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1 Introduction

Theoretical and experimental arguments suggest that the Standard Model (SM) is an

effective theory valid up to a certain energy scale. The SM Higgs boson, denoted by

h, is observed by the ATLAS and CMS collaborations [1–4]. The Higgs boson mass is

strongly sensitive to quantum corrections from physics at very high energy scales and

demands a high level of fine-tuning, known as the hierarchy problem [5–8]. Supersymmetry

(SUSY) [9–14] resolves the hierarchy problem by introducing, for each known particle state,

a new partner (superpartner) that shares the same mass and internal quantum numbers

with the exception of spin if supersymmetry is unbroken. However, these superpartners

have not been observed, so SUSY must be a broken symmetry and the mass scale of the

supersymmetric particles is as yet undetermined. The possibility of a supersymmetric dark

matter candidate [15, 16] is closely related to the conservation of R-parity [17]. Under the

R-parity conservation hypothesis, the lightest supersymmetric particle (LSP) is stable. If

the LSP is weakly interacting, it may provide a viable dark matter candidate. The nature
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Figure 1. Signal diagrams illustrating (a) χ̃±
1 χ̃

0
2 production, and (b) a higgsino production mode

from a GMSB model: χ̃0
1 → hG̃. For χ̃±

1 χ̃
0
2 production, the lightest chargino (χ̃±

1 ) and next-

to-lightest neutralino (χ̃0
2) are nearly mass degenerate. In the higgsino models, the two lightest

neutralinos, χ̃0
1 and χ̃0

2, and the lightest chargino χ̃±
1 are approximately mass degenerate, and the

χ̃0
1 is the lightest of the four nearly degenerate higgsino states, x is the particle with low momentum

from the promptly decay of χ̃±
1 and χ̃0

2.

of the LSP is defined by the mechanism that spontaneously breaks supersymmetry and the

parameters of the chosen theoretical framework.

In the SUSY scenarios considered as a first benchmark in this paper, the LSP is the

lightest of the neutralinos χ̃0
j (j = 1, 2, 3, 4) that, together with the charginos χ̃±

i (i = 1, 2),

represent the mass eigenstates formed from the mixture of the γ, W , Z and Higgs bosons’

superpartners (the winos, binos and higgsinos). The neutralinos and charginos are collect-

ively referred to as electroweakinos. Specifically, the electroweakino mass eigenstates are

designated in order of increasing mass. Naturalness considerations [18, 19] suggest that

the lightest of the charginos and neutralinos have masses near the electroweak scale. Their

direct production may be the dominant mechanism at the Large Hadron Collider (LHC)

if the superpartners of the gluons and quarks are heavier than a few TeV. In SUSY mod-

els where the heaviest (pseudoscalar, charged) minimal supersymmetric Standard Model

(MSSM) Higgs bosons and the superpartners of the leptons have masses larger than those

of the lightest chargino and next-to-lightest neutralino, the former might decay into the

χ̃0
1 and a W boson (χ̃±

1 →Wχ̃0
1), while the latter could decay into the χ̃0

1 and the lightest

MSSM Higgs boson or Z boson (χ̃0
2 → h/Zχ̃0

1) [17, 20, 21]. The decay via the Higgs bo-

son is dominant for many choices of parameters as long as the mass-splitting between the

two lightest neutralinos is larger than the Higgs boson mass and the higgsinos are heavier

than the winos. SUSY models of this kind could provide a possible explanation for the

discrepancy between measurements of the muon’s anomalous magnetic moment g − 2 and

SM predictions [22–25].

This paper presents a search in proton-proton (pp) collisions produced at the LHC

at a centre-of-mass energy
√
s = 13 TeV for the direct pair production of electroweakinos

that promptly decay into the LSP, producing at least one Higgs boson, decaying into two

photons in each event. The primary model, for which the search is optimised, involves the

production of a chargino in association with a next-to-lightest neutralino, which promptly

decay as χ̃±
1 → Wχ̃0

1 and χ̃0
2 → hχ̃0

1 respectively (see figure 1a), the χ̃0
1 in the final state

– 2 –
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leading to a signature of missing transverse momentum, whose magnitude is denoted by

Emiss
T . A simplified SUSY model [26, 27] is considered for the optimisation of the search

and the interpretation of results. The χ̃±
1 →Wχ̃0

1 and χ̃0
2 → hχ̃0

1 decays are each assumed

to have a 100% branching fraction. The Higgs boson branching fractions are assumed to

be the same as in the SM [28]. The result from the CMS experiment using an integrated

luminosity of 77.5 fb−1 of pp collision data is given in ref. [29]. Although the branching

fraction of the SM Higgs boson decaying into a pair of photons is small, the diphoton system

presented in this paper falls in a narrower mass range around the Higgs boson mass than in

refs. [30, 31] where the SM Higgs boson decay into a pair of b-quarks. With the diphoton

trigger, this channel is more sensitive in the low Emiss
T region than the channel with the

SM Higgs boson decaying into a pair of b-quarks, which relies on the high Emiss
T trigger.

In addition, a prior search from ATLAS [32] for this process making use of 36.1 fb−1 of pp

collision data, based purely on leptonic decays of the W boson, observed a small excess of

events above the SM prediction. This prior search is also updated to the full Run 2 data,

and referred to as ‘follow-up’ analysis.

The analysis optimised for the search for χ̃±
1 χ̃0

2 production is also used to search

for a gauge-mediated supersymmetry breaking (GMSB) [33–35] scenario featuring direct

production of pairs of higgsinos [36–38], collectively denoted by χ̃χ̃. In this model, the

two lightest neutralinos, χ̃0
1 and χ̃0

2, and the lightest chargino χ̃±
1 are approximately mass

degenerate, and the χ̃0
1 is the lightest of the four nearly degenerate higgsino states. The

masses are assumed to be related by m(χ̃±
1 ) = m(χ̃0

2) = m(χ̃0
1) + 1 GeV. The effective

cross-section for higgsino production is a combination of the cross-sections for χ̃0
1 χ̃

0
2, χ̃

0
1

χ̃±
1 , χ̃0

2 χ̃±
1 , and χ̃±

1 χ̃∓
1 production. In the GMSB scenarios considered (figure 1b), a

100% branching fraction for χ̃0
1 → hG̃ is assumed, where G̃ indicates the gravitino (the

superpartner of the graviton). This scenario is denoted by hG̃hG̃ in the following. In this

scenario, G̃ in the final state is stable, weakly interacting, and nearly massless, which leads

to an Emiss
T signature.

The general strategy of the analysis is to search for beyond the Standard Model (BSM)

events by using a simultaneous signal-plus-background fit to the full mγγ spectrum for

different categories. The paper is organised as follows. Section 2 presents a brief description

of the ATLAS detector. Section 3 introduces the data, the signal and background Monte

Carlo (MC) simulation samples used. Section 4 outlines the event reconstruction, while

section 5 explains the optimisation of the event selection and categorisation. Section 6

discusses the signal and background modelling. Section 7 summarises the experimental

and theoretical systematic uncertainties that affect the results. Section 8 describes the

results and their interpretations, and conclusions are drawn in section 9.

2 ATLAS detector

The ATLAS detector [39] is a multipurpose particle detector with a forward-backward

symmetric cylindrical geometry and nearly 4π coverage in solid angle.1 The inner tracking

1
ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the

centre of the detector. The positive x-axis is defined by the direction from the interaction point to the

– 3 –
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detector (ID) consists of pixel and microstrip silicon detectors covering the pseudorapidity

region |η| < 2.5, surrounded by a transition radiation tracker that enhances electron identi-

fication in the region |η| < 2.0. A new inner pixel layer, the insertable B-layer [40, 41], was

added at a mean radius of 3.3 cm during the period between Run 1 and Run 2 of the LHC.

The inner detector is surrounded by a thin superconducting solenoid providing an axial

2 T magnetic field and by a lead/liquid-argon electromagnetic (EM) sampling calorimeter

covering |η| < 3.2, with a fine-granularity region up to |η| = 2.5. A steel/scintillator-

tile hadronic sampling calorimeter provides coverage in the central pseudorapidity range

(|η| < 1.7). The endcap and forward regions (1.5 < |η| < 4.9) of the hadronic calori-

meter are made of liquid-argon active layers with either copper or tungsten as the absorber

material. A muon spectrometer with an air-core toroid magnet system surrounds the

calorimeters. Three layers of high-precision tracking chambers provide coverage in the

range |η| < 2.7, while dedicated fast chambers allow triggering in the region |η| < 2.4.

The ATLAS trigger system consists of a hardware-based first-level trigger followed by a

software-based high-level trigger [42].

3 Data and simulation samples

The analysis uses pp collision data with a bunch crossing interval of 25 ns, collected from

2015 to 2018 at
√
s = 13 TeV. Only events that were recorded in stable beam conditions,

when relevant detector components were functioning properly, are considered. A diphoton

trigger [43] was used to collect the events by requiring two reconstructed photon candidates

with transverse energies (ET) of at least 35 GeV and 25 GeV for the ET-ordered leading and

subleading photons respectively. The trigger efficiency relative to the offline-reconstructed

photons was 99%. The data sample corresponds to an integrated luminosity of 139.0 ±
2.4 fb−1. There are, on average, 25 to 38 interactions in the same bunch crossing (in-time

pile-up) in the data sample.

The MC simulation of signal and background processes is used to optimise the selection

criteria, estimate uncertainties and study the shapes of the signal and background diphoton

invariant mass (mγγ) distributions. Signal events were generated with up to two additional

partons in the matrix element using MadGraph aMC@NLO 2.6.2 [44] at leading order

(LO) in quantum chromodynamics (QCD) using the NNPDF3.0LO [45] parton distribution

function (PDF) set and CKKW-L merging scheme. Parton showering and hadronisation

were handled by the Pythia 8.230 [46] event generator with the A14 [47] set of tuned

parameters (tune), using the NNPDF2.3LO PDF set [48]. MC samples for the χ̃±
1 χ̃

0
2

production were generated assuming m(χ̃±
1 ) = m(χ̃0

2) for a range of values of m(χ̃0
1). As

shown in figure 2a, the transverse momentum (pT) distribution of the χ̃0
1χ̃

0
1 system is

broader for higher values of the difference m(χ̃±
1 /χ̃

0
2) − m(χ̃0

1). The pT distributions of

centre of the LHC ring, with the positive y-axis pointing upwards, while the beam direction defines the

z-axis. Cylindrical coordinates (r, φ) are used in the transverse plane, φ being the azimuthal angle around

the z-axis. The pseudorapidity η is defined in terms of the polar angle θ by η = − ln tan(θ/2). Rapidity

is defined as y = 0.5 ln[(E + pz)/(E − pz)] where E denotes the energy and pz is the component of the

momentum along the beam direction. The angular distance ∆R is defined as
√

(∆y)
2

+ (∆φ)
2
.
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Figure 2. The pT distribution of (a) the χ̃0
1χ̃

0
1 in W±χ̃0

1hχ̃
0
1 production and (b) G̃G̃ in hG̃hG̃

production.

the G̃G̃ system for the higgsino production of hG̃hG̃ are presented in figure 2b. The MC

samples include χ̃0
1 χ̃

0
2, χ̃

0
1 χ̃

±
1 , χ̃0

2 χ̃
±
1 , and χ̃±

1 χ̃∓
1 production. The kinematic distributions

depend strongly on the mass of the χ̃0
1, where the mass of the G̃ is assumed to be 1 MeV.

Signal cross-sections were calculated to NLO in the strong coupling constant, αS,

adding the resummation of soft gluon emission at next-to-leading-logarithm accuracy

(NLO+NLL) [49–53]. The nominal cross-section and its uncertainty are taken from an

envelope of cross-section predictions using different PDF sets and factorisation and renor-

malisation scales, as described in ref. [54].

The dominant backgrounds are resonant SM h→ γγ processes, and non-resonant pro-

cesses that include γγ, γ+jets, V γ (V=W , Z) and V γγ production. Both the shape and

normalisation of the total non-resonant background are obtained directly from data, as de-

scribed in section 6. Simulation events for the total non-resonant background are used in

figure 3 and for the choice of background analytic parametrisation as described in section 6.

For the production of the resonant SM Higgs boson, events from the Wh and Zh processes

were generated with Pythia 8.186 with the A14 tune and the NNPDF2.3LO PDF set.

The gluon-gluon fusion (ggF) and vector-boson fusion (VBF) samples were generated with

Powheg-Box v2 [55–59] interfaced to Pythia 8.186 with the AZNLO [60] tune and the

CT10 PDF set [61]. Samples of tth events were generated with MadGraph aMC@NLO

2.2.3 interfaced to Pythia 8.186 with the NNPDF3.0LO PDF set. Samples of bbh events

were generated with MadGraph aMC@NLO 2.2.3 interfaced to Pythia 8.186 with the

A14 tune and the NNPDF2.3LO PDF set. The non-resonant diphoton processes with asso-

ciated jets were generated using Sherpa 2.2.4 [62]. Matrix elements (ME) were calculated

with up to three partons at LO and merged with the Sherpa 2.2.4 parton shower (PS) [63]

using the ME+PS@LO prescription [64]. The CT10 PDF set was used in conjunction with

a dedicated parton-shower tuning developed by the authors of Sherpa 2.2.4. The V γ and

V γγ samples were generated using Sherpa 2.2.4 with the CT10 PDF set.

The cross-sections for the SM Higgs boson processes were calculated at next-to-leading

order (NLO) in electroweak theory and next-to-next-to-leading order (NNLO) in QCD for

the VBF, Zh and Wh samples [28, 65–71] and next-to-next-to-next-to-leading order plus

– 5 –
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T

after the selection of diphoton candidates with 120 < mγγ <

130 GeV. Expected distributions are shown for the χ̃±
1 χ̃

0
2 → W±χ̃0

1hχ̃
0
1 signal with m(χ̃±

1 /χ̃
0
2) =

200 GeV and m(χ̃0
1) = 0.5 GeV, and the hG̃hG̃ signal with m(χ̃0

1) = 150 GeV and m(G̃) = 1 MeV.

These overlaid signal points are representative of the model kinematics. The sum in quadrature of

the MC statistical and experimental systematic uncertainties in the total background is shown as the

hatched bands, while the theoretical uncertainties in the background normalisation are not included.

The ttγ and ttγγ processes have a negligible contribution and are not represented. Overflow events

are included in the rightmost bin. The lower panel shows the ratio of the data to the background,

called “bkg”.

next-to-next-to-leading logarithm (N3LO+NNLL) in QCD for the ggF sample [28, 72–75].

The tth cross-section was calculated with NLO accuracy in QCD with NLO electroweak

corrections [76–79]. The bbh cross-section was obtained by matching the five-flavor scheme

cross section accurate to NNLO in QCD with the four-flavor scheme cross section accurate

to NLO in QCD [80–82]. The SM Higgs boson mass was set to 125.09 GeV [3] and its

branching fraction to decay into two photons was 0.227% [28].

Different pile-up conditions from same and neighbouring bunch crossings as a function

of the instantaneous luminosity were simulated by overlaying minimum-bias events, gener-

ated with Pythia 8.186 with the MSTW2008LO PDF set [83] and the A3 [84] tune, onto

all hard-process events. Differences between the simulated and observed distributions of

the number of interactions per bunch crossing were corrected for by applying weights to

simulated events. Detector effects were simulated using a full simulation [85] performed

using GEANT4 [86] for the signals, SM Higgs boson processes, V γ and V γγ backgrounds.

The diphoton continuum background and some of the signal samples were simulated using

a fast simulation of the calorimeter based on AtlFastII [85].

4 Event reconstruction

Photons are reconstructed in the region |η| < 2.37, excluding the EM calorimeter transition

region 1.37 < |η| < 1.52, from clusters of energy deposits in the EM calorimeters. Clusters

– 6 –
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without a matching track or reconstructed conversion vertex in the ID are classified as

unconverted photons. Those with a matching reconstructed conversion vertex or with a

matching track, consistent with originating from a photon conversion, are classified as

converted photons. The reconstruction efficiency is 99% for photons and the conversion

reconstruction efficiency is 70% [87]. The photon energy is calibrated using a multivariate

regression algorithm trained with fully reconstructed MC samples and then corrected using

data-driven techniques [87]. The overall energy scale in data and the difference in the

constant term on the resolution between data and simulation are estimated from using a

sample with Z boson decays into electrons [87]. The photon direction is estimated using

either EM calorimeter longitudinal segmentation (if unconverted) or the conversion vertex

position (if converted), together with constraints from the pp collision point.

To reduce the misidentification of hadronic jets containing a high-pT neutral hadron

(e.g. π0) decaying into two photons, ‘Tight’ identification criteria [87] are applied. The

photon identification is based on the lateral profile of the energy deposits in the first and

second layers of the EM calorimeter, and on the shower leakage fraction in the hadronic

calorimeter. The selection requirements are tuned for converted and unconverted photon

candidates, separately. The identification efficiency for unconverted and converted photons

ranges from 85% to 99% between 30 GeV and 250 GeV [87]. Corrections are applied to the

EM shower-shape variables for simulated photons, to account for small differences between

data and simulation.

To further suppress hadronic backgrounds, requirements on two photon isolation vari-

ables are applied. The first variable, Eiso
T , calculates the sum of the transverse energies

deposited in topological clusters [88] in the calorimeter within a cone of size ∆R = 0.2

around each photon. The photon cluster energy and an estimate of the energy deposited

by the photon outside its associated cluster are also subtracted from this sum. To reduce

underlying-event and pile-up effects, Eiso
T is further corrected using the method described in

refs. [89–91]. The second variable expresses track-based isolation, defined as the scalar sum

of the transverse momenta of all tracks with pT > 1 GeV and consistent with originating

from the primary vertex (PV) within a cone of size ∆R = 0.2 around each photon. The

isolation efficiency for photons, which is mostly independent of their kinematic variables,

is about 90%.

Events are required to have at least one PV, defined as a vertex associated with at least

two tracks with pT > 0.5 GeV. In each event, the PV most likely to be the origin of the

diphoton, selected from the PV candidates using a neural network [92], is required to be

consistent with the PV with the highest sum of squared transverse momenta of associated

tracks. The neural network algorithm selects a diphoton vertex within 0.3 mm of the true

h → γγ production vertex in 79% of simulated gluon-gluon fusion events. For the other

Higgs production modes this fraction ranges from 84% to 97%, increasing with jet activity

or the presence of charged leptons [92].

Electrons are reconstructed from energy deposits measured in the EM calorimeter that

are matched to tracks from ID [87]. They are required to satisfy |η| < 2.47, excluding the

EM calorimeter transition region 1.37 < |η| < 1.52, and to have pT > 10 GeV. The electrons

are identified using a likelihood-based algorithm that uses track and shower-shape variables.

– 7 –
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The ‘MediumLLH’ criteria are applied, providing an identification efficiency varying from

85% to 95% as a function of ET [87]. Loose calorimeter and track isolation requirements

are applied to electrons. The efficiency of the isolation requirements is 98% [93].

Muons are reconstructed from high-quality track segments in the muon spectrometer.

In the region |η| < 2.5, they must be matched to ID tracks. They are required to have

pT > 10 GeV and |η| < 2.7. The muon ‘medium’ criteria are applied with a 96% [94]

identification efficiency. The muon candidates must also satisfy loose calorimeter and track

isolation criteria. The combined isolation efficiency varies from 95% to 99% as a function

of pT from 25 GeV to 60 GeV [94].

The significance of the track’s transverse impact parameter relative to the PV is re-

quired to be |d0|/σd0 < 5 (3) for electrons (muons). The longitudinal impact parameter z0
must satisfy |z0| sin θ < 0.5 mm for electrons and muons.

Jets are reconstructed from three-dimensional topological clusters using the anti-kt
algorithm [95, 96] with a radius parameter of R = 0.4. The jets are required to have

pT > 20 GeV and |η| < 4.5 for the Emiss
T calculation and pT > 25 GeV and |η| < 4.4 for

the event selection. Jets with |η| < 2.4 and pT < 60 GeV must satisfy the jet vertex tagger

(JVT) selection [97], in which a jet is identified as originating from the PV depending

on a likelihood value calculated from the track information. In addition, quality criteria

are applied to the jets, and events with jets consistent with noise in the calorimeter or

non-collision backgrounds are rejected [98].

Reconstruction ambiguities between photons, electrons, muons, and jets are resolved

using an ‘overlap removal’ procedure among all the objects in the following order. First,

electrons, muons, and jets found within ∆R = 0.4 of a photon are removed. Next, jets

found within ∆R = 0.2 of an electron are removed. Lastly, electrons and muons within

∆R = 0.4 of the remaining jets are removed. A different overlap removal strategy was used

in the previous study [32] and the selection is discussed in section 5.2. It was motivated

by the prioritisation of electrons, as opposed to photons. The results show no significant

difference in sensitivity between these two strategies.

Jets containing a b-hadron are identified using the MV2c10 [99, 100] multivariate dis-

criminant built with information from track impact parameters and the presence of recon-

structed secondary vertices, which applies a multi-vertex fitter to reconstruct the hadron

decay chain b→ c. A value of the discriminating variable is chosen such that it provides a

b-tagging efficiency of 70% in simulated tt events. The rejection for c-jets and jets origin-

ating from gluons or light (u, d, s) quarks are 8.9 and 300 [99], respectively. An additional

energy correction is applied to b-jets to account for the presence of muons in the jet [99].

The Emiss
T is calculated as the magnitude of the negative vectorial sum of the transverse

momenta of calibrated photons, electrons, muons and jets associated with the PV. The

transverse momenta of all remaining tracks that originate from the PV but are not already

used in the Emiss
T calculation are summed and taken into account in the Emiss

T calculation.

This term is defined as the track-based soft term [101]. In this way, the Emiss
T is adjusted

for the best calibration of the jets and the other identified physics objects above, while

maintaining pileup independence in the soft term.
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5 Event selection

5.1 Baseline selection

Each event is first required to contain at least two photons with pT > 22 GeV. The photons

are ordered by their pT. The leading and subleading photons are then required to have

pγT/mγγ > 0.35 and 0.25, respectively, where mγγ is the invariant mass of the leading and

subleading photon pair. The signal region is defined as 105 < mγγ < 160 GeV, where

mγγ is calculated using the photon momentum vectors recomputed relative to the PV. The

selected events are divided into 12 categories based on the number of leptons (N`), number

of jets (Nj), the invariant mass of the two highest-pT jets (mjj), and the Emiss
T significance

S
E

miss
T

= Emiss
T /

√∑
ET. The total transverse energy

∑
ET is calculated from the scalar

sum of the transverse momenta of the calibrated photons, electrons, muons and jets used in

the Emiss
T calculation described in section 4, as well as the tracks not associated with these

but consistent with originating from the PV. Because both the Emiss
T and

∑
ET resolutions

increase linearly with the number of pileup events, S
E

miss
T

is more resilient to pileup than

Emiss
T . No b-jet veto is applied in the baseline selection. The 12 categories are defined in

table 1. The χ̃±
1 χ̃0

2 signal sample with m(χ̃±
1 /χ̃

0
2) = 150 GeV and m(χ̃0

1) = 0.5 GeV is used

to optimise the boundary of each category to maximise the significance when combining

all 12 categories. This signal point has low Emiss
T , where the diphoton channel is expected

to have a better sensitivity than the channel with the SM Higgs boson decaying into a pair

of b-quarks [30, 31]. The ‘Leptonic’ and ‘Hadronic’ categories are used to accommodate

the most clearly identifiable leptonic and hadronic decays of the W boson, while the ‘Rest’

category retains all additional signal topologies. The signal χ̃±
1 χ̃

0
2 → W±χ̃0

1hχ̃
0
1 has the

highest expected significance in the Leptonic categories, and the hG̃hG̃ signals have the

highest expected significance in the Rest categories. Because the different signal models

and mass points have different pT distributions as shown in figure 2, and since pT and

S
E

miss
T

distributions are highly correlated, each region is divided into S
E

miss
T

bins to improve

the sensitivity. The regions do not change significantly if a different mass point is used for

optimisation.

Figure 3 shows the distribution of S
E

miss
T

after the selection of diphoton candidates

with 120 < mγγ < 130 GeV, where signal dominates. The shapes and normalisations of

the V γ and V γγ contributions are obtained from the MC simulation. The shape of the

γγ contribution is obtained from the MC simulation while the normalisation is fixed to

the yields in the sidebands (105 < mγγ ≤ 120 GeV, 130 ≤ mγγ < 160 GeV) of the data

multiplied by the diphoton purity among all the backgrounds. The diphoton purity is

measured in the data, using a two-dimensional sideband technique by counting the number

of events in which one or both photons satisfy or fail to satisfy the identification or isolation

requirements [102]. The diphoton purity varies from 65% to 93% for different categories.

The shape of the γ+jets contribution is obtained using the data distribution in a control

region where the event selection is the same as for the signal region but one of the photons

fails to satisfy the identification criteria, after subtracting the contamination from γγ, V γ

and V γγ using MC simulation. Its normalisation is fixed to the γ+jets purity and varies

from 34% to 7% of the total yield in different categories.
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Channels Names Selection

Category 1 0 < S
E

miss
T
≤ 2, N` ≥ 1

Category 2 2 < S
E

miss
T
≤ 4, N` ≥ 1

Leptonic Category 3 4 < S
E

miss
T
≤ 6, N` ≥ 1

Category 4 S
E

miss
T

> 6, N` ≥ 1

Category 5 5 < S
E

miss
T
≤ 6, N` = 0, Nj ≥ 2, mjj ∈ [40, 120] GeV

Category 6 6 < S
E

miss
T
≤ 7, N` = 0, Nj ≥ 2, mjj ∈ [40, 120] GeV

Hadronic Category 7 7 < S
E

miss
T
≤ 8, N` = 0, Nj ≥ 2, mjj ∈ [40, 120] GeV

Category 8 S
E

miss
T

> 8, N` = 0, Nj ≥ 2, mjj ∈ [40, 120] GeV

Category 9 6 < S
E

miss
T
≤ 7, N` = 0, Nj < 2 or (Nj ≥ 2, mjj /∈ [40, 120] GeV)

Category 10 7 < S
E

miss
T
≤ 8, N` = 0, Nj < 2 or (Nj ≥ 2, mjj /∈ [40, 120] GeV)

Rest Category 11 8 < S
E

miss
T
≤ 9, N` = 0, Nj < 2 or (Nj ≥ 2, mjj /∈ [40, 120] GeV)

Category 12 S
E

miss
T

> 9, N` = 0, Nj < 2 or (Nj ≥ 2, mjj /∈ [40, 120] GeV)

Table 1. Criteria used in the categorisation.

5.2 Follow-up selection

To check the small excess of events observed in the previous search from ATLAS using

36.1 fb−1 of pp collision data [32], two signal regions (‘SR1Lγγ-a’ and ‘SR1Lγγ-b’) defined

in the previous search are reused in this analysis. Events are required to have exactly

one lepton with pT > 25 GeV and exactly two photons with pT > 40 (30) GeV for the

leading (subleading) photon. The invariant mass of the two photons is required to be

105 < mγγ < 160 GeV, with Emiss
T > 40 GeV. The difference in azimuthal angle in the

transverse plane between the diphoton system and the lepton plus Emiss
T vector is required

to be greater than 2.25 radians. To reduce contributions from tt̄h, a b-jet veto is used in

both the signal regions.

To further reduce contributions from SM backgrounds, the transverse mass mW
T [32]

of the lepton and Emiss
T , and the three-body transverse mass mWγi

T [32] of the lepton, Emiss
T

and the ith photon ordered by pT are used to define the two orthogonal signal regions. For

both signal regions, events are required to have mWγ1
T > 150 GeV and mWγ2

T > 80 GeV. The

first signal region, ‘SR1Lγγ-a’, selects events with mW
T > 110 GeV and mWγ2

T > 140 GeV

while the events that fail to satisfy these requirements define the second signal region

(‘SR1Lγγ-b’).

6 Signal and background parameterisation

The signals and the SM Higgs boson background mass distributions are described independ-

ently using double-sided Crystal Ball functions (as defined in ref. [103]). The parameter

values for the functions are extracted by fitting the diphoton invariant mass distributions

of the MC simulation for each category. The expected normalisations are calculated from
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the theoretical cross-sections multiplied by the acceptance and efficiency from the MC

simulation.

The normalisation and shape of the non-resonant background are extracted by fitting

the diphoton invariant mass distribution in data for each category. Following the method

used in the measurement of the SM Higgs boson decaying into two photons [104], several

candidate analytic functions are chosen for the non-resonant background parameterisation:

the exponential functions of different-order polynomials, Bernstein polynomials of different

order, and an adapted dijet function [105]. The potential bias, denoted by ∆Nnon-res
bkg , from

the functional form modelling the continuum background in each category is estimated. It is

defined as the maximal signal yield extracted from the fit to a continuum-background-only

diphoton invariant mass distribution. This distribution is taken from MC simulations and

is normalised to the integrated luminosity of 139 fb−1, with small statistical uncertainty,

using a signal-plus-background model. The Higgs boson mass varies from 115 GeV to

135 GeV [104]. This is to ensure the bias from choosing different background models is

conservatively estimated. For categories 2 to 12, the functional form with ∆Nnon-res
bkg less

than 20% of the statistical uncertainty in data and with the fewest free parameters is

chosen as the nominal background function. In the case of Category 1, with large MC

statistical uncertainty, none of the functional forms satisfies the criterion on the fraction

of the statistical uncertainty in data, thus the functional form with the smallest ∆Nnon-res
bkg

is chosen. The ∆Nnon-res
bkg value of the chosen functional form is taken as the non-resonant

background modelling uncertainty in each category and is shown in table 2.

7 Systematic uncertainties

Uncertainties from experimental and theoretical sources that affect the signal efficiency

and the SM Higgs boson background yield are estimated from the MC simultation. The

non-resonant background is obtained directly from the fit to the data. The only system-

atic uncertainty in the non-resonant background is the potential bias in ∆Nnon-res
bkg from the

choice of background modelling. A summary of the experimental and theoretical uncertain-

ties in the yield from the SM Higgs boson background processes, non-resonant background,

and signal production is shown in table 3.

The uncertainty in the combined 2015–2018 integrated luminosity is 1.7% [106], ob-

tained using the LUCID-2 detector [107] for the primary luminosity measurements.

The efficiency of the diphoton trigger used to select events is evaluated in MC sim-

ulation using a trigger matching technique and in data using a bootstrap method [43].

The uncertainty in the trigger efficiency for events with 105 < mγγ < 160 GeV is found to

be 0.4%.

The uncertainty in the vertex selection efficiency is assessed by comparing the effi-

ciency of finding photon-pointing vertices in Z → e+e− events in data with that in MC

simulation [108]. The resulting uncertainty is found to be negligible in the inclusive photon

selection.

The systematic uncertainties due to the photon energy scale and resolution are ob-

tained from ref. [87]. The uncertainty in the energy scale has an effect below 1% on the
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Category Function ∆Nnon-res
bkg ∆Nnon-res

bkg /Nnon-res.
bkg [%]

1 (1− x1/3)b · xa 5.5 2.4

2
∑3

j=0C
j
3x

j(1− x)3−jbj,3 1.8 2.4

3 exp(a · x) 0.6 3.6

4 exp(a · x) 0.3 3.7

5 exp(a · x) 1.6 2.8

6 exp(a · x) 0.5 3.3

7 exp(a · x) 0.3 5.1

8 exp(a · x) 0.2 4.6

9 exp(a · x) 1.5 2.3

10 exp(a · x) 0.6 2.5

11 exp(a · x) 0.4 5.6

12 exp(a · x) 0.4 3.0

Table 2. The analytic functions used to model the non-resonant background, the extracted signals

from the background-only fits (∆Nnon-res
bkg ) to the MC and the relative uncertainty in the non-

resonant background within 120 < mγγ < 130 GeV (∆Nnon-res
bkg /Nnon-res.

bkg ) for each category. The

variable x is defined as mγγ/
√
s while a and b are parameters of the background functions. The

Cj3 are binomial coefficients and the bj,3 are the fitted parameters for the third order Bernstein

polynomial parameterization.

normalisation of the signals and the SM Higgs boson background in the pT range of the

photons used in the analysis. The uncertainty in the energy resolution has an effect be-

low 2% on the normalisation of the signals and the SM Higgs boson background. The

uncertainties affecting the signal and the SM Higgs boson background mass distributions

due to the photon energy scale and resolution are also evaluated. The uncertainties vary

from below 1% to 20% for different categories and for different SM Higgs boson production

processes. Overall, they amount to less than 3% of the total SM Higgs boson background.

Uncertainties in photon identification and isolation efficiencies are estimated [87], and

their impact on the number of events in each category is quantified. The photon identi-

fication uncertainty varies in the range 1%–3% for the SM Higgs boson background and

1%–2% for the signals in all categories. The uncertainty in the photon calorimeter isolation

efficiency is calculated from efficiency differences between applying and not applying cor-

rections derived from inclusive photon events to the isolation variables in simulation. The

measurements of the efficiency correction factors using inclusive photon events are used to

derive the uncertainty in the photon track isolation efficiency. The photon isolation effi-

ciency uncertainty is found to be in the range 1%–3% for the SM Higgs boson background

and 1%–2% for the signals.

Migration of events among categories occurs if the energies of identified particles, jets

and the Emiss
T , are varied within their uncertainties. The uncertainties in the jet energy

scale, resolution [109] and jet vertex tagger are propagated to the Emiss
T calculation. In
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Source Signals [%]

Backgrounds [%]

SM Higgs boson
Non-resonant

background

Experimental

Luminosity 1.7 —

Jets (scale, resolution, JVT) 0.2–3.3 0.9–31 —

Electron/Photon (scale, resolution) 0.3–1.5 0.6–2.7 —

Photon (identification, isolation, trigger) 2.2–2.6 2.8–4.3 —

Electron (identification isolation) 0.0–0.5 0.0–0.6 —

Muon (identification, isolation, scale, resolution) < 0.6 < 0.3 —

Emiss
T reconstruction (jets, soft term) < 0.7 0.4–14 —

Pile-up reweighting 0.3–1.8 1.3–1.5 —

Non-resonant background modelling — 2–6

Theoretical

Factorisation and renormalisation scale < 1 4.1–6.5 —

PDF+αS < 6.6 3.3–6.4 —

Multiple parton-parton interactions < 1 —

B(H → γγ) 1.73 —

Table 3. Breakdown of the dominant systematic uncertainties. The uncertainties (in %) in the

yield of signals, the background from the SM Higgs boson processes and non-resonant background

are shown. All production modes of the SM Higgs boson are considered together. A “—” indicates

that the systematic uncertainty is not applicable to the corresponding sample. If a given source

has a different impact on the various categories, the given range corresponds to the smallest and

largest impacts among categories or among the different signal models used in the analysis. In

addition, the potential bias coming from non-resonant background modelling is shown relative to

the background in the signal region 120 < mγγ < 130 GeV.

addition, the uncertainties in the scale and resolution of the Emiss
T soft term are estimated

by using the method described in ref. [101]. The overall jet and Emiss
T uncertainties in the

SM Higgs boson processes vary from 1.0% to 34% for each category and for different SM

Higgs boson production processes. Overall, they amount to 0.4%–14% for the total SM

Higgs boson background. For the signal processes, the overall jet and Emiss
T uncertainties

range from 0.2% to 3.3%. An uncertainty in the pile-up modelling in MC simulation is

accounted for. This results in an uncertainty of 0.3%–1.8% in the signal yield and 1.3%–

1.5% in the SM Higgs boson yield. The uncertainties related to the b-tagging of jets are

typically less than 1.5% in the SM Higgs boson yield used in the ‘follow-up’ analysis.

The predicted cross-sections of the SM Higgs boson and signal processes are affected

by uncertainties due to missing higher-order terms in perturbative QCD. These uncer-

tainties are estimated by varying the factorisation and renormalisation scales up and down

from their nominal values by a factor of two, recalculating the cross-section in each case,

and taking the largest deviation from the nominal cross-section as the uncertainty. The

acceptance uncertainty related to the renormalisation and factorisation scales is less than
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1% for the signal and 3.7%–5.9% for the SM Higgs boson processes [28]. The normalisation

uncertainty of the SM Higgs boson processes is 1.7% to 2.8%. For the signal processes,

the effect of PDF and αS uncertainties in the acceptance times selection efficiency is below

6.6%. It is estimated by using the recommendations of PDF4LHC [28]. Both the intra-

PDF and inter-PDF uncertainties are extracted. Intra-PDF uncertainties are obtained by

varying the parameters of the NNPDF3.0LO PDF set, while inter-PDF uncertainties are

estimated by using alternative PDF sets (CT14 [110] at LO and MMHT2014 [111] at LO).

The final inter-PDF uncertainty is the maximum deviation among all the variations from

the central value obtained using the NNPDF3.0LO PDF set. In the case of the SM Higgs

boson processes, the acceptance effect of αS and the choice of PDFs ranges from 2.1%

to 2.9%, and its normalisation effect is 2.5% to 5.7%. The uncertainty in the branching

fraction of h → γγ is 1.73% [28]. The uncertainty in the effect of multiple parton-parton

interactions is estimated by switching them on and off in Pythia in the production of the

ggF SM Higgs boson and signal samples. The resulting uncertainty in the number of events

in this sample conservatively reaches 1% for all the categories.

8 Results

The results are derived from an unbinned likelihood fit to the mγγ distributions in the range

105 < mγγ < 160 GeV in each category simultaneously. The impact of the SM Higgs boson

mass uncertainty is negligible. The signal strength and the background shape parameters

are free parameters. The SM Higgs boson yields are taken from the SM predictions as

discussed in section 3. The systematic uncertainty in each nuisance parameter is taken

into account by multiplying the likelihood by a Gaussian penalty function centred on the

nominal value of this parameter with a width set to its uncertainty. The nominal value of

each SM Higgs boson background nuisance parameter (including its yield) is taken from

the simulation normalised to the SM theoretical predictions.

Figures 4, 5 and 6 show the mγγ distribution as well as the analytical signal-plus-

background fits, for all 12 signal categories. The total background contains the non-

resonant background and the predicted SM Higgs boson contribution. The fit results

combining the χ̃±
1 χ̃

0
2 →W±χ̃0

1hχ̃
0
1 signal with m(χ̃±

1 /χ̃
0
2) = 200 GeV and m(χ̃0

1) = 0.5 GeV,

SM Higgs boson and non-resonant background are shown as the solid curves. A small

excess of around two standard deviations is seen in Category 4, however it is consistent

with a statistical fluctuation of the SM prediction.

The event yields in the range 120 < mγγ < 130 GeV for data, the signal models, the

SM Higgs boson background and non-resonant background in the 12 categories are shown

in table 4. The signal samples shown correspond to the χ̃±
1 χ̃

0
2 → W±χ̃0

1hχ̃
0
1 signal with

m(χ̃±
1 /χ̃

0
2) = 200 GeV and m(χ̃0

1) = 0.5 GeV, and the hG̃hG̃ signal with m(χ̃0
1) = 150 GeV

and m(G̃) = 1 MeV. The yields for the non-resonant background and the SM Higgs boson

are obtained from a simultaneous background-only fit to the full mγγ spectrum for the 12

categories. For the ‘Leptonic’ categories, the Wh process is the largest SM Higgs boson

process and occupies 38%–55% of total events. The tth events dominate in the ‘Hadronic’

categories, which account for 36%–41% of total SM Higgs boson process events. In the
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Figure 4. Diphoton invariant mass spectra and the corresponding fitted signal and background

in the Leptonic categories (a) 1, (b) 2, (c) 3, and (d) 4. The signal samples shown correspond to

the χ̃±
1 χ̃

0
2 →W±χ̃0

1hχ̃
0
1 signal with m(χ̃±

1 /χ̃
0
2) = 200 GeV and m(χ̃0

1) = 0.5 GeV. The non-resonant

background (dashed curve), the SM Higgs boson (dotted curve), and the signal (dash-dotted curve)

are obtained from a simultaneous signal-plus-background fit to the full mγγ spectrum for the 12

categories. The total of these contributions is shown by the solid curves.

‘Rest’ categories, events from the Zh process dominates and holds 37%–58% of total SM

Higgs boson contribution. The yields for the signals are estimated from the simulation and

normalized to the NLO+NLL predicted cross-sections. The uncertainties correspond to

the statistical and systematic uncertainties summed in quadrature. For all the categories,

data and background predictions agree within the statistical and systematic uncertainties.

The independently fitted mγγ distributions for the ‘follow-up’ signal regions are shown

in figure 7. No significant excess of events is seen in either of the two regions. In ‘SR1Lγγ-

a’, two events are observed with 3.1±0.8 non-resonant background events and 0.5+0.2
−0.4 SM

Higgs boson events expected in the range 120 < mγγ < 130 GeV. In the case of ‘SR1Lγγ-

b’, 31 events are observed, whereas 16.6 ± 1.9 events from non-resonant background and

8.6+1.3
−2.1 events from the SM Higgs boson are expected in the range 120 < mγγ < 130 GeV.

8.1 Limits on the visible cross-section

The observed yields agree with the background predictions, as shown in table 4, and no

significant excess of events is observed. Upper limits are set on the visible cross-section
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Category Data Total bkg. Non-resonant bkg. SM Higgs boson W±χ̃0
1hχ̃

0
1 hG̃hG̃

1 258 246 ± 7 230 ± 7 16.3 ± 1.4 2.8 ± 0.6 13 ± 6

2 85 93 ± 4 77 ± 4 15.6 ± 1.3 6.6 ± 1.5 16 ± 7

3 26 24.1 ± 2.0 17.1 ± 1.9 7.0 ± 0.6 6.9 ± 1.5 6.5 ± 2.7

4 17 12.8 ± 1.4 8.4 ± 1.3 4.4 ± 0.4 10.7 ± 2.4 3.8 ± 1.6

5 54 60 ± 4 57.9 ± 3.5 1.9 ± 0.6 7.2 ± 1.6 3.3 ± 1.4

6 11 16.1 ± 1.8 15.4 ± 1.8 0.74 ± 0.26 6.0 ± 1.3 1.6 ± 0.7

7 8 6.3 ± 1.1 5.9 ± 1.1 0.42 ± 0.10 4.3 ± 1.0 0.71 ± 0.34

8 4 5.2 ± 1.0 4.4 ± 1.0 0.80 ± 0.11 5.3 ± 1.2 0.76 ± 0.33

9 71 69 ± 4 65 ± 4 3.9 ± 0.8 9.1 ± 2.0 3.1 ± 1.3

10 29 26.3 ± 2.2 24.2 ± 2.2 2.1 ± 0.4 6.9 ± 1.5 1.8 ± 0.8

11 6 8.6 ± 1.2 7.2 ± 1.2 1.40 ± 0.22 4.6 ± 1.0 1.1 ± 0.5

12 22 16.6 ± 1.7 13.4 ± 1.7 3.15 ± 0.33 7.9 ± 1.8 1.7 ± 0.7

Table 4. Event yields in the range 120 < mγγ < 130 GeV for data, the signal models, the SM

Higgs boson background and non-resonant background in each analysis category, for an integrated

luminosity of 139 fb−1. The signal samples shown correspond to the χ̃±
1 χ̃

0
2 →W±χ̃0

1hχ̃
0
1 signal with

m(χ̃±
1 /χ̃

0
2) = 200 GeV and m(χ̃0

1) = 0.5 GeV, and the hG̃hG̃ signals with m(χ̃0
1) = 150 GeV and

m(G̃) = 1 MeV. The yields for the non-resonant background and SM Higgs boson are obtained

from a simultaneous background-only fit to the full mγγ spectrum for the 12 categories. The yields

for the signals are estimated from the simulation. The uncertainties correspond to the statistical

and systematic uncertainties summed in quadrature.

σBSM
vis ≡ (A × ε × σ)BSM for BSM physics processes producing Emiss

T and an SM Higgs

boson decaying into two photons, where A and ε are the acceptance and the efficiency for

the signal, respectively. The limits are extracted by performing a fit to the non-resonant

background and SM Higgs boson background, individually for each category, each time

injecting a signal with the same mass distribution as the SM Higgs boson but with a free

normalisation. Figure 8 shows the observed and expected 95% confidence level (CL) upper

limits on σBSM
vis for each of the 12 different categories, which are calculated using a one-sided

profile-likelihood ratio and the CLs formalism [112] with the asymptotic approximation

described in ref. [113]. The statistical uncertainty is dominant for all categories.

8.2 Interpretation of the wino-like χ̃±
1 χ̃

0
2 → W±χ̃0

1hχ̃
0
1 model

Since no significant excess is observed, fit results are interpreted in terms of 95% CL

exclusion limits on the production cross-section of the wino-like χ̃±
1 χ̃

0
2 → W±χ̃0

1hχ̃
0
1

model [26, 27]. Upper limits on the contribution of events from the considered processes

are computed by using the modified frequentist CLs approach based on asymptotic for-

mulae [112, 113]. Figure 9 shows 95% CL exclusion limits on the production cross-section

of χ̃±
1 χ̃

0
2 → W±χ̃0

1hχ̃
0
1 as a function of m(χ̃±

1 /χ̃
0
2). The observed 95% CL upper limits on

the production cross-section vary from 1.92 pb to 0.16 pb for m(χ̃±
1 /χ̃

0
2) from 150 GeV to

600 GeV. The expected 95% CL upper limits range from 1.43 pb to 0.11 pb for the same

range. A 95% CL lower limit of 310 GeV in m(χ̃±
1 /χ̃

0
2), where m(χ̃0

1) = 0.5 GeV, is set.
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Figure 5. Diphoton invariant mass spectra and the corresponding fitted signal and background

in the Hadronic categories (a) 5, (b) 6, (c) 7, and (d) 8. The signal samples shown correspond to

the χ̃±
1 χ̃

0
2 →W±χ̃0

1hχ̃
0
1 signal with m(χ̃±

1 /χ̃
0
2) = 200 GeV and m(χ̃0

1) = 0.5 GeV. The non-resonant

background (dashed curve), the SM Higgs boson (dotted curve), and the signal (dash-dotted curve)

are obtained from a simultaneous signal-plus-background fit to the full mγγ spectrum for the 12

categories. The total of these contributions is shown by the solid curves.

The observed and expected exclusion contours at 95% CL for the χ̃±
1 χ̃

0
2 production in the

m(χ̃±
1 /χ̃

0
2)–m(χ̃0

1) plane are shown in figure 10.

8.3 Interpretation of the higgsino-like hG̃hG̃ model

As a second SUSY scenario, a GMSB model where the two lightest neutralinos and the

lightest chargino are higgsinos is considered [36–38]. The χ̃±
1 , χ̃0

1 and χ̃0
2 are almost mass

degenerate in this model, with χ̃0
1 being the lightest of the three states. The LSP is a

gravitino. In figure 11, the observed and expected 95% CL upper limits, with uncertainties,

on the higgsino production cross-section in the hG̃hG̃ models for different m(χ̃0
1) masses are

presented. The levelling off of expected limits at low m(χ̃0
1) masses is due to the acceptance

times efficiency in this region. The theoretical prediction includes the χ̃0
1 χ̃

0
2, χ̃

0
1 χ̃

±
1 , χ̃0

2 χ̃
±
1 ,

and χ̃±
1 χ̃∓

1 production modes, where χ̃±
1 and χ̃0

2 promptly decay into the χ̃0
1 and particles

that have too low momentum to be detected. In the hG̃hG̃ model, higgsino masses below

380 GeV are excluded at 95% CL.
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Figure 6. Diphoton invariant mass spectra and the corresponding fitted signal and background

in the Rest categories (a) 9, (b) 10, (c) 11, and (d) 12. The signal samples shown correspond to

the χ̃±
1 χ̃

0
2 →W±χ̃0

1hχ̃
0
1 signal with m(χ̃±

1 /χ̃
0
2) = 200 GeV and m(χ̃0

1) = 0.5 GeV. The non-resonant

background (dashed curve), the SM Higgs boson (dotted curve), and the signal (dash-dotted curve)

are obtained from a simultaneous signal-plus-background fit to the full mγγ spectrum for the 12

categories. The total of these contributions is shown by the solid curves.

9 Conclusion

A search for a chargino and a neutralino decaying via the 125 GeV Higgs boson into photons

is presented. This study is based on the full data collected between 2015 and 2018 with

the ATLAS detector at the LHC, corresponding to an integrated luminosity of 139 fb−1 of

pp collisions at a centre-of-mass energy of 13 TeV. No significant excess over the expected

background is observed. Upper limits at 95% confidence level are set on the χ̃±
1 χ̃

0
2 and

higgsino production cross-section, and the visible cross-section for beyond the Standard

Model physics processes. For the χ̃±
1 χ̃

0
2 →W±χ̃0

1hχ̃
0
1 model, the observed 95% confidence-

level upper limits on the production cross-section vary from 1.92 pb to 0.16 pb for m(χ̃±
1 /χ̃

0
2)

from 150 GeV to 600 GeV, where m(χ̃0
1) is set to 0.5 GeV. The expected 95% confidence-level

upper limits range from 1.43 pb to 0.11 pb for the same mass interval. A 95% confidence-

level lower limit of 310 GeV in m(χ̃±
1 /χ̃

0
2), where m(χ̃0

1) = 0.5 GeV, is set. Upper limits at

the 95% confidence-level are set on the higgsino production cross-section. Higgsino masses

– 18 –



J
H
E
P
1
0
(
2
0
2
0
)
0
0
5

 [GeV]γγm

110 120 130 140 150 160

E
v
e
n
ts

 /
 5

 G
e
V

0

1

2

3

4

5

6

7

8

9

10
-aγγSR1L

Data

Non-resonant bkg

Fitted signal

SM Higgs

Total

ATLAS

-1 = 13 TeV, 139 fbs

(a)

 [GeV]γγm

110 120 130 140 150 160

E
v
e
n
ts

 /
 5

 G
e
V

0

5

10

15

20

25

30

35
-bγγSR1L

Data

Non-resonant bkg

Fitted signal

SM Higgs

Total

ATLAS

-1 = 13 TeV, 139 fbs

(b)

Figure 7. Diphoton invariant mass spectra and the corresponding fitted signal and background

in the signal regions (a) ‘SR1Lγγ-a’ and (b) ‘SR1Lγγ-b’. The signal samples shown correspond to

the χ̃±
1 χ̃

0
2 →W±χ̃0

1hχ̃
0
1 signal with m(χ̃±

1 /χ̃
0
2) = 200 GeV and m(χ̃0

1) = 0.5 GeV. The non-resonant

background (dashed curve), the SM Higgs boson (dotted curve), and the signal (dash-dotted curve)

are obtained from a signal-plus-background fit to the full mγγ spectrum in ‘SR1Lγγ-a’ (a) and

‘SR1Lγγ-b’ (b) separately. The total of these contributions is shown by the solid curves.
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Figure 11. Expected and observed 95% CL exclusion upper limits on the higgsino production
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0
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0
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1 ) cross-section for the hG̃hG̃ signal model. As a function of the

higgsino mass. The theoretical prediction includes the χ̃0
1 χ̃

0
2, χ̃0

1 χ̃
±
1 , χ̃0

2 χ̃
±
1 , and χ̃±

1 χ̃∓
1 production

modes, where χ̃±
1 and χ̃0

2 promptly decay into the χ̃0
1 and particles that have too low momentum

to be detected.

below 380 GeV are excluded for the case of the higgsino fully decaying into a Higgs boson

and a gravitino.
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Violation of p Invariance, JETP Lett. 13 (1971) 323 [INSPIRE].

[10] D.V. Volkov and V.P. Akulov, Is the Neutrino a Goldstone Particle?, Phys. Lett. B 46

(1973) 109 [INSPIRE].

– 22 –

https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.physletb.2012.08.020
https://arxiv.org/abs/1207.7214
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1207.7214
https://doi.org/10.1016/j.physletb.2012.08.021
https://arxiv.org/abs/1207.7235
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1207.7235
https://doi.org/10.1103/PhysRevLett.114.191803
https://doi.org/10.1103/PhysRevLett.114.191803
https://arxiv.org/abs/1503.07589
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1503.07589
https://doi.org/10.1007/JHEP08(2016)045
https://arxiv.org/abs/1606.02266
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1606.02266
https://doi.org/10.1007/BF01573998
https://inspirehep.net/search?p=find+J%20%22Z.Phys.%2CC11%2C153%22
https://doi.org/10.1103/PhysRevD.24.1681
https://doi.org/10.1103/PhysRevD.24.1681
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD24%2C1681%22
https://doi.org/10.1016/0370-2693(81)91200-4
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB105%2C439%22
https://doi.org/10.1016/0550-3213(81)90522-8
https://doi.org/10.1016/0550-3213(81)90522-8
https://inspirehep.net/literature/165176
https://inspirehep.net/search?p=find+J%20%22JETP%20Lett.%2C13%2C323%22
https://doi.org/10.1016/0370-2693(73)90490-5
https://doi.org/10.1016/0370-2693(73)90490-5
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB46%2C109%22


J
H
E
P
1
0
(
2
0
2
0
)
0
0
5

[11] J. Wess and B. Zumino, Supergauge Transformations in Four-Dimensions, Nucl. Phys. B

70 (1974) 39 [INSPIRE].

[12] J. Wess and B. Zumino, Supergauge Invariant Extension of Quantum Electrodynamics,

Nucl. Phys. B 78 (1974) 1 [INSPIRE].

[13] S. Ferrara and B. Zumino, Supergauge invariant Yang-Mills theories, Nucl. Phys. B 79

(1974) 413 [INSPIRE].

[14] A. Salam and J.A. Strathdee, Supersymmetry and Nonabelian Gauges, Phys. Lett. B 51

(1974) 353 [INSPIRE].

[15] H. Goldberg, Constraint on the Photino Mass from Cosmology, Phys. Rev. Lett. 50 (1983)

1419 [Erratum ibid. 103 (2009) 099905] [INSPIRE].

[16] J.R. Ellis, J.S. Hagelin, D.V. Nanopoulos, K.A. Olive and M. Srednicki, Supersymmetric

Relics from the Big Bang, Nucl. Phys. B 238 (1984) 453 [INSPIRE].

[17] G.R. Farrar and P. Fayet, Phenomenology of the Production, Decay, and Detection of New

Hadronic States Associated with Supersymmetry, Phys. Lett. B 76 (1978) 575 [INSPIRE].

[18] R. Barbieri and G.F. Giudice, Upper Bounds on Supersymmetric Particle Masses, Nucl.

Phys. B 306 (1988) 63 [INSPIRE].

[19] B. de Carlos and J.A. Casas, One loop analysis of the electroweak breaking in

supersymmetric models and the fine tuning problem, Phys. Lett. B 309 (1993) 320

[hep-ph/9303291] [INSPIRE].

[20] P. Fayet, Supersymmetry and Weak, Electromagnetic and Strong Interactions, Phys. Lett. B

64 (1976) 159 [INSPIRE].

[21] P. Fayet, Spontaneously Broken Supersymmetric Theories of Weak, Electromagnetic and

Strong Interactions, Phys. Lett. B 69 (1977) 489 [INSPIRE].

[22] S.P. Das, M. Guchait and D.P. Roy, Testing SUSY models for the muon g − 2 anomaly via

chargino-neutralino pair production at the LHC, Phys. Rev. D 90 (2014) 055011

[arXiv:1406.6925] [INSPIRE].

[23] M.A. Ajaib, B. Dutta, T. Ghosh, I. Gogoladze and Q. Shafi, Neutralinos and sleptons at the

LHC in light of muon (g − 2)µ, Phys. Rev. D 92 (2015) 075033 [arXiv:1505.05896]

[INSPIRE].

[24] M. Chakraborti, U. Chattopadhyay, A. Choudhury, A. Datta and S. Poddar, Reduced LHC

constraints for higgsino-like heavier electroweakinos, JHEP 11 (2015) 050

[arXiv:1507.01395] [INSPIRE].

[25] M. Endo, K. Hamaguchi, S. Iwamoto and K. Yanagi, Probing minimal SUSY scenarios in

the light of muon g − 2 and dark matter, JHEP 06 (2017) 031 [arXiv:1704.05287]

[INSPIRE].

[26] J. Alwall, P. Schuster and N. Toro, Simplified Models for a First Characterization of New

Physics at the LHC, Phys. Rev. D 79 (2009) 075020 [arXiv:0810.3921] [INSPIRE].

[27] LHC New Physics Working Group, Simplified Models for LHC New Physics Searches, J.

Phys. G 39 (2012) 105005 [arXiv:1105.2838] [INSPIRE].

[28] LHC Higgs Cross Section Working Group, Handbook of LHC Higgs Cross Sections: 4.

Deciphering the Nature of the Higgs Sector, in CERN Yellow Reports: Monographs 2,

CERN, Geneva Switzerland (2017) [CERN-2017-002-M] [arXiv:1610.07922] [INSPIRE].

– 23 –

https://doi.org/10.1016/0550-3213(74)90355-1
https://doi.org/10.1016/0550-3213(74)90355-1
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB70%2C39%22
https://doi.org/10.1016/0550-3213(74)90112-6
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB78%2C1%22
https://doi.org/10.1016/0550-3213(74)90559-8
https://doi.org/10.1016/0550-3213(74)90559-8
https://inspirehep.net/literature/89699
https://doi.org/10.1016/0370-2693(74)90226-3
https://doi.org/10.1016/0370-2693(74)90226-3
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB51%2C353%22
https://doi.org/10.1103/PhysRevLett.50.1419
https://doi.org/10.1103/PhysRevLett.50.1419
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C50%2C1419%22
https://doi.org/10.1016/0550-3213(84)90461-9
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB238%2C453%22
https://doi.org/10.1016/0370-2693(78)90858-4
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB76%2C575%22
https://doi.org/10.1016/0550-3213(88)90171-X
https://doi.org/10.1016/0550-3213(88)90171-X
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB306%2C63%22
https://doi.org/10.1016/0370-2693(93)90940-J
https://arxiv.org/abs/hep-ph/9303291
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9303291
https://doi.org/10.1016/0370-2693(76)90319-1
https://doi.org/10.1016/0370-2693(76)90319-1
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB64%2C159%22
https://doi.org/10.1016/0370-2693(77)90852-8
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB69%2C489%22
https://doi.org/10.1103/PhysRevD.90.055011
https://arxiv.org/abs/1406.6925
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1406.6925
https://doi.org/10.1103/PhysRevD.92.075033
https://arxiv.org/abs/1505.05896
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1505.05896
https://doi.org/10.1007/JHEP11(2015)050
https://arxiv.org/abs/1507.01395
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1507.01395
https://doi.org/10.1007/JHEP06(2017)031
https://arxiv.org/abs/1704.05287
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1704.05287
https://doi.org/10.1103/PhysRevD.79.075020
https://arxiv.org/abs/0810.3921
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0810.3921
https://doi.org/10.1088/0954-3899/39/10/105005
https://doi.org/10.1088/0954-3899/39/10/105005
https://arxiv.org/abs/1105.2838
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1105.2838
https://doi.org/10.23731/CYRM-2017-002
https://cds.cern.ch/record/2227475
https://arxiv.org/abs/1610.07922
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1610.07922


J
H
E
P
1
0
(
2
0
2
0
)
0
0
5

[29] CMS collaboration, Search for supersymmetry using Higgs boson to diphoton decays at√
s = 13 TeV, JHEP 11 (2019) 109 [arXiv:1908.08500] [INSPIRE].

[30] ATLAS collaboration, Search for direct production of electroweakinos in final states with

one lepton, missing transverse momentum and a Higgs boson decaying into two b-jets in pp

collisions at
√
s = 13 TeV with the ATLAS detector, Eur. Phys. J. C 80 (2020) 691

[arXiv:1909.09226] [INSPIRE].

[31] CMS collaboration, Combined search for electroweak production of charginos and

neutralinos in proton-proton collisions at
√
s = 13 TeV, JHEP 03 (2018) 160

[arXiv:1801.03957] [INSPIRE].

[32] ATLAS collaboration, Search for chargino and neutralino production in final states with a

Higgs boson and missing transverse momentum at
√
s = 13 TeV with the ATLAS detector,

Phys. Rev. D 100 (2019) 012006 [arXiv:1812.09432] [INSPIRE].

[33] M. Dine and W. Fischler, A Phenomenological Model of Particle Physics Based on

Supersymmetry, Phys. Lett. B 110 (1982) 227 [INSPIRE].
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A. Duperrin102, H. Duran Yildiz4a, M. Düren56, A. Durglishvili159b, D. Duschinger48, B. Dutta46,

D. Duvnjak1, G.I. Dyckes137, M. Dyndal36, S. Dysch101, B.S. Dziedzic85, K.M. Ecker115,

R.C. Edgar106, M.G. Eggleston49, T. Eifert36, G. Eigen17, K. Einsweiler18, T. Ekelof172,

H. El Jarrari35e, M. El Kacimi35c, R. El Kosseifi102, V. Ellajosyula172, M. Ellert172,

F. Ellinghaus182, A.A. Elliot93, N. Ellis36, J. Elmsheuser29, M. Elsing36, D. Emeliyanov144,

A. Emerman39, Y. Enari163, M.B. Epland49, J. Erdmann47, A. Ereditato20, M. Errenst36,

M. Escalier65, C. Escobar174, O. Estrada Pastor174, E. Etzion161, H. Evans66, A. Ezhilov138,

F. Fabbri57, L. Fabbri23b,23a, V. Fabiani119, G. Facini95, R.M. Faisca Rodrigues Pereira140a,

R.M. Fakhrutdinov123, S. Falciano73a, P.J. Falke5, S. Falke5, J. Faltova143, Y. Fang15a,

Y. Fang15a, G. Fanourakis44, M. Fanti69a,69b, M. Faraj67a,67c,u, A. Farbin8, A. Farilla75a,

E.M. Farina71a,71b, T. Farooque107, S. Farrell18, S.M. Farrington50, P. Farthouat36, F. Fassi35e,

P. Fassnacht36, D. Fassouliotis9, M. Faucci Giannelli50, W.J. Fawcett32, L. Fayard65,

O.L. Fedin138,p, W. Fedorko175, M. Feickert42, L. Feligioni102, A. Fell149, C. Feng60b, E.J. Feng36,

M. Feng49, M.J. Fenton57, A.B. Fenyuk123, J. Ferrando46, A. Ferrante173, A. Ferrari172,

P. Ferrari120, R. Ferrari71a, D.E. Ferreira de Lima61b, A. Ferrer174, D. Ferrere54, C. Ferretti106,

– 31 –

https://orcid.org/0000-0003-2301-1637
https://orcid.org/0000-0003-3901-8884
https://orcid.org/0000-0002-5092-2148
https://orcid.org/0000-0002-9412-7090
https://orcid.org/0000-0002-9187-7478
https://orcid.org/0000-0002-2148-8012
https://orcid.org/0000-0001-6000-7245
https://orcid.org/0000-0001-9127-6827
https://orcid.org/0000-0002-5575-1413
https://orcid.org/0000-0002-7107-5902
https://orcid.org/0000-0003-2136-4842
https://orcid.org/0000-0001-8729-466X
https://orcid.org/0000-0003-2485-0248
https://orcid.org/0000-0002-4970-7600
https://orcid.org/0000-0002-2064-2954
https://orcid.org/0000-0002-8056-8469
https://orcid.org/0000-0003-4920-6264
https://orcid.org/0000-0001-8363-9827
https://orcid.org/0000-0001-7002-652X
https://orcid.org/0000-0002-1446-2826
https://orcid.org/0000-0002-5769-7094
https://orcid.org/0000-0001-8065-6402
https://orcid.org/0000-0001-5980-5805
https://orcid.org/0000-0001-6457-2575
https://orcid.org/0000-0003-3893-9171
https://orcid.org/0000-0002-8731-4525
https://orcid.org/0000-0001-5990-4811
https://orcid.org/0000-0003-1494-7898
https://orcid.org/0000-0003-3519-1356
https://orcid.org/0000-0002-7834-1716
https://orcid.org/0000-0003-2878-7266
https://orcid.org/0000-0003-0723-1437
https://orcid.org/0000-0001-7991-593X
https://orcid.org/0000-0003-1746-1914
https://orcid.org/0000-0001-6154-7323
https://orcid.org/0000-0001-9061-9568
https://orcid.org/0000-0002-7050-2669
https://orcid.org/0000-0002-5222-7894
https://orcid.org/0000-0002-9607-5124
https://orcid.org/0000-0002-1391-2477
https://orcid.org/0000-0001-6278-9674
https://orcid.org/0000-0002-9742-3709
https://orcid.org/0000-0002-2081-0129
https://orcid.org/0000-0002-7290-1372
https://orcid.org/0000-0002-9271-7126
https://orcid.org/0000-0002-2335-793X
https://orcid.org/0000-0002-9488-6118
https://orcid.org/0000-0002-2127-732X
https://orcid.org/0000-0002-7807-7484
https://orcid.org/0000-0003-1645-8393
https://orcid.org/0000-0003-2165-0638
https://orcid.org/0000-0002-1559-9525
https://orcid.org/0000-0003-3393-6318
https://orcid.org/0000-0002-8140-8619
https://orcid.org/0000-0002-1794-1443
https://orcid.org/0000-0002-3770-8307
https://orcid.org/0000-0003-2679-1288
https://orcid.org/0000-0002-5177-8950
https://orcid.org/0000-0002-5647-4489
https://orcid.org/0000-0002-7268-8401
https://orcid.org/0000-0003-2178-5620
https://orcid.org/0000-0003-4907-8610
https://orcid.org/0000-0001-6850-4078
https://orcid.org/0000-0002-5330-2614
https://orcid.org/0000-0002-4516-5269
https://orcid.org/0000-0001-6651-845X
https://orcid.org/0000-0002-8151-581X
https://orcid.org/0000-0001-8099-7821
https://orcid.org/0000-0003-4704-525X
https://orcid.org/0000-0002-9158-6646
https://orcid.org/0000-0001-9163-2211
https://orcid.org/0000-0002-6570-0898
https://orcid.org/0000-0003-0360-6051
https://orcid.org/0000-0002-7876-7530
https://orcid.org/0000-0001-7090-4134
https://orcid.org/0000-0002-6096-7649
https://orcid.org/0000-0001-7836-5876
https://orcid.org/0000-0003-0777-6031
https://orcid.org/0000-0001-7021-3333
https://orcid.org/0000-0003-4446-3368
https://orcid.org/0000-0001-8530-7447
https://orcid.org/0000-0003-2453-7745
https://orcid.org/0000-0002-9601-4225
https://orcid.org/0000-0003-2992-3805
https://orcid.org/0000-0002-9556-2924
https://orcid.org/0000-0002-8921-8828
https://orcid.org/0000-0002-7282-1786
https://orcid.org/0000-0002-7730-3072
https://orcid.org/0000-0002-4028-7881
https://orcid.org/0000-0003-4124-1831
https://orcid.org/0000-0002-4910-5378
https://orcid.org/0000-0001-5660-3095
https://orcid.org/0000-0002-7116-8551
https://orcid.org/0000-0002-3505-3503
https://orcid.org/0000-0003-3929-8046
https://orcid.org/0000-0001-5836-6118
https://orcid.org/0000-0001-8371-4401
https://orcid.org/0000-0002-9593-6201
https://orcid.org/0000-0002-6477-764X
https://orcid.org/0000-0002-8906-5884
https://orcid.org/0000-0002-2062-8052
https://orcid.org/0000-0002-9870-2021
https://orcid.org/0000-0001-8289-5183
https://orcid.org/0000-0003-0751-8083
https://orcid.org/0000-0002-4200-1592
https://orcid.org/0000-0003-2213-9284
https://orcid.org/0000-0002-9508-4256
https://orcid.org/0000-0002-7838-576X
https://orcid.org/0000-0002-4067-1592
https://orcid.org/0000-0003-1111-3783
https://orcid.org/0000-0001-8001-4602
https://orcid.org/0000-0002-5951-9558
https://orcid.org/0000-0002-9931-0994
https://orcid.org/0000-0002-6193-5091
https://orcid.org/0000-0001-6882-5402
https://orcid.org/0000-0001-8855-3520
https://orcid.org/0000-0001-5450-5328
https://orcid.org/0000-0002-7611-355X
https://orcid.org/0000-0001-7061-1585
https://orcid.org/0000-0003-3694-6167
https://orcid.org/0000-0003-0086-0599
https://orcid.org/0000-0002-4614-956X
https://orcid.org/0000-0002-1760-8237
https://orcid.org/0000-0003-1881-3360
https://orcid.org/0000-0002-9414-8350
https://orcid.org/0000-0002-6488-8219
https://orcid.org/0000-0002-0836-6483
https://orcid.org/0000-0002-0841-7180
https://orcid.org/0000-0002-6720-9883
https://orcid.org/0000-0002-1509-0390
https://orcid.org/0000-0001-5821-7067
https://orcid.org/0000-0002-5662-3675
https://orcid.org/0000-0001-8329-4240
https://orcid.org/0000-0002-6075-0191
https://orcid.org/0000-0002-8998-0839
https://orcid.org/0000-0002-0343-6331
https://orcid.org/0000-0003-2408-5099
https://orcid.org/0000-0002-0683-9910
https://orcid.org/0000-0002-5381-2649
https://orcid.org/0000-0001-6113-0878
https://orcid.org/0000-0001-6322-6195
https://orcid.org/0000-0002-8773-7640
https://orcid.org/0000-0001-8955-9510
https://orcid.org/0000-0002-7465-7887
https://orcid.org/0000-0003-4782-4034
https://orcid.org/0000-0002-0520-4518
https://orcid.org/0000-0003-2182-2727
https://orcid.org/0000-0002-3847-0775
https://orcid.org/0000-0001-6161-8793
https://orcid.org/0000-0002-7276-6342
https://orcid.org/0000-0002-7756-7801
https://orcid.org/0000-0001-7936-2853
https://orcid.org/0000-0001-5914-0524
https://orcid.org/0000-0002-5916-3467
https://orcid.org/0000-0002-8713-8162
https://orcid.org/0000-0002-6531-6351
https://orcid.org/0000-0002-4871-2176
https://orcid.org/0000-0002-5833-7058
https://orcid.org/0000-0003-4813-8757
https://orcid.org/0000-0003-2234-4157
https://orcid.org/0000-0002-7284-3862
https://orcid.org/0000-0002-7667-260X
https://orcid.org/0000-0002-5789-9825
https://orcid.org/0000-0003-3469-6045
https://orcid.org/0000-0002-6066-4744
https://orcid.org/0000-0003-4157-592X
https://orcid.org/0000-0001-7277-0440
https://orcid.org/0000-0003-1464-0335
https://orcid.org/0000-0001-9632-6352
https://orcid.org/0000-0002-7412-9187
https://orcid.org/0000-0002-0805-9184
https://orcid.org/0000-0002-7535-6058
https://orcid.org/0000-0003-3529-5171
https://orcid.org/0000-0002-4391-9100
https://orcid.org/0000-0002-7341-9115
https://orcid.org/0000-0002-8955-9681
https://orcid.org/0000-0001-5997-3569
https://orcid.org/0000-0001-5265-3175
https://orcid.org/0000-0003-3596-5331
https://orcid.org/0000-0003-0921-0314
https://orcid.org/0000-0002-1920-4930
https://orcid.org/0000-0001-8899-051X
https://orcid.org/0000-0002-1213-0545
https://orcid.org/0000-0002-1363-9175
https://orcid.org/0000-0003-4963-1148
https://orcid.org/0000-0002-9916-3349
https://orcid.org/0000-0001-5340-7240
https://orcid.org/0000-0002-8073-2740
https://orcid.org/0000-0002-5423-8079
https://orcid.org/0000-0003-4656-3936
https://orcid.org/0000-0003-4270-2775
https://orcid.org/0000-0003-4442-4537
https://orcid.org/0000-0001-8210-1064
https://orcid.org/0000-0001-6871-7794
https://orcid.org/0000-0003-2183-3127
https://orcid.org/0000-0002-7520-293X
https://orcid.org/0000-0001-8474-0978
https://orcid.org/0000-0002-4002-8353
https://orcid.org/0000-0002-7635-7095
https://orcid.org/0000-0002-4056-4578
https://orcid.org/0000-0003-1411-5354
https://orcid.org/0000-0002-7118-341X
https://orcid.org/0000-0002-2004-476X
https://orcid.org/0000-0002-0264-1632
https://orcid.org/0000-0003-4278-7182
https://orcid.org/0000-0001-5140-0731
https://orcid.org/0000-0001-8630-6585
https://orcid.org/0000-0001-6689-4957
https://orcid.org/0000-0002-8773-145X
https://orcid.org/0000-0001-9442-7598
https://orcid.org/0000-0003-0000-2439
https://orcid.org/0000-0002-3983-0728
https://orcid.org/0000-0003-3037-9288
https://orcid.org/0000-0003-1363-9324
https://orcid.org/0000-0003-1854-4113
https://orcid.org/0000-0001-5350-9271
https://orcid.org/0000-0002-4779-5432
https://orcid.org/0000-0002-6423-7213
https://orcid.org/0000-0002-1516-1195
https://orcid.org/0000-0003-1289-2141
https://orcid.org/0000-0003-3731-820X
https://orcid.org/0000-0003-2596-8264
https://orcid.org/0000-0002-2190-9091
https://orcid.org/0000-0002-1733-7158
https://orcid.org/0000-0002-5138-3473
https://orcid.org/0000-0003-4124-7862
https://orcid.org/0000-0002-1403-0951
https://orcid.org/0000-0003-2101-1879
https://orcid.org/0000-0001-9138-3200
https://orcid.org/0000-0002-3946-8941
https://orcid.org/0000-0002-0698-1482
https://orcid.org/0000-0003-1002-6880
https://orcid.org/0000-0002-1007-7816
https://orcid.org/0000-0003-2887-5311
https://orcid.org/0000-0002-1387-153X
https://orcid.org/0000-0001-5566-1373
https://orcid.org/0000-0002-6606-3595
https://orcid.org/0000-0003-0532-711X
https://orcid.org/0000-0002-5687-9240
https://orcid.org/0000-0002-5562-7893


J
H
E
P
1
0
(
2
0
2
0
)
0
0
5
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T. Kono126, R. Konoplich125,ao, V. Konstantinides95, N. Konstantinidis95, B. Konya97,

– 33 –

https://orcid.org/0000-0002-4600-3659
https://orcid.org/0000-0001-7891-8354
https://orcid.org/0000-0002-8924-5885
https://orcid.org/0000-0002-4424-4643
https://orcid.org/0000-0002-2657-7532
https://orcid.org/0000-0002-5415-1600
https://orcid.org/0000-0002-9243-7554
https://orcid.org/0000-0001-5431-5428
https://orcid.org/0000-0001-8926-6734
https://orcid.org/0000-0001-5126-2666
https://orcid.org/0000-0001-9844-6200
https://orcid.org/0000-0002-2254-0257
https://orcid.org/0000-0001-7661-5122
https://orcid.org/0000-0002-2646-5805
https://orcid.org/0000-0002-0778-2717
https://orcid.org/0000-0002-4280-6382
https://orcid.org/0000-0003-4537-1385
https://orcid.org/0000-0002-6698-9937
https://orcid.org/0000-0002-5704-4253
https://orcid.org/0000-0002-3094-2520
https://orcid.org/0000-0002-1725-7414
https://orcid.org/0000-0002-8650-2807
https://orcid.org/0000-0002-0119-0366
https://orcid.org/0000-0002-7599-6469
https://orcid.org/0000-0002-8616-5898
https://orcid.org/0000-0002-5529-2173
https://orcid.org/0000-0002-0556-189X
https://orcid.org/0000-0003-4988-9149
https://orcid.org/0000-0002-2389-1286
https://orcid.org/0000-0002-7998-8925
https://orcid.org/0000-0002-8668-6933
https://orcid.org/0000-0001-6534-9121
https://orcid.org/0000-0002-8334-8541
https://orcid.org/0000-0001-5404-7857
https://orcid.org/0000-0001-5241-0544
https://orcid.org/0000-0002-1040-1241
https://orcid.org/0000-0002-6596-9395
https://orcid.org/0000-0002-5317-1247
https://orcid.org/0000-0002-3959-5174
https://orcid.org/0000-0001-8018-4185
https://orcid.org/0000-0003-0684-600X
https://orcid.org/0000-0002-0403-3729
https://orcid.org/0000-0001-7834-328X
https://orcid.org/0000-0001-6063-2884
https://orcid.org/0000-0002-4090-6099
https://orcid.org/0000-0001-7814-8740
https://orcid.org/0000-0003-0457-3052
https://orcid.org/0000-0002-5640-0447
https://orcid.org/0000-0002-9512-4932
https://orcid.org/0000-0001-9861-151X
https://orcid.org/0000-0002-0560-8985
https://orcid.org/0000-0002-7562-0234
https://orcid.org/0000-0003-4223-7316
https://orcid.org/0000-0001-7958-1431
https://orcid.org/0000-0002-5411-114X
https://orcid.org/0000-0001-5914-8614
https://orcid.org/0000-0003-3895-8356
https://orcid.org/0000-0001-6214-8500
https://orcid.org/0000-0002-9705-7518
https://orcid.org/0000-0003-4696-4430
https://orcid.org/0000-0002-1753-5621
https://orcid.org/0000-0002-5972-2855
https://orcid.org/0000-0003-3250-9066
https://orcid.org/0000-0002-0113-2465
https://orcid.org/0000-0002-1162-8763
https://orcid.org/0000-0002-7472-3151
https://orcid.org/0000-0002-5332-2738
https://orcid.org/0000-0002-1752-3583
https://orcid.org/0000-0002-6839-7775
https://orcid.org/0000-0003-2201-5572
https://orcid.org/0000-0001-9097-3014
https://orcid.org/0000-0002-6867-2538
https://orcid.org/0000-0002-9093-7141
https://orcid.org/0000-0001-9425-4287
https://orcid.org/0000-0001-9965-5442
https://orcid.org/0000-0002-0330-5921
https://orcid.org/0000-0001-8847-7337
https://orcid.org/0000-0001-6334-6648
https://orcid.org/0000-0002-5035-1242
https://orcid.org/0000-0002-9472-0759
https://orcid.org/0000-0001-5312-4865
https://orcid.org/0000-0003-3105-088X
https://orcid.org/0000-0001-6303-2761
https://orcid.org/0000-0002-1314-2580
https://orcid.org/0000-0003-4446-8150
https://orcid.org/0000-0002-5375-934X
https://orcid.org/0000-0001-5126-1620
https://orcid.org/0000-0003-1630-6664
https://orcid.org/0000-0002-7185-1334
https://orcid.org/0000-0002-5624-5934
https://orcid.org/0000-0001-8259-1067
https://orcid.org/0000-0001-8504-6291
https://orcid.org/0000-0002-2325-3225
https://orcid.org/0000-0001-5038-2762
https://orcid.org/0000-0002-9152-383X
https://orcid.org/0000-0002-9724-8525
https://orcid.org/0000-0002-9846-5601
https://orcid.org/0000-0002-8770-1592
https://orcid.org/0000-0003-2489-9930
https://orcid.org/0000-0002-0847-402X
https://orcid.org/0000-0001-5446-5901
https://orcid.org/0000-0002-5094-5067
https://orcid.org/0000-0002-0214-5292
https://orcid.org/0000-0001-5687-1006
https://orcid.org/0000-0001-8885-012X
https://orcid.org/0000-0002-6564-040X
https://orcid.org/0000-0001-7038-0369
https://orcid.org/0000-0001-9554-0787
https://orcid.org/0000-0001-5411-8934
https://orcid.org/0000-0003-0456-4658
https://orcid.org/0000-0002-2391-3078
https://orcid.org/0000-0003-0410-8097
https://orcid.org/0000-0002-0016-2881
https://orcid.org/0000-0002-8731-2060
https://orcid.org/0000-0002-9389-3682
https://orcid.org/0000-0001-8798-808X
https://orcid.org/0000-0002-6360-6136
https://orcid.org/0000-0001-6507-4623
https://orcid.org/0000-0002-0159-6593
https://orcid.org/0000-0002-1933-8031
https://orcid.org/0000-0002-4539-4192
https://orcid.org/0000-0003-3069-5416
https://orcid.org/0000-0001-7369-6975
https://orcid.org/0000-0002-5725-3397
https://orcid.org/0000-0003-2906-1977
https://orcid.org/0000-0002-8705-628X
https://orcid.org/0000-0002-5076-7803
https://orcid.org/0000-0001-7449-9164
https://orcid.org/0000-0001-5073-0974
https://orcid.org/0000-0002-4115-6322
https://orcid.org/0000-0001-5410-1315
https://orcid.org/0000-0001-9147-6052
https://orcid.org/0000-0002-5387-572X
https://orcid.org/0000-0001-8201-7700
https://orcid.org/0000-0002-6427-3513
https://orcid.org/0000-0003-4012-5310
https://orcid.org/0000-0001-5748-0728
https://orcid.org/0000-0002-2580-1977
https://orcid.org/0000-0002-1201-5600
https://orcid.org/0000-0001-5650-4556
https://orcid.org/0000-0002-9745-1638
https://orcid.org/0000-0001-7205-1171
https://orcid.org/0000-0002-1558-3291
https://orcid.org/0000-0002-8880-4120
https://orcid.org/0000-0002-4693-7857
https://orcid.org/0000-0002-3386-6869
https://orcid.org/0000-0002-9003-5711
https://orcid.org/0000-0002-6532-7501
https://orcid.org/0000-0002-8464-1790
https://orcid.org/0000-0002-2875-853X
https://orcid.org/0000-0002-7845-2301
https://orcid.org/0000-0003-1510-7719
https://orcid.org/0000-0003-1090-3820
https://orcid.org/0000-0001-8255-416X
https://orcid.org/0000-0003-2984-826X
https://orcid.org/0000-0002-4238-9822
https://orcid.org/0000-0002-5010-8613
https://orcid.org/0000-0001-8967-1705
https://orcid.org/0000-0002-2230-5353
https://orcid.org/0000-0003-0254-4629
https://orcid.org/0000-0002-1957-3787
https://orcid.org/0000-0001-9087-4315
https://orcid.org/0000-0001-9572-6784
https://orcid.org/0000-0001-6945-1916
https://orcid.org/0000-0002-0794-4325
https://orcid.org/0000-0003-3121-395X
https://orcid.org/0000-0002-7874-6107
https://orcid.org/0000-0001-8882-129X
https://orcid.org/0000-0002-9124-788X
https://orcid.org/0000-0002-5841-5511
https://orcid.org/0000-0002-6304-3230
https://orcid.org/0000-0002-0510-4189
https://orcid.org/0000-0002-7101-697X
https://orcid.org/0000-0001-7140-9813
https://orcid.org/0000-0002-2297-1356
https://orcid.org/0000-0003-4168-3373
https://orcid.org/0000-0001-9845-5473
https://orcid.org/0000-0002-2555-497X
https://orcid.org/0000-0002-4529-452X
https://orcid.org/0000-0002-8597-3834
https://orcid.org/0000-0002-0405-4212
https://orcid.org/0000-0002-8785-7378
https://orcid.org/0000-0001-9621-422X
https://orcid.org/0000-0002-1051-3833
https://orcid.org/0000-0002-0387-6804
https://orcid.org/0000-0001-8720-6615
https://orcid.org/0000-0003-3551-5808
https://orcid.org/0000-0002-5954-3101
https://orcid.org/0000-0001-7400-6454
https://orcid.org/0000-0003-2350-1249
https://orcid.org/0000-0003-0536-5386
https://orcid.org/0000-0001-9608-2626
https://orcid.org/0000-0002-1617-5572
https://orcid.org/0000-0003-3286-1326
https://orcid.org/0000-0002-7880-9665
https://orcid.org/0000-0001-8545-5650
https://orcid.org/0000-0001-8096-7577
https://orcid.org/0000-0001-7490-6890
https://orcid.org/0000-0003-3476-8192
https://orcid.org/0000-0002-6171-6059
https://orcid.org/0000-0002-6854-2717
https://orcid.org/0000-0003-1423-6041
https://orcid.org/0000-0002-4326-9742
https://orcid.org/0000-0002-9999-2534
https://orcid.org/0000-0002-8527-964X
https://orcid.org/0000-0001-7391-5330
https://orcid.org/0000-0003-1661-6873
https://orcid.org/0000-0003-2748-4829
https://orcid.org/0000-0002-5721-9834
https://orcid.org/0000-0002-9580-0363
https://orcid.org/0000-0002-7864-459X
https://orcid.org/0000-0001-6419-5829
https://orcid.org/0000-0001-8484-2261
https://orcid.org/0000-0002-6206-1912
https://orcid.org/0000-0002-0694-0103
https://orcid.org/0000-0002-1559-9285
https://orcid.org/0000-0002-0124-2699
https://orcid.org/0000-0003-4559-6058
https://orcid.org/0000-0002-8644-2349
https://orcid.org/0000-0002-0497-3550
https://orcid.org/0000-0001-9612-4988
https://orcid.org/0000-0002-0490-9778
https://orcid.org/0000-0003-2909-148X
https://orcid.org/0000-0002-6117-3816
https://orcid.org/0000-0002-8560-8917
https://orcid.org/0000-0002-3047-3146
https://orcid.org/0000-0002-6901-9717
https://orcid.org/0000-0001-6702-6473
https://orcid.org/0000-0003-1553-2950
https://orcid.org/0000-0002-6223-7017
https://orcid.org/0000-0002-4140-6360
https://orcid.org/0000-0002-1859-6557


J
H
E
P
1
0
(
2
0
2
0
)
0
0
5

R. Kopeliansky66, S. Koperny84a, K. Korcyl85, K. Kordas162, G. Koren161, A. Korn95,

I. Korolkov14, E.V. Korolkova149, N. Korotkova113, O. Kortner115, S. Kortner115, T. Kosek143,

V.V. Kostyukhin166, A. Kotwal49, A. Koulouris10, A. Kourkoumeli-Charalampidi71a,71b,

C. Kourkoumelis9, E. Kourlitis149, V. Kouskoura29, A.B. Kowalewska85, R. Kowalewski176,

C. Kozakai163, W. Kozanecki145, A.S. Kozhin123, V.A. Kramarenko113, G. Kramberger92,

D. Krasnopevtsev60a, M.W. Krasny136, A. Krasznahorkay36, D. Krauss115, J.A. Kremer84a,

J. Kretzschmar91, P. Krieger167, F. Krieter114, A. Krishnan61b, K. Krizka18, K. Kroeninger47,

H. Kroha115, J. Kroll141, J. Kroll137, J. Krstic16, U. Kruchonak80, H. Krüger24, N. Krumnack79,
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H. Mildner149, M. Milesi105, A. Milic167, D.A. Millar93, D.W. Miller37, A. Milov180,

D.A. Milstead45a,45b, R.A. Mina153,q, A.A. Minaenko123, M. Miñano Moya174, I.A. Minashvili159b,
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S.D. Worm21, B.K. Wosiek85, K.W. Woźniak85, K. Wraight57, S.L. Wu181, X. Wu54, Y. Wu60a,

T.R. Wyatt101, B.M. Wynne50, S. Xella40, Z. Xi106, L. Xia178, X. Xiao106, I. Xiotidis156,

D. Xu15a, H. Xu60a,c, L. Xu29, T. Xu145, W. Xu106, Z. Xu60b, Z. Xu153, B. Yabsley157,

S. Yacoob33a, K. Yajima133, D.P. Yallup95, D. Yamaguchi165, Y. Yamaguchi165, A. Yamamoto82,

M. Yamatani163, T. Yamazaki163, Y. Yamazaki83, Z. Yan25, H.J. Yang60c,60d, H.T. Yang18,

S. Yang78, X. Yang60b,58, Y. Yang163, W-M. Yao18, Y.C. Yap46, Y. Yasu82, E. Yatsenko60c,60d,

J. Ye42, S. Ye29, I. Yeletskikh80, M.R. Yexley90, E. Yigitbasi25, K. Yorita179, K. Yoshihara137,

C.J.S. Young36, C. Young153, J. Yu79, R. Yuan60b,i, X. Yue61a, S.P.Y. Yuen24, M. Zaazoua35e,

B. Zabinski85, G. Zacharis10, E. Zaffaroni54, J. Zahreddine136, A.M. Zaitsev123,ap,

T. Zakareishvili159b, N. Zakharchuk34, S. Zambito59, D. Zanzi36, D.R. Zaripovas57, S.V. Zeißner47,

C. Zeitnitz182, G. Zemaityte135, J.C. Zeng173, O. Zenin123, T. Ženǐs28a, D. Zerwas65,
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70 (a)

INFN Sezione di Napoli;
(b)

Dipartimento di Fisica, Università di Napoli, Napoli, Italy
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104
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105

School of Physics, University of Melbourne, Victoria, Australia
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Department of Physics, University of Michigan, Ann Arbor MI, United States of America
107

Department of Physics and Astronomy, Michigan State University, East Lansing MI, United States

of America
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B.I. Stepanov Institute of Physics, National Academy of Sciences of Belarus, Minsk, Belarus
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Group of Particle Physics, University of Montreal, Montreal QC, Canada
111

P.N. Lebedev Physical Institute of the Russian Academy of Sciences, Moscow, Russia
112

National Research Nuclear University MEPhI, Moscow, Russia
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Russia
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Max-Planck-Institut für Physik (Werner-Heisenberg-Institut), München, Germany
116
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Graduate School of Science and Kobayashi-Maskawa Institute, Nagoya University, Nagoya, Japan
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120
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Novosibirsk State
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Russia
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Centre “Kurchatov Institute”, Moscow, Russia
125

Department of Physics, New York University, New York NY, United States of America
126

Ochanomizu University, Otsuka, Bunkyo-ku, Tokyo, Japan
127

Ohio State University, Columbus OH, United States of America
128

Faculty of Science, Okayama University, Okayama, Japan
129

Homer L. Dodge Department of Physics and Astronomy, University of Oklahoma, Norman OK,

United States of America
130

Department of Physics, Oklahoma State University, Stillwater OK, United States of America
131

Palacký University, RCPTM, Joint Laboratory of Optics, Olomouc, Czech Republic
132

Institute for Fundamental Science, University of Oregon, Eugene, OR, United States of America
133

Graduate School of Science, Osaka University, Osaka, Japan
134

Department of Physics, University of Oslo, Oslo, Norway
135

Department of Physics, Oxford University, Oxford, United Kingdom
136

LPNHE, Sorbonne Université, Université de Paris, CNRS/IN2P3, Paris, France
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Department of Physics, University of Pennsylvania, Philadelphia PA, United States of America
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Konstantinov Nuclear Physics Institute of National Research Centre “Kurchatov Institute”, PNPI,
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Department of Physics and Astronomy, University of Pittsburgh, Pittsburgh PA, United States of

America
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(b)
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(c)

Departamento de F́ısica, Universidade de Coimbra, Coimbra;
(d)

Centro de F́ısica Nuclear da

Universidade de Lisboa, Lisboa;
(e)

Departamento de F́ısica, Universidade do Minho, Braga;
(f)

Departamento de F́ısica Teórica y del Cosmos, Universidad de Granada, Granada (Spain);
(g)

Departamento de F́ısica and CEFITEC of Faculdade de Ciências e Tecnologia, Universidade

Nova de Lisboa, Caparica;
(h)

Instituto Superior Técnico, Universidade de Lisboa, Lisboa, Portugal
141

Institute of Physics of the Czech Academy of Sciences, Prague, Czech Republic
142

Czech Technical University in Prague, Prague, Czech Republic
143

Charles University, Faculty of Mathematics and Physics, Prague, Czech Republic
144

Particle Physics Department, Rutherford Appleton Laboratory, Didcot, United Kingdom
145

IRFU, CEA, Université Paris-Saclay, Gif-sur-Yvette, France
146

Santa Cruz Institute for Particle Physics, University of California Santa Cruz, Santa Cruz CA,

United States of America
147 (a)

Departamento de F́ısica, Pontificia Universidad Católica de Chile, Santiago;
(b)

Universidad

Andres Bello, Department of Physics, Santiago;
(c)

Instituto de Alta Investigación, Universidad de

Tarapacá;
(d)

Departamento de F́ısica, Universidad Técnica Federico Santa Maŕıa, Valparáıso, Chile
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Department of Physics, University of Washington, Seattle WA, United States of America
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Department of Physics and Astronomy, University of Sheffield, Sheffield, United Kingdom
150

Department of Physics, Shinshu University, Nagano, Japan
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Department Physik, Universität Siegen, Siegen, Germany
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Physics Department, Royal Institute of Technology, Stockholm, Sweden
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Departments of Physics and Astronomy, Stony Brook University, Stony Brook NY, United States of

America
156

Department of Physics and Astronomy, University of Sussex, Brighton, United Kingdom
157

School of Physics, University of Sydney, Sydney, Australia
158

Institute of Physics, Academia Sinica, Taipei, Taiwan
159 (a)

E. Andronikashvili Institute of Physics, Iv. Javakhishvili Tbilisi State University, Tbilisi;
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Energy Physics Institute, Tbilisi State University, Tbilisi, Georgia
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Department of Physics, Technion, Israel Institute of Technology, Haifa, Israel
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Raymond and Beverly Sackler School of Physics and Astronomy, Tel Aviv University, Tel Aviv,

Israel
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Department of Physics, Aristotle University of Thessaloniki, Thessaloniki, Greece
163
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Tokyo, Tokyo, Japan
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Graduate School of Science and Technology, Tokyo Metropolitan University, Tokyo, Japan
165

Department of Physics, Tokyo Institute of Technology, Tokyo, Japan
166

Tomsk State University, Tomsk, Russia
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Department of Physics, University of Toronto, Toronto ON, Canada
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TRIUMF, Vancouver BC;
(b)

Department of Physics and Astronomy, York University, Toronto

ON, Canada
169

Division of Physics and Tomonaga Center for the History of the Universe, Faculty of Pure and

Applied Sciences, University of Tsukuba, Tsukuba, Japan
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Department of Physics and Astronomy, Tufts University, Medford MA, United States of America
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Department of Physics and Astronomy, University of California Irvine, Irvine CA, United States of
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172

Department of Physics and Astronomy, University of Uppsala, Uppsala, Sweden
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Department of Physics, University of Illinois, Urbana IL, United States of America
174
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Department of Physics, University of British Columbia, Vancouver BC, Canada
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177
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Germany
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Department of Physics, University of Warwick, Coventry, United Kingdom
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Waseda University, Tokyo, Japan
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Department of Physics, University of Wisconsin, Madison WI, United States of America
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Also at Department of Physics, California State University, Sacramento, United States of America
o

Also at Department of Physics, King’s College London, London, United Kingdom
p

Also at Department of Physics, St. Petersburg State Polytechnical University, St. Petersburg, Russia
q

Also at Department of Physics, Stanford University, Stanford CA, United States of America
r

Also at Department of Physics, University of Adelaide, Adelaide, Australia
s

Also at Department of Physics, University of Fribourg, Fribourg, Switzerland
t

Also at Department of Physics, University of Michigan, Ann Arbor MI, United States of America
u

Also at Dipartimento di Matematica, Informatica e Fisica, Università di Udine, Udine, Italy
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