymptotic safety opens a door into uncharted territory
for model building. Moreover, an extra beneﬁt is that the predictivity of asymptotically safe
models is often enhanced, in the sense that the existence of (weakly) interacting ﬁxed points
and UV–IR connecting renormalisation group trajectories put tight constraints on models and
parameters such as couplings or masses of BSM matter ﬁelds.3
On a technical level, asymptotic safety relates to an interacting UV ﬁxed point (α∗ ≥ 0)
which are the zeros of the renormalisation group β-functions of all couplings α, schematically
written as

dα 
= 0.
(1)
βα |∗ ≡
d ln μ α=α∗
At weak coupling, the necessary and suﬃcient conditions for interacting ﬁxed points (1) are
well-understood.2 Most notably, Yukawa couplings are essential to negotiate weakly interacting
UV ﬁxed points.1,2 Since asymptotic safety is not realised in the SM as we know it today, this
implies that in order to render an extension of the SM asymptotically safe, we need to introduce
BSM matter ﬁelds and at least one, if not several, new Yukawa couplings. A setup which
consistently gives rise to weakly interacting UV ﬁxed points in simple and semi-simple gauge
theories contains NF vector-like fermions ψi , with charges under an SU (N ) gauge group, and
NF2 complex singlet scalars Sij .1,2 First explorations of asymptotically safe SM extensions with
a Yukawa sector ∼ yTr [ψ L SψR ] and their phenomenology have also been studied.3
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In this work, we extend the range of asymptotically safe models by introducing Yukawa
couplings between SM and BSM matter ﬁelds, which thereby serve as a portal to new physics.4
The main novelty is that these models become sensitive to ﬂavour physics. This idea can be
implemented in a minimal way by choosing suitable representations for the BSM fermions ψ in
order to permit renormalisable Yukawa couplings with the SM fermions. From now on, we focus
on the case where the ψ are singlets under SU(3)C × SU(2)L and carry a hypercharge YF = −1;
a full analysis of further models is reported elsewhere.4 We also take NF = 3, which enables us
to construct interactions with the SM in ﬂavour space. In what follows, we refer to this speciﬁc
scenario as model A. The BSM Yukawa Lagrangian in this model reads

†
−LA
Y = y Tr [ψ L SψR ] + κ LHψR + κ Tr[ES ψL ] + h.c.,

(2)

where L, E are the SM lepton doublet and singlet respectively, H is the Higgs doublet, and the
traces are taken over all gauge and ﬂavour indices. The fact that the couplings κ and κ may
contain a nontrivial ﬂavour structure is taken into account when discussing their phenomenological signatures below. For renormalisation group evolution purposes, however, we consider
all Yukawa couplings to be real parameters.
We have derived the renormalisation group equations for the model with (2) and its ﬁxed
points (1) up to the complete second order in the loop expansion. Fixed points for all couplings
come out moderately small, or zero. For example, in (2), the “reduced” Yukawa couplings in
units of the perturbative loop factor (e.g. ακ ≡ κ2 /(16π 2 ), and similarly for other couplings) are
typically of order O(0.1) in the deep UV. We have also investigated trajectories which connect
the asymptotically safe high energy regime with the SM at low energies. We ﬁnd that both the
Higgs and the BSM scalar sector have a stable ground state for all scales. On the other hand,
not all UV-safe trajectories can be matched to the SM, but if they can, they impose constraints
for the BSM parameters at the matching scale. For example, we ﬁnd that a matching to the
SM at the scale MF = 1 TeV can be achieved, with ακ , ακ 3 · 10−3 . Remarkably, the Yukawa
coupling y is not required and may vanish at all scales because it corresponds to an irrelevant
coupling in the UV. We conclude that the κ and κ interactions in (2) are suﬃcient to deliver
an asymptotically safe scenario which can be connected to the SM in the TeV energy range.
2

Phenomenology and anomalous magnetic moments

The new heavy ﬁelds can be produced at hadron and lepton colliders either through gauge
interactions (in the case of the ψ) or through the κ and κ couplings (both ψ and S). DrellYan processes in particular provide the opportunity to study their eﬀects through electroweak
precision tests, speciﬁcally in terms of the parameters W and Y . These are sensitive to MF
and to the deviations ΔB of the one-loop coeﬃcients in the β-functions of the gauge couplings,
scaling as
M2
.
(3)
W, Y ∝ α1,2 ΔB1,2 W
MF2
We ﬁnd that present bounds 5 constrain MF to be at least 0.1 TeV for model A with (2), and
heavier for other models with similar features, as shown in Fig. 1.
On the other hand, charged lepton ﬂavour violation (cLFV) is induced by the BSM Yukawas
κ and κ provided they contain some non-vanishing oﬀ-diagonal elements. Flavour-violating
decays of leptons as well as μ − e conversion in nuclei are then induced at one-loop, and thus
constitute sensitive probes of the ﬂavour structure of the BSM sector. Radiative processes
involve diagrams which require a chiral ﬂip in a fermion line, as seen in Fig. 3 for μ → eγ.
We ﬁnd that present bounds allow κμi κei /16π 2 ∼ 10−4 or smaller, while processes involving τ
leptons remain less constrained, with κτ i κei,μi /16π 2 up to O(10−1 ) still allowed.4
In model A, the anomalous magnetic moments of the leptons receive contributions through
scalar exchange (similarly to Fig. 3, with same-fermion external legs). These scale as aNP
∼
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Figure 1 – Present (black) and future (grey) constraints
from EW precision tests 5 . In addition to model A where
the ψ carry SM charges (1, 1, −1), we also show constraints
for models B and D where the ψ carry SM charges (1, 3, −1)
and (1, 2, −3/2) respectively.

Figure 2 – Values of MF and mixing angle β yielding a contribution equal to Δaμ within a 1σ range.
The parameter space corresponds to the contribution (4), which presents a chiral ﬂip on the heavy
fermion line.

ακ m2 /MF2 , where a and m are the anomalous magnetic moment and mass of the lepton ,
respectively. In the case of the muon, the long-standing discrepancy between measurements and
theory predictions amounts to Δaμ = 268(63)(43) · 10−11 , which represents a 3.5 σ deviation
from the SM.6 For the electron, recent measurements of Δae = −88(28)(23) · 10−14 lead to a
pull of −2.3 σ from the SM prediction.7 The aforementioned contributions in model A add up
to less than 1% of these anomalies for typical values of ακ of the size of weak couplings. On
the other hand, if the scalar sector presents a non-vanishing quartic coupling δH † HTr[S † S] a
diﬀerent contribution is possible which presents a chiral ﬂip in a heavy fermion line (see Fig. 4),
and can therefore be potentially enhanced with respect to the contributions discussed above.
This mechanism requires at least one component of S to acquire a vacuum expectation value
(VEV), which leads to H − S mixing through the portal δ.
The BSM scalar potential of the model allows for two non-trivial vacuum conﬁgurations.
We focus now on the conﬁguration V − , which presents a VEV in only one of the diagonal
components of S. The scenario of V − has ﬂavour-speciﬁc consequences: If the S22 component is
chosen to take a VEV, the second-generation fermions are singled out, since only they interact
with the two mixing scalars. Then, in the Lagrangian (2) the Yukawas κ and κ allow for
couplings of left- and right-handed muons with both new scalar mass eigenstates, which makes
the diagram in Fig. 4 possible. In this scenario, the dominant new physics contribution to the
anomalous magnetic moment of the muon reads
aNP
μ =−

mμ κκ
mh mμ κκ
sin 2β ∝ δ
,
2MF 16π 2
MS MF 16π 2

(4)

where MS is the mass of the S and β is the scalar mixing angle. If κ and κ are of the same order of
magnitude, as found in benchmarks of model A where matching is possible, the contribution (4)
presents an enhancement by a factor ∼ MF /mμ sin 2β with respect to aNP
in the absence of
μ
portal coupling, owing to the shift of the chiral ﬂip from the muon to the ψ line. The parameter
space yielding a contribution equal to Δaμ is shown in Fig. 2. For MF = 1 TeV, a value
of |β| ∼ 0.01 accommodates experimental observations. This is consistent with Higgs signal
strength measurements, which give an order of magnitude weaker bounds.6 Furthermore, cLFV
processes involving muons acquire in this case an enhancement analogous to that of aμ , with
branching ratios being aﬀected by an additional factor proportional to MF2 /m2μ sin2 2β. Thus, in
the muon-speciﬁc V − scenario cLFV constraints only allow κμi κei /16π 2 up to O(10−9 ). In the
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other possible vacuum structure, V + , all diagonal components of S acquire a universal VEV.
Hence, resolving the tension in both ae and aμ is in this case possible. It requires, however, more
ﬂavour structure in the BSM Yukawa sector. The present values of Δaμ and Δae can be explained
if one invokes a suppression in the electron coupling by κ = diag( κ, κ, κ), with ∼ −0.05. In
the V + scenario, all cLFV decays of a lepton  pick up an extra factor MF2 /m2 sin2 2β, and are
as well sensitive to the possible ﬂavour structure of κ and κ .
γ
ψi

γ

ψi

κμi

ψ2

κei

κ

h
μ

e

μ

Figure 3 – Contribution to μ → eγ involving oﬀdiagonal elements of κ, where h is the SM Higgs. The
chiral ﬂip (×) is on the line of the decaying lepton.

3

h

ψ2

s22 κ

δ
μ

Figure 4 – Contribution to aμ with a chiral ﬂip on the
heavy fermion line, where s22 is the component of S
which mixes with h.

Conclusions

We considered extensions of the SM which becomes asymptotically safe owing to new Yukawa
interactions between vector-like fermions and leptons. The eﬀects of the BSM sector can be
probed through electroweak precision tests, charged lepton ﬂavour violation and anomalous
magnetic moments of the leptons. Regarding the latter, we ﬁnd that the presence of the BSM
couplings κ and κ in our model (2), together with mixing in the scalar sector, give rise to chirally
enhanced contributions to the anomalous magnetic moments of the muon and the electron which
explain the present tensions with the SM. Other features, and additional models with alternative
Yukawa sectors, are discussed elsewhere.4 We conclude that asymptotically safe extensions of the
SM can provide predictive scenarios with relevant phenomenological implications.
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Measurement of R(D) and R(D∗ ) with a semileptonic tagging method
G. Caria on behalf of the Belle Collaboration
School of Physics, University of Melbourne, Victoria 3010
We report a measurement of the ratios of branching fractions R(D(∗) ) = B(B̄ →
D(∗) τ − ν̄τ )/B(B̄ → D(∗) − ν̄ ), where denotes an electron or a muon. The results are based
on a data sample containing 772 × 106 B B̄ events recorded at the Υ(4S) resonance with
the Belle detector at the KEKB e+ e− collider. The tag-side B meson is reconstructed in a
semileptonic decay mode, and the signal-side τ is reconstructed in a purely leptonic decay.
The results are R(D) = 0.307 ± 0.037 ± 0.016 and R(D∗ ) = 0.283 ± 0.018 ± 0.014, where the
ﬁrst uncertainties are statistical and the second are systematic. These results are in agreement
with the Standard Model predictions within 0.2 and 1.1 standard deviations, respectively.

1

Introduction

Semitauonic B meson decays of the type b → cτ ντ 1 are sensitive probes for physics beyond the
Standard Model (SM). The ratio of branching fractions R(D(∗) ) = B(B̄ → D(∗) τ − ν̄τ )/B(B̄ →
D(∗) − ν̄ ), where  denotes an electron or a muon, is typically measured instead of the absolute
branching fraction of B̄ → D(∗) τ − ν̄τ to reduce common systematic uncertainties. Hereafter,
B̄ → D(∗) τ − ν̄τ and B̄ → D(∗) − ν̄ will be referred to as the signal and normalization modes, respectively. The SM calculations for these ratios, performed by several groups 23,?,? , are averaged 4
to obtain R(D) = 0.299 ± 0.003 and R(D∗ ) = 0.258 ± 0.005. The average values of the experimental results are R(D) = 0.407 ± 0.039 ± 0.024 and R(D∗ ) = 0.306 ± 0.013 ± 0.007 4 , where the
ﬁrst uncertainty is statistical and the second is systematic. These values exceed SM predictions
by 2.1σ and 3.0σ, respectively. A combined analysis of R(D) and R(D∗ ) taking correlations
into account, ﬁnds that the deviation from the SM prediction is approximately 3.8σ 4 .
In this paper, we report the ﬁrst measurement of R(D) using the semileptonic tagging
method, and update our earlier measurement of R(D∗ ) 5 by combining results of B 0 and B +
decays using a more eﬃcient tag reconstruction algorithm. We use the full Υ(4S) data sample
containing 772 × 106 B B̄ events recorded with the Belle detector 6 at the KEKB e+ e− collider 7 .
The Belle detector is described in detail elsewhere 6 . To determine the reconstruction eﬃciency
and probability density functions (PDFs) for signal, normalization, and background modes, we
use Monte Carlo (MC) simulated events, generated with the EvtGen event generator 8 , and
having the detector response simulated with the GEANT3 package 9 .
2

Event Reconstruction And Selection

The Btag is reconstructed using a hierarchical algorithm based on “Fast” boosted decision trees
(BDT) 10 in the Dν̄ and D∗ ν̄ channels, where  = e, μ. We select well-reconstructed Btag
candidates by requiring their classiﬁer output to be larger than 10−1.5 . We veto B → D∗ τ (→
νν)ν events on the tag side by applying a selection on cos θB,D(∗)  , deﬁned as cos θB,D(∗)  ≡
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2Ebeam ED(∗)  −m2B −m2
2|pB ||pD(∗)  |

D (∗) 

where Ebeam is the beam energy, and ED∗  , pD∗  , and mD∗  are the

energy, momentum, and mass, respectively, of the D∗  system. The quantity mB is the nominal
B meson mass 11 , and pB is the B meson momentum. All quantities are evaluated in the
Υ(4S) rest frame. Correctly reconstructed B candidates in the normalization mode are expected
to have a value of cos θB,D(∗)  between −1 and +1. Similarly, correctly reconstructed and
misreconstructed B candidates in the signal mode tend to have cos θB,D(∗)  values more negative
than this range due to additional missing particles. We account for detector resolution eﬀects
and apply the requirement −2.0 < cos θB,D(∗)  < 1.0 for the Btag .
In each event with a selected Btag candidate, we search for the signature D(∗)  among
the remaining tracks and calorimeter clusters. We deﬁne four disjoint data samples, denoted
D+ − , D0 − , D∗+ − , and D∗0 − . On the signal side, neutral D mesons are reconstructed in
the following decay modes: D0 → K − π + π 0 , K − π + π + π − , K − π + , KS0 π + π − , KS0 π 0 , KS0 K + K − ,
K − K + and π − π + . Similarly, charged D mesons are reconstructed in the following modes:
D+ → K − π + π + , KS0 π + π 0 , KS0 π + π + π − , KS0 π + , K − K + π + and KS0 K + . The combined branching
fractions for reconstructed channels are 30% and 22% for D0 and D+ , respectively. On the signal
side, we require cos θB,D(∗)  to be less than 1.0 and the D(∗) momentum in the Υ(4S) rest frame
to be less than 2.0 GeV/c. Finally, we require that events contain no extra charged tracks,
KS0 candidates, or π 0 candidates, which are reconstructed with the same criteria as those used
for the D candidates. When multiple Btag or Bsig candidates are found in an event, we select
the Btag candidate with the highest tagging classiﬁer output, and the Bsig candidate with the
highest p-value resulting from the D or D∗ vertex ﬁt.
3

Signal Extraction

To distinguish signal and normalization events from background processes, we use the sum
of the energies of neutral clusters detected in the ECL that are not associated with reconstructed particles, denoted as EECL . We require that EECL be less than 1.2 GeV. To separate
reconstructed signal and normalization events, we employ a BDT based on the XGBoost package 12 . The input variables to the BDT are cos θB,D(∗)  ; the approximate missing mass squared

m2miss = (Ebeam − ED(∗) − E )2 − (pD(∗) + p )2 ; the visible energy Evis = i Ei , where (Ei , pi ) is
the four-momentum of particle i. We do not apply any selection on the BDT classiﬁer output,
denoted as class; instead we use it as one of the ﬁtting variables for the extraction of R(D(∗) ).
We extract the yields of signal and normalization modes from a two-dimensional (2D) extended maximum-likelihood ﬁt to the variables class and EECL . The ﬁt is performed simultaneously to the four D(∗)  samples. The free parameters in the ﬁnal ﬁt are the yields of signal,
normalization, B → D∗∗ ν and feed-down from D∗  to D components. The yields of other
backgrounds are ﬁxed to their MC expected values. The ratios R(D(∗) ) are given by the forNsig
εnorm
1
mula: R(D(∗) ) = 2B(τ − →
· Nnorm
where εsig(norm) and Nsig(norm) are the detection
− ν̄ ν ) · ε
sig
 τ
eﬃciency and yields of signal (normalization) modes and B(τ − → − ν̄ ντ ) is the average of the
world averages for  = e and  = μ. To improve the accuracy of the MC simulation, we apply
a series of correction factors determined from control sample measurements. Furthermore, we
reweight events to account for diﬀering yields of misreconstructed D(∗) and for the diﬀerent
reconstruction eﬃciency of the tagging algorithm between data and MC simulations.
4

Systematic Uncertainties

The systematic uncertainties are summarized in Table 1, where the label “D∗∗ composition”
refers to the uncertainty introduced by the branching fractions of the B → D∗∗ ν channels and
the decays of the D∗∗ mesons, which are not well known and hence contribute signiﬁcantly to
the total PDF uncertainty due to B → D∗∗ ν decays. A large systematic uncertainty arises
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from the limited size of MC samples, which contributes to the uncertainty in the PDF shapes
and various eﬃciency factors used in the ﬁt. The total systematic uncertainty is estimated by
summing all contributions in quadrature.
5

Results and Conclusion

Our results for the measurements of the ratios R(D(∗) ) = B(B̄ → D(∗) τ − ν̄τ )/B(B̄ → D(∗) − ν̄ ),
where  denotes an electron or a muon, based on a semileptonic tagging method using a data
sample containing 772 × 106 B B̄ events collected with the Belle detector, are
R(D) = 0.307 ± 0.037 ± 0.016

(1)

R(D∗ ) = 0.283 ± 0.018 ± 0.014,

(2)
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which are in agreement with the SM predictions within 0.2σ and 1.1σ, respectively. The combined result agrees with the SM predictions within 1.2σ. The EECL projections of the ﬁt are
shown in Figure 1. The 2D combination of the R(D) and R(D∗ ) results of this analysis are
shown in Figure 2. This work constitutes the most precise measurements of R(D) and R(D∗ )
performed to date and the ﬁrst result for R(D) based on a semileptonic tagging method.
×103

B→Dτ ν
3

×10

20

B→Dlν
B → D** l ν

2

Other

15

1

10

0
0

+

B → D* l ν

0.5

1

0

B → D* l ν
+

B → D* τ ν

0

B → D* τ ν

5

1

0

B → D* τ ν

Fake D

0

0.2

0.4

0.6

0.8

0

1
1.2
EECL (GeV)

0

×103

0.2

0.4

0.6

0.8

1
1.2
EECL (GeV)

3

B → D* τ ν

5
200

4

B → D* l ν

100

3

B → D** l ν

0
0

2

0.5

1
Other

Events / (0.12 GeV)

Events / (0.12 GeV)

0

Fake D

×10

B → D* τ ν

4

B → D* l ν

3

100
B → D** l ν

2

0
0

0.5

1
Other

1

1
Fake D*

0

0

0.2

0.4

0.6

0.8

Fake D*

0

1
1.2
EECL (GeV)

0

0.2

0.4

0.6

0.8

1
1.2
EECL (GeV)

Figure 1 – EECL ﬁt projections and data points with statistical uncertainties in the D+ − (top left), D0 − (top
right), D∗+ − (bottom left) and D∗0 − (bottom right) samples, for the full classiﬁer region. The signal region
deﬁned by the selection class > 0.9 is shown in the inset.
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In this proceedings, we discuss a light (17 MeV) Z  solution to the anomaly observed in
the decay of Beryllium-8 by the Atomki collaboration. We detail an anomaly free model
with minimal particle content which can satisfy all other experimental constraints with gauge
couplings O(10−4 ).

1

Introduction

In the quest to ﬁnd New Physics (NP), there is another possible route besides the traditional
high energy and precision frontiers, which is the low energy regime. There has been a consistent
anomaly in the measured angular distribution of e+ e− pairs in the 18.15 MeV decay of the excited
state Be∗ , by the Atomki collaboration over the last few years 1,2,3,4 . In the Standard Model
(SM), at such low transition energies, this process is mediated by a photon with a Branching
Ratio (BR) ≈ 1, and, due to this massless mediator, one expects few events at large angles
between the electron and positron. However, what is seen by the Atomki collaboration is an
excess of events at large angles ∼ 140◦ . The simplest explanation is to introduce a new boson
with mass just under the transition energy, such that it is produced close to on-shell, which
then decays to the e+ e− pair which is detected by the apparatus. This boson can be either of
vector (spin 1) or of pseudoscalar (spin 0) nature 5 . The Atomki collaboration made an initial
determination that the best mass and BR of such a boson should be
MZ  = 16.7 ± 0.35(stat) ± 0.5(sys) MeV,

R≡
a

BR(8 Be∗ → Z  + 8 Be)
× BR(Z  → e+ e− ) = 5.8 × 10−6 .
BR(8 Be∗ → γ + 8 Be)
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(1)

(2)

Table 1: Solutions to the Atomki anomaly, with best ﬁt mass value (16.7 MeV), and subsequent alternative
masses (17.3 MeV and 17.6 MeV), along with the corresponding ratio of BRs, R, as deﬁned in Eq. (2).

MZ  (MeV)

R

16.7
17.3
17.6

5.8 × 10−6
2.3 × 10−6
5.0 × 10−7

Subsequently, additional masses and BR combinations were suggested in a private communication to Feng et al. 6 , which we list in Tab. 1, and eventually consider all possibilities in our
results.
In this work, we will focus on a vector boson explanation to match these conditions for the
anomaly explanation and construct a minimal scenario which may evade all other experimental
constraints 7 . We ﬁrst extend the SM by a new U (1) group. After rotating away the new mixed
term in the kinetic Lagrangian, one ﬁnds a covariant derivative
Dμ = ∂μ + .... + ig1 Y Bμ + i(g̃Y + g  z)Bμ ,

(3)

where z deﬁnes the charge of the ﬁeld content under the new U (1) group, with associated gauge
boson B  , and g  , g̃ are the new gauge coupling and gauge-kinetic mixing, respectively. The
gauge boson interacts with the fermions through the gauge current

JZμ =
ψ̄f γ μ (Cf,L PL + Cf,R PR ) ψf ,
(4)
f

and, assuming the limit of small gauge coupling and mixing, we ﬁnd the vector and axial
couplings
Cf,V

Cf,A

Cf,R + Cf,L
2
!
g̃c2W Qf + g  zH (Tf3 − 2s2W Qf ) + zf,V ,
!
Cf,R − Cf,L
=
g  −zH Tf3 + zf,A ,
2
=

(5)
(6)

where we introduce the notation zf,V /A = (zfR ± zfL )/2, sW = sin θW and cW = cos θW .
Assuming a family non-universal scenario, one has 15 free parameters, the 12 SM fermion
charges under the new group, the SM Higgs charge, new gauge coupling, g  , and gauge-kinetic
mixing parameter, g̃. In the next sections we detail motivations to ﬁx the ﬁeld charges from
some reasonable requirements of the theory.
2

Charge Assignment

We ﬁrst require that the Atomki condition itself be satisﬁed. Though we do not detail the
nuclear physics here, this requires that up and down quarks have non-zero axial couplings to
the gauge boson, Cu/d,A = 0.
We also demand that the theory be anomaly free without requiring extra vector-like states,
and the six possible triangle diagrams be satisﬁed by only SM + Right Handed (RH) neutrinos
b.
Next, we subject our scenario to constraints from experimental data. Introducing a new
Z  , even with small gauge couplings, is very sensitive to certain experiments. Firstly, neutrino
experiments are very constraining, such as meson decays like K ± → π ± νν and electron-neutrino
b
We see in our particular set-up that at least two RH neutrinos are required to be charged under the new
U (1) .
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Table 2: Charge assignment of
the SM particles under the familydependent (non-universal) U (1) .
This numerical charge assignment
satisﬁes the discussed anomaly cancellation conditions, enforces a gauge
invariant Yukawa sector of the third
generation and family universality
in the ﬁrst two fermion generations
as well as no coupling of the Z  to
the all neutrino generations.





Figure 1: Allowed parameter space mapped on the (g  , g̃) plane
explaining the anomalous Be∗ decay for Z  solutions with mass
16.7 (red), 17.3 (purple) and 17.6 (green) MeV. The white regions are excluded by the non-observation of the same anomaly

in the Be∗ transition. Also shown are the constraints from
(g − 2)μ , to be within the two dashed lines; (g − 2)e , to be
inside the two dotted lines (shaded in blue) and the electron
beam dump experiment, NA64, to be in the shaded blue region
outside the two solid lines. The surviving parameter space lies
inside the two red parallelograms at small positive and negative g̃ (though not at g̃ = 0), inside the dark shaded blue region
which overlaps with the coloured bands, representing the different possibly Atomki anomaly solutions.
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scattering from the TEXONO experiment. Since the Z  must couple to electrons, any neutrino
coupling will show clear deviations from such precise experiments. To this end, we require no
vector or axial couplings to the neutrinos, Cνi ,V /A = 0.
Another potential issue is to ensure the precise (g − 2)e,μ measurements are suﬃciently
unaﬀected. One must have electron couplings, but these measurements are more sensitive to
the axial couplings, so we enforce no axial couplings to the electrons or muons, Ce/μ,A = 0.
Finally, we do not enforce canonical gauge-invariant Yukawa couplings in the ﬁrst two generations, but motivated by more natural Yukawa couplings in the third generation, we require
that the these charges are gauge invariant, i.e. for the top quark coupling like (Q̄Yu H̃uR ), this
coupling must have vanishing charge, −zQ3 − zH + zuR3 = 0. We make no further comment
on the generation of mass in the ﬁrst two generations, but appeal to higher scale physics, such
as radiative mass generation, or horizontal symmetries. However, our ﬁnal constraint is that
the ﬁrst two generations be family universal, as we expect whatever mechanism generates the
masses should apply in a similar fashion for both the ﬁrst two generations.
These constraints together entirely ﬁx the 15 fermion charges and SM Higgs charge up to a
scale factor, for which we ﬁx the SM Higgs charge to unity. This is detailed in Tab. 2.
3

Results

There are many experiments which will constrain some areas of parameter space, but for the
sake of brevity we discuss only the most constraining ones in our particular parameter space
which may satisfy the Atomki anomaly.
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As we must have vector couplings to the electrons, and require ﬁrst and second generation
universal couplings, hence also to the muons, there is a contribution to their anomalous magnetic
moments, (g − 2)e,μ .
The other experiment which then bounds our entire parameter space is the electron beam
dump NA64 experiment. This experiment looks for dark photons which bremsstrahlung from
electrons scattered from target nuclei struck by an incoming electron beam dump.
We present our allowed parameter space in the gauge coupling, g  , and gauge-kinetic mixing,
g̃, plane. We colour the three diﬀerent mass bands allowed by the three diﬀerent masses detailed
as solutions by the Atomki collaboration. The (g − 2)μ constrains allowed parameter space to lie
inside the dashed blue lines, and similarly for (g − 2)e with a dotted line. The NA64 experiment
requires one to lie outside the solid blue lines. Regions of parameter space which can explain
the anomaly as well as evade all experimental constraints lie inside the two red parallelograms,
in the dark blue shaded region, overlapping the other coloured bands, at small positive and
negative (but non-zero) g̃, and at small g  .
4

Conclusion

In this proceedings, we have presented a viable model to explain the current Atomki anomaly,
through a U (1) extension of the SM, with a new Z  with mass around 17 MeV, and gauge
coupling g  ∼ 10−5 and gauge-kinetic mixing g̃ ∼ 10−4 . Driven by a simple set of requirements,
we conﬁne the free SM ﬁeld charges under the U (1) to be entirely ﬁxed, and ﬁnd viable parameter
space left which can avoid all constraints.
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1

In these proceedings, we study CP-conserving non-minimal ﬂavour violation in A4 × SU (5)
inspired Supersymmetric Grand Uniﬁed Theories (GUTs), focussing on the regions of parameter space where dark matter is successfully accommodated due to a light right-handed smuon
a few GeV heavier than the lightest neutralino. We ﬁnd that it is necessary to scan over all
NMFV parameters simultaneously in order to properly constrain the space of the model.

1

Introduction

Despite the absence of experimental evidence, supersymmetric (SUSY) extensions continue to
provide attractive solutions to shortcomings of the Standard Model (SM); they cure the hierarchy
problem related to the Higgs mass and lead to a more precise gauge-coupling uniﬁcation as
compared to the SM, and can give viable dark matter candidates.
Non-observation of SUSY may to some extent be moderated by the argument that current
direct searches rely on speciﬁc assumptions. Moreover, as superpartner mass bounds increase,
assuming the Minimal Flavour Violation (MFV) paradigm postulating that all ﬂavour-violating
interactions are related to the CKM- and PMNS-matrices only, may be relaxed without violating
experimental limits. Allowing for additional sources of ﬂavour violation leads to a modiﬁcation
of superpartner decay patterns, hence the obtained mass limits may be weakened 1 . It appears
that a considerable region of the parameter space of the TeV-scale Minimal Supersymmetric
Standard Model (MSSM) can accomodate such Non-Minimal Flavour Violation (NMFV) in the
squark sector with respect to current experimental and theoretical constraints 2,3 .
The goal of this study constrain the NMFV framework of a known model 4 by introducing
oﬀ-diagonal squark and slepton mass-squared terms in the Lagrangian at GUT scale, motivated
by analyses 5,6 which show that such ﬂavour violation is generically expected. Here, we take
a phenomenological approach, and simply introduce ﬂavour violating terms at high energy to
explore their eﬀect on low scale observables.
a
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2
2.1

Non-Minimal Flavour Violation
Flavour in SUSY-Breaking

It is well known that Supersymmetry (SUSY) must be broken to some degree. The associated
SUSY-breaking Lagrangian contains all terms which do not necessarily respect SUSY but hold
to the tenets of gauge invariance and renormalisability. In the MSSM, this reads:

1
B
 + M2 W
,W
, + M3 gg + h.c.
LMSSM
= − M1 B
soft
2
2 † 
∗E

†L
 − M2 U
 ∗U
 − M2 D
 ∗D
 − ME2 E
− MQ
Q Q − ML2 L
U
D


 ∗ Hu Q
 + AD D
 ∗ Hd Q
 + AE E
 ∗ Hd L
 + h.c.
− AU U


− m2Hu Hu∗ Hu − m2Hd Hd∗ Hd − bHu∗ Hd + h.c. .

(1)

While the soft mass and trilinear parameters appearing in Eq. (1) are assumed to be diagonal
matrices in ﬂavour space within the MFV framework, they may comprise non-diagonal entries
when relaxing this hypothesis and considering a NMFV scenario. It is convenient to parametrize
ﬂavour violation in a dimensionless manner by normalising to respective diagonal entries of the
sfermion mass matrices;
Q
(δLL
)ij =

2)
(MQ
ij

(MQ )ii (MQ )jj

,

U
(δRR
)ij =

(MU2 )ij
,
(MU )ii (MU )jj

(AU )ij
vu
U
(δRL
)ij = √
,
2 (MQ )ii (MU )jj
L
(δLL
)ij =

(ML2 )ij
,
(ML )ii (ML )jj

E
(δRR
)ij =

D
(δRR
)ij =

2)
(MD
ij
,
(MD )ii (MD )jj

(AD )ij
vd
D
(δRL
)ij = √
,
2 (MQ )ii (MD )jj

(ME2 )ij
,
(ME )ii (ME )jj

(2)

(AE )ij
vd
E
(δRL
)ij = √
.
2 (ML )ii (ME )jj

with vu and vd being the vacuum expectation values of the up- and down-type Higgs doublets,
respectively.
2.2

The A4 × SU (5) Model

We impose A4 and SU (5) symmetries at the GUT scale. To this end, we unify the three families
of the usual F = 5̄ = (dc , L) into the triplet of A4 leading to a uniﬁed soft mass parameter
mF for the three generations. Families of Ti = 10i = (Q, uc , ec )i are singlets of A4 , and each
generation may have an independent soft parameter mT1 , mT2 , mT3 5 .
Breaking A4 forces oﬀ-diagonal elements to be smaller than diagonal entries, providing a
theoretical motivation for small-but-non-zero ﬂavour violation in such a class of models. SU (5)
gives the following relationships between the dimensionless NMFV parameters in the basis before
rotation to the SCKM basis, at the GUT scale:
Q0
U0
E0
δLL
= δRR
= δRR
≡ δT T ,
D0
L0
= δLL
≡ δF ,
δRR
D0
E0 T
δRL
= (δRL
) ≡ δF T ,

(3)

U0
≡ δT T .
δRL

These four matrices parametrize the ﬂavour violation in the A4 × SU (5) setup studied here.
Note that δT , δF and δT T are necessarily symmetric whereas δF T is not leading to a total of 15
NMFV parameters at the GUT scale.
It is apparent that we have ﬂavour violation at phenomenological scales from two sources;
the presence of oﬀ-diagonal elements in various coupling matrices at the GUT scale due to A4
breaking, and further eﬀects induced by RGE running.
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Overarching Flat Random Scan

Observable

Constraint

MFV and NMFV Params

mh

(125.2 ± 2.5) GeV

SPhenoMSSM-4.0.3

BR(μ → eγ)

< 4.2 × 10−13

BR(μ → 3e)

< 1.0 × 10−12

BR(τ → eγ)

< 3.3 × 10−8

BR(τ → μγ)

< 4.4 × 10−8

Physical
Spectrum,
Neutral LSP?

no

Point
Excluded

yes
micrOMEGAs-4.3.5

Constraint
Checks

fail

Prior Only

pass
Prior and Posterior Distributions

BR(τ → 3e)

< 2.7 × 10−8

BR(τ → 3μ)

< 2.1 × 10−8

BR(τ → e− μμ)

< 2.7 × 10−8

BR(τ →

e+ μμ)

< 1.7 × 10−8

BR(τ →

μ− ee)

< 1.8 × 10−8

BR(τ → μ+ ee)

< 1.5 × 10−8

BR(B → Xs γ)

(3.32 ± 0.18) × 10−4

BR(Bs → μμ)

(2.7 ± 1.2) × 10−9

ΔMBs

(17.757 ± 0.312) ps−1

ΔMK

(3.1 ± 1.2) × 10−15 GeV

K

2.228 ± 0.29

ΩDM h2

0.1198 ± 0.0042

Figure 1 – Proceedure for each parameter point
Table 1: Data used to constrain parameters

3

Setup and Tools

We consider two MFV reference parameter points, one of which is inspired by a previous study
of this model 4 , and the other one with a heavier smuon. In both cases, we switch on oﬀ-diagonal
mass terms, consistent with SU (5), arising from A4 breaking eﬀects.
Diagonal entries of soft matrices are ﬁxed and NMFV parameters are entered for each
point by random selection about empirically determined limits. Parameters are then handed to
SPheno7 at the GUT scale, and are run using two-loop RGEs down to low scales where data is
available for comparison. Flavour phenomena as listed in table 1 are calculated using SPheno
and the relic density of the lightest neutralino (our DM candidate) is calculated by a custom
version of micrOMEGAs8 .
Predictions are then compared against experimental data to determine if the point under
test is viable 9,10 . In this manner of comparison, we set upper bounds on the amount of ﬂavour
violation allowed in this scenario. It is necessary to scan over all ﬂavour violating parameters
simultaneously, as to exploit hidden correlations and cancellations, and obtain accurate limits
on ﬂavour violation.

4

Results

Using the proceedure outlined above, we constrain the NMFV parameter space of this model in
both reference scenarios. In ﬁgure 2, we demonstrate the importance of scanning over multiple
parameters in tandem; the left panel details the result of allowing a single parameter to vary,
keeping all others ﬁxed. In such a case the posterior distribution (in red) is sharply peaked
around 0, meaning that not much ﬂavour violation is allowed.
In a stark contrast to this, the right panel of ﬁgure 2 shows a broad distribution, allowing a
considerable amount of ﬂavour violation. For a detailed discussion of all results, we encourage
the reader to consult the full paper 11 .
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Figure 2 – Constraints on a particular ﬂavour violating parameter. Prior distributions shown in blue, posteriors
in red. Left panel shows constraint when parameter scanned over in isolation, right panel when scanned over with
all other parameters.

5

Conclusion

As experiments continue to exlcude parameter space for the MSSM and other favoured minimal
SUSY theories, it is important to investigate and constrain those more exotic scenarios that
may include non-universal gaugino masses, compressed spectra etc. that may be able to elude
conventional collider searches.
We have constrained the ﬂavour violating parameter space of the MSSM in this speciﬁc GUT
scenario. We stress that small ﬂavour violation is a prediction of uniﬁed models that include a
ﬂavour symmetry, and as such studying how superpartners can inﬂuence various ﬂavour violating
phenomena is a critical part of testing SUSY at currently accessible scales.
Work in this area is ongoing, with an eye to enable SUSY GUT model descrimination using
ﬂavour physics and to further constrain the MSSM.
6
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In memoriam: Olga Igonkina 1973-2019
Wouter Hulsbergen
Nikhef, Science Park 105, Amsterdam, The Netherlands

Olga Borisovna Igonkina, or just Olya for most of us, was born in Moscow in August 1973.
Her father Boris was an engineer, her mother Svetlana a biologist. Olya always joked that she
was famous at birth: being allegedly the 250 millionth citizen of the Russian federation, Olya
brieﬂy featured with her mother in an episode of Novosti Dnja, “News of the Day” 1 . Olya
started her schooldays at school ‘number 278’, in the neighbourhood in Moscow where she lived.
At age fourteen she received an invitation to attend school 57, a famous school specializing in
children talented in math.
Olya’s love for physics and traveling started early: her fellow classmates remember her stating
that her goals in life were to see the world and to win the noble prize in physics. Olya frequently
mentioned that she had had a very happy childhood. She had especially good memories of the
long vacations that she spent with her parents in Crimea, where part of her family still lives. She
would also tell enthusiastically about the hiking and canoeing trips with her highschool friends,
among others in Karelia.
In 1991 Olya started her studies in physics at the Moscow Institute for Physics and Technology (MIPT) in the department of physical chemistry. She later switched to the department
of theoretical and applied physics to study particle physics. This department was the most
prestigious at MIPT, and the fraction of female students was very small: typically no more than
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few in a hundred. The underrepresentation of women in physics was often a topic in discussions
with Olya, and there is one episode from this period that she often referred to. Olya was a good
student that always got top-level grades. The exams were usually oral exams. She only failed
once: it was when she had dressed up more fancy than usual because of an event later that day.
It felt as if the examiner had given her a warning.
In 1993 Olya moved to the ITEP institute for her particle physics research project. She
joined the group of prof. dr. M. Danilov (also a participant at this conference) to study tau
decays in Argus data. The topic of her master thesis was a search for lepton-ﬂavour violating
tau decays 2 , a topic that remained close to her heart for the rest of her scientiﬁc career. Olya
won an Alichanov scholarship for the best student at ITEP in 1994.
After her master thesis Olya stayed at ITEP and joined the Hera-B collaboration. In between
1995 and 2002 she spent long periods at DESY in Hamburg. She worked among others on
calorimeter commissioning and calibration 3 , and on track reconstruction. It was in this period
that Olya and Wouter met. They married in spring 2001. A year later Olya defended her thesis
on J/ψ and χc production in p-A collisions in Hera-B 4 , and it became time to move on.
Aspiring an adventure in the US, in September 2002 Olya started a postdoc with the group
of prof. dr. Jim Brau at the University of Oregon to work on the BaBar experiment. Based at
SLAC Olya worked among others on the prompt reconstruction, trigger simulation and lepton
ﬂavour violating tau decays. On the latter subject she published several BaBar papers 9 . In fall
2004 she gave birth to her ﬁrst child Lev. It did not slow her down: Olya became convener of the
Babar tau working group, and in her spare time worked together with theorists on constraints
from LFV searches on SUSY. In summer 2005 she presented her phenomenological studies at
the SUSY workshop in Durham and BaBar’s LFV searches at the EPS conference in Lisbon —
dragging child and husband along. Though during the time at SLAC most of Olya’s eﬀorts were
on analysis, she still remained involved in detector work as well: among others she used parts
of the long decommissioned SLD detector to perform radiation damage studies for the ILC 7 .
In January 2006 Olya moved to CERN to spearhead the University of Oregon’s new ATLAS
group. She became involved in the ATLAS trigger, and remained ever since. That summer
Olya gave birth to her second son, Artjom. This time she was more patient with herself and
took a staggering three month maternity leave! In the mean time Olya had become responsible
for the design, implementation and commissioning of triggers for hadronic tau decays. In 2008
she obtained a permanent position at Nikhef in Amsterdam, where she also moved a year later.
When data taking started in 2010 Olya became the ﬁrst trigger menu coordinator, a role that
demanded a great deal of responsibility and diligence (it needs to work), and patience (with a
ﬁnite bandwidth, not everybody can be happy) 6 .
After her trigger responsibilities were over, Olya declined other formal roles in the ATLAS
trigger group and decided to concentrate more on physics analysis again. Her productivity
soared, in part because she was very successful in obtaining grants. She won a Dutch VIDI
grant in 2010, a ’projectruimte’ in 2012 and a VICI in 2015. With her postdocs and students
she worked on diﬀerent lepton ﬂavour violation studies in Z and tau decays10 . She also served a
two-year term as convener of the ATLAS leptons+X exotics physics group. In 2014 she lead the
local organization for the European School of High-Energy Physics (a.k.a. “the CERN school”)
in the Netherlands, which she really enjoyed and considered a big success. Olya became a
‘professor-by-special-appointment’ at the University of Nijmegen in 2015.
In the LS1 shutdown Olya realized that ATLAS B-physics triggers would beneﬁt from the
‘Level-1 Topo’ trigger that was originally planned for the LS2 upgrade. Working closely together
with electronic engineers at Nikhef and ATLAS collaborators elsewhere, she managed to move
part of the project forward to LS1. For this eﬀort, and her contribution more generally to
the commissioning of the L1 topological trigger boards, she received an ATLAS Outstanding
Achievement award together with colleagues in 2018 8 .
Intrigued by the hints of lepton-ﬂavour violation in B decays reported by the LHCb exper-
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iment and e+ e− B factories, and always on the lookout for a niche in a large collaboration, in
2018 Olya moved part of her eﬀorts from tau to B physics. She took responsibility for the B
hadron triggers with the aim to collect an even larger sample of B decays in ATLAS for the
ﬁnal year of run-2. She was working on preparations for an RK measurement until her very last
days.
Olya did not just have an outstanding attitude to work but also a rare combination of hard
and soft skills. She was deeply respected by the people that she managed, in working groups
and her students and postdocs. She took a lot of pleasure in solving technical problems, but
she also enjoyed supervising others to do so. For her students and postdocs, Olya was easily
accessible: She would several times a week with students at work, but communication continued
when she was home, usually via “skype chat”, which was her favourite tool. The noise coming
from the keyboard was a measure for how enthusiastic or agitated she was.
Besides a talented scientist Olya also was a dedicated teacher and actively involved in outreach. She taught courses in particle detection in Amsterdam and Nijmegen. She considered
outreach a duty not just as a scientist, but also because of her role model as a female: “I need
to show young girls that it is normal for a professor to be a woman”.
Only two months after her presence at the Moriond EW 2019 conference, where she presented
ATLAS measurements in B decays and was very actively involved in discussions, Olya passed
away as a result of a long illness. She will be remembered by many as an outstanding physicist,
a great teacher and mentor, and an extremely pleasant person to work and be with. She was
always cheerful, always positive and full of new ideas. She was dearly loved. Her attitude to
work and life will remain a source of inspiration to many of us.

References
1. See https://youtu.be/wvan_SC6DkU
2. O. Igonkina, Surveys High Energ. Phys. 9 (1996) 327. doi:10.1080/01422419608223786;
H. Albrecht et al.
[ARGUS Collaboration], Z. Phys. C 68 (1995) 25.
doi:10.1007/BF01579801;H. Albrecht et al. [ARGUS Collaboration], Phys. Rept. 276
(1996) 223. doi:10.1016/S0370-1573(96)00008-7.
3. G. Avoni et al., Nucl. Instrum. Meth. A 461 (2001) 332. doi:10.1016/S0168-9002(00)012377
4. O. Igonkina, Charmonium hadroproduction at HERA-B, ITEP-27-01(2001); I. Abt et al.
[HERA-B Collaboration], Phys. Lett. B 561 (2003) 61 doi:10.1016/S0370-2693(03)00407-6
[hep-ex/0211033]; I. Abt et al. [HERA-B Collaboration], Eur. Phys. J. C 26 (2003) 345
doi:10.1140/epjc/s2002-01071-8 [hep-ex/0205106].
5. M. Raidal et al., Eur. Phys. J. C 57 (2008) 13 doi:10.1140/epjc/s10052-008-0715-2
[arXiv:0801.1826 [hep-ph]].
6. M. Abolins et al., J. Phys. Conf. Ser. 119 (2008) 022001.
doi:10.1088/17426596/119/2/022001, G. Aad et al. [ATLAS Collaboration], JINST 3 (2008) S08003.
doi:10.1088/1748-0221/3/08/S08003; M. P. Casado et al., ATL-DAQ-PROC-2008008(2008); K. Benslama et al., arXiv:0810.0465 [hep-ex]. M. Bosman et al., ATL-DAQCONF-2008-002(2008), Acta Phys. Polon. Supp. 1, 421 (2008); M. Abolins et al., J. Phys.
Conf. Ser. 119, 022014 (2008); G. Aad et al. [ATLAS Collaboration], arXiv:0901.0512
[hep-ex].
7. J. E. Brau, O. Igonkina, C. T. Potter and N. B. Sinev, IEEE Trans. Nucl. Sci. 51 (2004)
1742. doi:10.1109/TNS.2004.832965; J. E. Brau, O. Igonkina, C. T. Potter and N. B. Sinev,
Nucl. Instrum. Meth. A 549 (2005) 117, doi:10.1016/j.nima.2005.04.036; J. E. Brau,
O. Igonkina, N. B. Sinev and J. Strube, Pramana 69 (2007) 1093. doi:10.1007/s12043007-0234-y; J. E. Brau, O. Igonkina, N. Sinev, D. Strom, C. Baltay, W. Emmet, H. Neal
and D. Rabinowitz, Pramana 69 (2007) 1009, doi:10.1007/s12043-007-0220-4.

435

8. See https://atlas.cern/updates/atlas-news/outstanding-achievement-awards-2018
9. B. Aubert et al.
[BaBar Collaboration], Phys. Rev. Lett. 92 (2004) 121801
doi:10.1103/PhysRevLett.92.121801 [hep-ex/0312027]; O. Igonkina [BaBar Collaboration], Frascati Phys. Ser. 34 (2004) 439; J. L. Hewett et al., hep-ph/0503261;
B. Aubert et al.
[BaBar Collaboration], Phys. Rev. Lett. 95 (2005) 191801
doi:10.1103/PhysRevLett.95.191801 [hep-ex/0506066]; B. Aubert et al. [BaBar Collaboration], Phys. Rev. D 72 (2005) 072001 doi:10.1103/PhysRevD.72.072001 [hepex/0505004]; O. Igonkina [BaBar Collaboration], Int. J. Mod. Phys. A 20 (2005)
3343. doi:10.1142/S0217751X05026522; O. Igonkina, PoS HEP 2005 (2006) 080.
doi:10.22323/1.021.0080; O. Igonkina, Frascati Phys. Ser. 41 (2006) 265 [hep-ex/0606009].
10. G. Aad et al.
[ATLAS Collaboration], Phys. Rev. D 87 (2013) no.5, 052002
doi:10.1103/PhysRevD.87.052002 [arXiv:1211.6312 [hep-ex]]; JHEP 1508 (2015) 138
doi:10.1007/JHEP08(2015)138 [arXiv:1411.2921 [hep-ex]]; JHEP 1511 (2015) 211
doi:10.1007/JHEP11(2015)211 [arXiv:1508.03372 [hep-ex]]; Eur. Phys. J. C 77 (2017)
no.2, 70 doi:10.1140/epjc/s10052-017-4624-0 [arXiv:1604.07730 [hep-ex]]; M. Aaboud et al.
[ATLAS Collaboration], Phys. Rev. D 98 (2018) 092010 doi:10.1103/PhysRevD.98.092010
[arXiv:1804.09568 [hep-ex]]; ATLAS collaboration, ATL-PHYS-PUB-2018-032 (2018).

436

Authors Index

437

438

Authors Index
Alanne, T.
Angelescu, A.
Arias Aragón, F.
Bélanger, G.
Baglio, J.
Bauer, M.
Belloni, A.
Bernard, L.
Bernigaud, J.
Bertholet, E.
Betti, F.
Blasi, S.
Blum, T.
Boletti, A.
Buck, C.
Caria, G.
Chavez-Saab, J. E.
Christ, N.
Cooperstein, S.
Covi, L.
D’Andrea, V.
Dekens, W.
Dell’Oro, S.
Delle Rose, L.
Desai, N.
Duh, Y.
Esteban, I.
Fiaschi, J.
Foppiani, N.
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The drawings illustrating this volume are from Lison Bernet, who was with us
during the week, sharing daily her unique view of the wor(l)ds of physics.
If you want to discover more about her work, you may follow this link:
http://lisonbernet.ultra-book.com/accueil
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