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ABSTRACT: A search for final states characterised by at least one isolated high transverse-
momentum photon, jets and large missing transverse momentum is presented. Such a final
state might occur in gauge-mediated supersymmetric models where a pair of binos and
higgsinos mix to form neutralinos, one of which decays into a photon plus a gravitino while
the other decays into a Higgs boson, a Z boson or a photon, plus a gravitino. The search
is performed using the full Run-2 data sample of 140 fb~! of /s = 13 TeV proton-proton
collisions collected by the ATLAS detector at the Large Hadron Collider. No significant
excess of events is observed above the Standard Model prediction and model-dependent
exclusion limits at the 95% confidence level are set. These limits are interpreted in terms
of the masses of gauginos, which are excluded up to 1.2 TeV depending on their branching
ratios, and on their branching ratios as a function of their mass.
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1 Introduction

This paper describes a search for an excess of events with isolated high transverse-momentum
(high-pr) photons, jets and large missing transverse momentum (E{Iliss, with magnitude
EXs8) over the Standard Model (SM) prediction that may constitute a striking signature
of physics beyond the SM.

The results are interpreted in the context of supersymmetry (SUSY) [1-7], a theoretical
extension of the SM that solves the hierarchy problem [8, 9] through the addition of a
new fermionic/bosonic supersymmetric partner to each boson/fermion in the SM together
with an extended Higgs sector with two Higgs doublets. Theories of gauge-mediated SUSY
breaking (GMSB) [10-12] presume a hidden sector in which supersymmetry is broken by a
vacuum expectation value, and the symmetry breaking is communicated to the visible sector
through SM gauge boson interactions. In SUSY models with low-energy SUSY breaking
scales, such as GMSB or general gauge mediation (GGM) [13, 14], the ultra-light gravitino
(G) is the lightest supersymmetric particle (LSP) and stable under R-parity conservation.
Therefore, the gravitino is a candidate for dark matter [15, 16]. In this paper, GGM models
are considered, which are extensions of the GMSB idea, allowing decoupled mass scales for
strongly interacting supersymmetric partners.

A general feature of SUSY models is the mixing of binos, winos and higgsinos (the
superpartners of the electroweak gauge bosons and the Higgs bosons, respectively). These
electroweakinos mix to form neutralino (>~<(1J, )28, >~<8, 322) and chargino ()N(éc, )th) mass eigenstates,
where the states are ordered by increasing values of their mass.



The phenomenology of the models is driven by the nature of the next-to-lightest SUSY
particle (NLSP). In this study, the NLSP is assumed to be the lightest neutralino )2(1), as
occurs in a large fraction of the GGM parameter space. The X9 decays into a G and either
a vy, a Z boson, or the lightest neutral Higgs boson h, assumed to be the 125 GeV Higgs
boson observed by ATLAS [17] and CMS [18].

If the XJ is predominantly bino, the main decay channel is Xi — ~G, while a state with
a dominant higgsino component decays as X! = hG. In addition, since the longitudinal
polarisation component of the Z boson is also a Goldstone mode of the Higgs field, a higgsino
admixture neutralino can also decay as X! = ZG.

Consequently, a pair of XY produced in a hadron collider can give rise to a signature
containing two final-state bosons (hh, hvy, hZ, Z~, ZZ or ~v) plus ER from the stable,
undetectable LSP particles (G’) Several analyses using these signatures have been conducted
in the search for SUSY particles produced via strong interactions at the LHC [19-30]. A
previous search by ATLAS for the case of electroweak production was performed using
data from pp collisions at /s = 8 TeV corresponding to an integrated luminosity of 20.3
fb~! [26]. In Run 2 of the Large Hadron Collider (LHC) [31], previous ATLAS searches for
electroweakinos have focused on exclusive diphoton signatures, initially using partial data [29],
and later with the full data sample, targeting Higgs boson decays into two photons [32, 33].
More recently, CMS has reported their corresponding Run-2 results using a similar signature
and targeting related models [34].

The present result is based on the full Run-2 ATLAS data sample and complements
earlier searches focused on strong production channels. This analysis enhances the sensitivity
to electroweak production by probing new regions of the parameter space, employing a more
inclusive selection of final states, and extending the reach to higher masses than previous
ATLAS electroweakinos searches, investigating neutralino masses up to 1.2 TeV. Another key
innovation in this study is the scanning over different combinations of branching ratios to
derive exclusion limits, significantly broadening the scope compared to previous analyses.

The analysis presented in this paper targets the production of X! considered as a bino-
higgsino admixture resulting in final states with at least one ~ plus two G. Example diagrams
of the processes in the R-parity conservation GGM model are shown in figure 1. The
phenomenology of bino-higgsino models and their implications for LHC searches are also
discussed in the context of extended Higgs sector scenarios in ref. [35].

2 ATLAS detector

The ATLAS detector [36] at the LHC covers nearly the entire solid angle around the collision
point.! It consists of an inner tracking detector surrounded by a thin superconducting solenoid,

LATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the
centre of the detector and the z-axis along the beam pipe. The z-axis points from the IP to the centre of
the LHC ring, and the y-axis points upwards. Polar coordinates (r, ¢) are used in the transverse plane, ¢

being the azimuthal angle around the z-axis. The pseudorapidity is defined in terms of the polar angle 6 as

E+p.
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n = —Intan(6/2) and is equal to the rapidity y = 3 In (
measured in units of AR = /(Ay)2 + (A¢)2.

) in the relativistic limit. Angular distance is
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Figure 1. Example production diagrams of neutralinos and their subsequent decay into a final state
with a photon, jets and missing transverse momentum.

electromagnetic (EM) and hadron calorimeters, and a muon spectrometer incorporating three
large superconducting air-core toroidal magnets.

The inner-detector system (ID) is immersed in a 2 T axial magnetic field and provides
charged-particle tracking in the range of |n| < 2.5. The high-granularity silicon pixel detector
covers the vertex region and typically provides four measurements per track, the first hit
normally being in the insertable B-layer (IBL) installed before Run 2 [37, 38]. It is followed
by the silicon microstrip tracker (SCT), which usually provides eight measurements per
track. These silicon detectors are complemented by the transition radiation tracker (TRT),
which enables radially extended track reconstruction up to || = 2.0. The TRT also provides
electron identification information based on the fraction of hits (typically 30 in total) above a
higher energy-deposit threshold corresponding to transition radiation.

The calorimeter system covers the pseudorapidity range |n| < 4.9. Within the region
In| < 3.2, EM calorimetry is provided by barrel and endcap high-granularity lead/liquid-
argon (LAr) calorimeters, with an additional thin LAr presampler covering |n| < 1.8 to correct
for energy loss in material upstream of the calorimeters. Hadron calorimetry is provided by
a steel/scintillator-tile calorimeter, segmented into three barrel structures within |n| < 1.7,
and two copper/LAr hadron endcap calorimeters. The solid angle coverage is completed
with forward copper/LAr and tungsten/LAr calorimeter modules optimised for EM and
hadronic energy measurements respectively.

The muon spectrometer (MS) comprises separate trigger and high-precision tracking
chambers measuring the deflection of muons in a magnetic field generated by the supercon-
ducting air-core toroidal magnets. The field integral of the toroids ranges between 2.0 and
6.0 T m across most of the detector. Three layers of precision chambers, each consisting of
layers of monitored drift tubes, cover the region |n| < 2.7, complemented by cathode-strip
chambers in the forward region, where the background is highest. The muon trigger system
covers the range |n| < 2.4 with resistive-plate chambers in the barrel, and thin-gap chambers
in the endcap regions.

Interesting events are selected by the first-level trigger system implemented in custom
hardware, followed by selections made by algorithms implemented in software in the high-level
trigger [39]. The first-level trigger accepts events from the 40 MHz bunch crossings at a rate



close to 100 kHz, which the high-level trigger further reduces in order to record complete
events to disk at about 1.25kHz.

A software suite [40] is used in data simulation, in the reconstruction and analysis of
real and simulated data, in detector operations, and in the trigger and data acquisition
systems of the experiment.

3 Simulation samples

Samples of the targeted GGM SUSY signals and SM backgrounds were simulated at /s = 13
TeV using dedicated Monte Carlo (MC) generators. For the design of the signal regions (SR)
and the interpretation of the results a collection of signal samples was generated selecting
a set of benchmark points. The bino component of the lightest neutralino couples to both
the photon and the Z boson, while the higgsino component couples to the Z or Higgs boson.
To generate the signal samples a simplified approach was implemented, where the masses
of the particles, the decay branching fractions and the mixing matrices were the only input
parameters. The four most relevant electroweakino production channels were considered: Xy
)Zg, Xy )ﬁc, X5 )NC{E and )ZT X1 . Production modes including 928 are highly suppressed and are
not considered for this search. The samples corresponding to the signal points were produced
as a function of the X} mass, 1m0, from 150 to 1450 GeV in steps of 100 GeV. The X9 (ﬁc)
mass was chosen to be equal to mgo + 11(10)GeV, while the G’ mass was set to 1 V. The rest

of the sparticle masses were set in the decoupled regime at 4.5 TeV. The X5 ()Zli) were set
to always decay into X! via an off-shell Z (W¥), with the latter having SM decays. The X1
branching fractions were set to be equal between G+ v, G+ Z and G + h decays. This choice
allows for a re-weighting of the events in order to reproduce different models, characterised
by the XY branching ratio, and also offers the possibility to set exclusion limits as a function
of the branching ratio using only one set of signal samples. All signal events contain a pair of
X! in the decay chain, so each event can be classified by the decay product of the pair, i.e.
¥y, Yh,vZ,ZZ, Zh or hh. Two benchmark scenarios are studied as the most representative
for the final state with photons and jets: the X1 decaying 50% into v + G and 50% into Z + G,
and the X} decaying 50% into v+ G and 50% into h+ G (referred to as the ‘y+ Z’ and “y+ R’
benchmark models respectively). All signal samples were generated at leading order (LO) in
quantum chromodynamics (QCD) with up to two additional partons with MADGRAPH 5 [41]
interfaced to PYTHIA 8.2 [42] using the Al4 tune and the NNPDF2.3L0 PDF set [43].

The cross-section of each process was calculated using RESUMMINO-3.0.0 [44-48] at
next-to-leading plus next-to-leading-logarithmic (NLO+NLL) precision, using CTEQ6.6 and
the MSTW2008 parton distribution functions (PDFs), with their corresponding variations
in PDF sets and in scales as described in ref. [49].

Samples of ¢ty events were generated with MADGRAPHS__AMC@NLO [41] at NLO (with
Miop = 172.5 GeV), interfaced to the PyYTHIA 8.2 parton shower model [42] with the A14 set of
tuned parameters (tune) [50]. The NNPDF3.0NLO [51] set of PDFs was used. The production
of Higgs boson events, tth(— ), was modelled using the POWHEG BOX v2 [52-56] generator
at NLO with the NNPDF3.0NLO PDF set. The events were interfaced to PYTHIA 8.2 using
the A14 tune and the NNPDF2.3L0 PDF set.



The rest of the SM backgrounds were simulated with the SHERPA 2.2 [57] generator.
Matrix elements at LO or NLO accuracy in QCD were calculated with the CoMIx [58]
and OPENLoOOPs1 [59-61] libraries. The matrix element calculations were matched and
merged with the SHERPA parton shower based on Catani-Seymour dipole factorisation [58, 62]
using the MEPS@QNLO prescription [63—66]. These background samples were simulated
using the NNPDF3.0NNLO PDF set, along with the dedicated set of tuned parton-shower
parameters developed for SHERPA.

For the production of V~ (W~ and Z7) and prompt single-photon (v + jets) final states,
SHERPA 2.2.2 was used (without NLO electroweak corrections). Matrix elements at NLO
for up to one (two) additional parton emission(s) and at LO accuracy for up to three (four)
additional parton emissions were calculated for the V= (v + jets) samples. Diphoton and Vv
(W~ and Z~+) events were simulated with SHERPA 2.2.4. In this set-up, matrix elements at
LO accuracy in QCD for up to three additional parton emissions were matched and merged
with the SHERPA parton shower. To avoid any double counting of events when considering
both the V~ and Vv samples, duplicated processes were removed, focusing on Vv events
with a photon from QED final-state radiation.

The contribution from other backgrounds including diboson V'V~ SM processes are found
to be negligible. Backgrounds due to jets or electrons misidentified as photons are estimated
via data-driven techniques and are discussed in section 6.

The SM background samples were processed with a full ATLAS detector simulation [67]
based on GEANT4 [68]. The SUSY signal samples were passed through ATLFAST-II, a fast
simulation of the ATLAS detector response based on a parameterisation of the performance
of the ATLAS EM and hadronic calorimeters and on GEANT4 elsewhere. MC events were
reconstructed with the same algorithms used for data. An event-by-event reweighting was
applied to all MC samples to realistically model the LHC conditions during data collection.
This reweighting matches the simulated distribution of the number of inelastic pp collisions
per bunch crossing (pile-up) to the one observed in data. The effect of pile-up was modelled
by overlaying each hard-scattering event with simulated inelastic pp collisions generated
by PyYTHIA8.186 [69] using the NNPDF2.3L0 set of PDFs and the A3 tune [70]. SM
background samples, except the ones that use the SHERPA event generator, were processed
with EVTGEN 1.7.0 [71] for the b- and c-hadron decays. The simulations were further corrected
with efficiency scale factors and a smearing of the energy scale of photons, leptons and jets,
to better describe the data. Table 1 presents a summary of the signal and background
samples used in the analysis.

4 Event reconstruction

Primary vertices are formed from sets of two or more charged-particle tracks, each with
transverse momentum pt > 0.5 GeV that are consistent with having originated at the same
three-dimensional space point within the luminous region of the colliding proton beam [72].
When more than one such primary vertex is found the vertex with the largest scalar sum
of the squared transverse momenta of the associated tracks is chosen.

The offline electron and photon reconstruction uses dynamic, variable-size clusters of
energy deposits measured in topologically connected EM and hadronic calorimeter cells [73],



Process ‘ Generators PDF sets Order

Signal ‘ MADGRAPH5 /PYTHIA 8.2 NNPDF2.3L0 0,1,2j@QLO

ty MADGRAPH5 _AMC@NLO /PyTHIA8.2 NNPDF3.0NLO /NNPDF2.3Lo NLO

tth(— ) POWHEG / PYTHIA 8.2 NNPDF3.0NLO /NNPDF2.3Lo NLO

W~ /Z~ SHERPA 2.2.2 NNPDF3.0NNLO 0,1j@NLO + 2,3jQLO
v+ jets SHERPA 2.2.2 NNPDF3.0NNLO 1,2ja@NLO + 3,4jQLO
¥y/W~v/Z~7y | SHERPA 2.2.4 NNPDF3.0NNLO 0,1,2,3j@QLO

Table 1. Details of the SUSY signal and SM background MC samples considered in the analysis.

called ‘topo-clusters’. These are matched to reconstructed charged-particles tracks from
the ID. Topo-clusters that are not matched to a track or a conversion vertex are classified
as unconverted photons. On the other hand, if a topo-cluster is matched to a conversion
vertex, it is classified as a converted photon. Finally, when a topo-cluster is matched to a
track, it is classified as an electron [74].

Photon candidates are required to satisfy the ‘tight’ identification criteria for the lateral
and longitudinal shower shape [74], have pp > 50 GeV and |n| < 2.37, and are removed
if they are within the EM calorimeter (ECAL) barrel-endcap transition region defined by
1.37 < |n| < 1.52. To reduce the background from jets that could be misidentified as
photons, both track and calorimetric isolation requirements are applied to signal-region
photon candidates. The calorimetric isolation energy, EX°, is computed as the sum of the
topo-clusters’ transverse energies [73] calibrated at the EM scale within a cone of size AR = 0.4
around the cluster barycentre. This EX° is required to be less than 2.45 GeV + 0.022pr,
where pr is that of the photon. The track isolation variable, piTSO, is obtained as the scalar
sum of the transverse momenta of good-quality tracks inside a cone of size AR = 0.2 around

the candidate, and is required to be less than 0.05p.

Although electron and muon candidates are not used as part of the signal-region event
selection they are included in the definition of some of the control and validation region
selections.

Electron candidates are required to have pr > 10 GeV and |n| < 2.47, and to originate
from the primary vertex in both the r—z and r—¢ planes. Longitudinal and transverse impact
parameters (2o and do) relative to the primary vertex are required to satisfy |zgsinf| < 0.5
mm and |dp|/o4, < 5, where o4, is the uncertainty in dp. A ‘tight’ set of identification
criteria is imposed [74] that is based on the characteristics of the EM shower development,
the quality of the associated reconstructed track, and the angular proximity of the track
to the calorimeter energy deposition. Electrons are required to satisfy a ‘loose’ isolation
criterion [74], and not be within the ECAL barrel-endcap transition region.

Muons are reconstructed by combining compatible track information from the MS and
the ID. Muon candidates are required to have pp > 10 GeV and |n| < 2.7, to satisfy the
‘medium’ quality criteria [75], to originate from the primary vertex in both the r—z and
r—¢ planes (with impact parameters satisfying |zpsinf| < 0.5 mm and |dop|/oq, < 3) and
to satisfy a ‘loose’ isolation requirement [75].



Jets are reconstructed using the anti-k; algorithm [76, 77] with a radius parameter R = 0.4,
using the information collected in both calorimeters and track detectors [78]. The expected
average energy contribution from pile-up interactions is subtracted according to the jet area.

Track-based selection requirements are applied to reject jets with pp < 60 GeV and
In| < 2.4 that originate from pile-up interactions [79]. Jets are kept if they are in the central,
In| < 2.8, region of the detector and have pr > 20 GeV. For the E¥SS computation only
(defined in the following) a broader selection including up to |n| < 4.5 is considered. Although
jets containing b-hadrons (b-jets) are not explicitly used in the signal-region selections, they are
used in the definition of control regions from which the W+ and ¢ty MC normalisation factors
are extracted, as described in section 5. The b-jets are selected from the selected jets within
the ID acceptance using the same pr requirement, and identified by the DL1r algorithm [80].
This algorithm uses the long lifetime, high decay multiplicity, hard fragmentation and large
mass of b-hadrons to distinguish them from light-flavour jets (jets originated from light
quarks and gluons). The b-tagging algorithm working point is chosen so that it has a
nominal efficiency of 77% for b-jets in simulated ¢t events and a corresponding probability
of misidentifying light-flavour jets below 1% [80-82].

The missing transverse momentum is computed with an object-based algorithm considering
objects satisfying baseline requirements [30]. Calorimeter energy deposits are matched to
high-pt objects in the following order: electrons, photons, jets and muons. Primary-vertex
tracks not associated with any such objects are included in the ‘soft term’ [83] contribution
to Emiss. The E'}niss is computed from the negative vector sum of the transverse momenta
of calibrated reconstructed physical objects and the soft term.

Due to possible final-state object misidentification, a single object can be reconstructed in
more than one way and thus effectively counted multiple times. A procedure to remove these
overlaps is applied to preselected objects before the corresponding isolation requirements are
imposed. The basic strategy and the order of removal is described in refs. [84, 85].

5 Event selection

This analysis is performed using the full Run-2 data sample of LHC proton-proton collisions
at /s = 13 TeV collected by the ATLAS detector between 2015 and 2018, corresponding
to an integrated luminosity of 140 fb~! after the application of beam, detector and data
quality requirements [86].

Events were selected using the single-photon trigger [87], and are required to have at
least one photon candidate reconstructed offline with pp > 145 GeV. The trigger was fully
efficient for the signal selection requirements, as described in [74].

A set of signal regions sensitive to the targeted SUSY signatures are defined for the
analysis, discriminating against SM processes contributing to the same final state. Given the
relatively high mass of the electroweakinos targeted by this search the pr of the final-state
photon is expected to be large.

Three discovery signal regions (SRL, SRM and SRH) are defined to target the phase
space of the model with low, medium and high X! mass. At higher masses, a more energetic
gravitino is produced and consequently ERS is expected to be larger. The main distinction
between the signal regions is therefore the requirement on this variable.



Signal regions | SRL SRM  SRH SRLe SRMe

Nphotons >0

perding 1[GV | > 145

-ZVjet >0

Ag(jet, B > 0.4

Ag(y, BRiss) > 0.4

B g > 0.5

My [GeV ] ¢ [120, 130]

Emiss [GeV | >200 >300 >400 | >200 (¢ SRM) > 300 (¢ SRH)
Emiss gignificance | >20 >30 >35 | >20 (¢ SRM) > 30 (¢ SRH)

Table 2. Selections for the discovery signal regions SRL, SRM, SRH, and the exclusion signal
regions SRLe and SRMe.

The contribution of ERS relative to the total energy contribution of all objects
present in the event is quantified using the ratio of E%liss and the effective mass,
Meff = ErTniSS + pl{fadmg7 + Zjiets piT, where the leading photon is the one with the high-

miss

est pr. The =L — ratio is expected to be larger for the SUSY signal than for the backgrounds,

Meff
hence the requirement on this variable in the signal region.

In events characterised by a large reconstructed E%iss without a significant contribution

from non-interacting particles but arising from instrumental sources and poorly reconstructed
objects, the ER vector tends to be aligned with either the photon or one of the two
leading jets. A selection based on the transverse angular separations between these objects,
Ag(ry, EMiss) between the leading photon and the ERS vector and Ag(jet, FX) the minimum
separation between the leading or sub-leading jet and the EXSS vector, allows the contributions
from these background processes to be reduced. The significance of EXSS [83] is another
discriminant between both sources of E%liss, thus a requirement is applied on it to further
increase sensitivity. Additional jets are expected to be produced frequently in the signal
decay chain, thus at least one jet is required in each signal region. In order to be orthogonal
to the analysis focusing on similar final states but with the lightest Higgs boson decaying
into photons [33], events with two photons with their invariant mass within the Higgs boson
mass window (120 < m.~ < 130 GeV) are excluded. This selection has a negligible impact
on the overall sensitivity of the search.

The event selection criteria for the full set of signal regions are summarised in table 2,
including both the inclusive selections for discovery (SRL, SRM, and SRH) and the orthogonal
selections for exclusion (SRLe and SRMe). The additional signal subregions SRLe and SRMe
are designed to improve the exclusion limits in the absence of an excess of events in the
inclusive signal regions. Compared to the discovery signal regions, the requirements on EMiss
and BT significance are tightened in order to make the three signal regions orthogonal
(SRLe, SRMe and SRH), allowing a simultaneous exclusion fit. The signal region SRH is
used both for discovery and limit setting without any modifications as shown schematically
in figure 2.
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¥ srRMe
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Figure 2. Schematic view of the three signal regions, defined in the E¥' and EI significance
plane, used in the simultaneous fit for exclusion limits (SRLe, SRMe and SRH). The other inclusive
SRs can be defined from these as SRL = SRLe U SRMe U SRH and SRM = SRMe U SRH. The
dotted lines represent the requirements on the corresponding variables.

6 Background estimation

The background for this search is composed of all SM processes that produce photons, jets
and EIT’rliss in the final state. Both the production of neutrinos or a misreconstruction of the
energy of one or more objects can generate E%‘iss in the final state. Processes with jets or
electrons can emulate the targeted topologies if any of these is misreconstructed as a photon.

The dominant SM background contribution to the SRs is expected to be from Z(— vv)y,
with a lesser contribution from W+ and tt in most regions of the analysis. The simulated
predictions for these contributions are normalised using dedicated control regions where
the simulations are constrained by the number of data events observed. Other minor
processes, such as tth(— y7v), v + jets, vy and W~y /Z~, are estimated directly using the
MC simulation. An estimate of the background contribution due to misidentified jets or
electrons is determined via data-driven techniques.

Three control regions labelled CRZ, CRW, and CRT are used to obtain the MC normali-
sation for the Z(— vv)y, W~ and ttvy events, respectively. These CRs are designed to be
orthogonal but still kinematically similar to SRs, and enhanced in the background process
of interest, with negligible signal contamination (less than 5%). Since Z(— vv)y has the
same final state as the SUSY signal, the design of a CR, is not possible without having a high
signal contamination. Therefore, a single CRZ with two electrons or two muons, focusing on
the leptonic decays of the Z boson, Z(— ee)y and Z(— pt)7, is used to normalise the three
corresponding backgrounds simultaneously in each of the CRs. Since these processes have no
EXss in the final state, an alternative reconstruction of EMS| removing the leptons present
in the event, is used to construct the CRs kinematically closer to the SRs. The CRT region
is defined by requiring a photon, a lepton, jets and at least two b-tagged jets, with a looser
E%iss requirement to increase the yields. The CRW region is defined by requiring a photon,
a lepton and a b-jet veto to mitigate the contamination from #tv, and a requirement on the



transverse mass of the lepton and ErTniSS, mr(l, E%liss),2 to increase the background purity.
All CRs invert the requirement on ER /mg to ensure orthogonality with the SRs.

A further set of event selections define validation regions (VRs) used to verify the results
of the background estimation procedure. They are designed to lie kinematically between the
signal regions and the control regions, with one or more criteria inverted or modified to reduce
possible signal contamination. In general the requirement on ErTniSS /Mef is in accordance with
the SRs, and the EIT]rliSS requirement increased to be closer to them. The VRZ, VRW and VRT
are designed to validate the correct estimate of the Z(— vv)y, W+ and tty backgrounds.

Jets can be misidentified as photons (called ‘fake photons’) if they contain a neutral
hadron that carries most of the jet energy and that decays into a pair of collimated photons,
resulting in an EM object resembling a single, highly energetic photon. This background
arises primarily from QCD multijets, W + jets and semileptonic tt events, and it is reduced by
applying the ‘tight’ identification criteria to photon candidates. After this requirement, the
data sample is expected to be dominated by real photons with moderate jet contamination.
This misidentification rate is not modelled accurately in MC simulation, thus a data-driven
sideband counting method [85] is used. The method makes use of the different isolation profiles
expected for real photons and misidentified jets [88]. Both tracking and calorimetric isolation
variables of the photon candidate, as defined in section 4, are considered simultaneously.
The photon trigger used to collect the data required a looser photon identification than the
‘tight’” offline version. Some photon candidates from misidentified jets fail to satisfy the offline
requirement but satisfy an intermediate selection. These jets, called ‘non-tight photons’,
are defined as those candidates satisfying the ‘loose’ identification and the ‘tight’ selection
requirements, except for at least one of four criteria associated with energy deposits in the EM
calorimeter [85], chosen to be largely uncorrelated with the isolation variables. Hence the use
of non-tight photons enhances the contribution of jets misidentified as photons (called ‘jets
faking photons’), as required for this method. In the identification-isolation plane, the method
defines a signal region A consisting of isolated photon candidates that satisfy the ‘tight’
identification, and three control regions, namely B, C and D, with photon candidates being
non-isolated and ‘tight’, isolated and non-tight, and non-isolated and non-tight, respectively.
A small contribution of real photons still contaminates the three defined control regions;
these are additionally referred to as ‘leaked-photons’.

To accurately count the number of real, leaked and fake photons in the different regions,
a series of template fits to the isolation profiles in data are performed using templates
obtained from MC [74]. These templates are fitted using double sided asymmetric Crystal
Ball (DSACB) functions (a Gaussian core with asymmetric non-Gaussian power-law tails) [89]
to the tight and non-tight photon distributions in data. DSACB functions are also used
to model the contribution of jets faking photons. The procedure to count the events is as
follows. Firstly, using the leaked-photons template obtained from MC, the fake photons
template is obtained by doing a composite fit to the non-tight photons isolation distribution
in data. In this way, both the leaked and fake photons components are obtained in the
non-tight regions C and D. Secondly, using the fake photon template and the real photon
template obtained from MC, a fit to the tight data profile distribution is performed, resulting

2mr = \/20h B (1~ cos| Ab (ol ™).
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in the real and fake photons components in regions A and B. Finally, real, leaked and fake
photons components can be extracted from the distributions by integrating the shapes in
the isolated and non-isolated ranges.

For this method to be applicable, the correlation between identification and isolation
for jets misidentified as photons must be small. Deviations from this expected behaviour
are corrected by computing a factor that takes the residual correlation into account [85].
It is computed in auxiliary ABCD regions (defined in a similar way as before but where
the calorimetric isolation requirement fails) as the ratio NaNp/NpN¢, where Nx is the
number of jets faking photons in the auxiliary ABCD regions. The residual correlation is
found to be less than 20%. Furthermore, corrections to the method using the number of
leaked-photons are applied. The systematic uncertainties in the method are evaluated by
varying the definition of the non-tight objects, and considering the differences introduced
by the residual correlation between the regions.

Electrons and positrons can also be misidentified as photons, and when they have high-pr
there can be significant contamination from SM processes such as W/Z + jets and ¢ in the
signal regions. This background is estimated by weighting the number of electron events
observed in electron control samples by the electron-to-photon fake rate. Electron control
samples are taken from the same control, validation and signal regions as used in the analysis,
but the photon kinematic selections are applied to electrons, and then a high-pr isolated
electron is required and signal photons are vetoed. To estimate the electron-to-photon
fake rate, a method based on a sample of Z(— ee) data events is used [84, 85]. Since the
Z boson cannot decay directly into an electron and a photon, the electron-photon events
appearing under the Z peak most likely correspond to misidentified electrons. However,
the same applies to other particles decaying into pairs of electrons that could contribute
to the background around the Z mass values. Therefore, these background contributions
are subtracted by also taking into account the contamination from random combinatorics
background. Also, only events with EEFiSS < 40 GeV are selected, to avoid electrons from
the W decays. The electron-to-photon fake factor is then estimated as the ratio of the
number of electron-photon pairs to the number of electron-electron pairs found under the
Z peak when fitting the invariant mass distribution. This fit uses a double sided Crystal
Ball (DSCB) function to model the Z peak, and a Gaussian distribution to model the small
non-resonant backgrounds to Z(— ee) production. Only the pairs within a defined invariant
mass window are selected to compute the electron-to-photon fake factor. This window is
defined as +30 around the centre of the peak in the DSCB function, where ¢ is the width of
the peak. Systematic uncertainties are evaluated by varying the Z-mass integration range, the
energy calibration, and recalculating the fake factor without background subtraction. The
background estimation is then performed by applying the electron-to-photon misidentification
rate to an electron-control sample. This control sample mirrors the original control, validation,
and signal regions of the analysis but replaces photon selections with analogous electron
criteria. Specifically, events are required to contain a high-pr, isolated electron (while vetoing
genuine photons), and all other kinematic selections used for photons are applied to electrons.
The prediction of the background due to electrons misidentified as photons is validated in a
dedicated validation region (VRE) based on the calculated fake factors. It mostly targets
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Variable \ CRW  CRT CRZ VRW  VRT VRZ VRE
Nieptons 1 > 1 2 1 >1 2 —

Nbjets 0 > 2 - - >1 - -

Ag(jet, EaniSS) >04 >04 >04" >04 >04 >04 >04
Agp(ry, ERs) >04 >04 >04" | >04 >04 >04" <04
Emiss [GeV] >200 >150 >100* | >200 >200 >200* > 200
EISS [ g <035 <035 <0.35*|>035 >035 >0.35*" >0.25
Emiss significance - - - <20 <20 - > 10
mr(l, ER) [GeV] | <100 — — — — — —

m (7, E5sS) [GeV] - - - - - - < 80

Table 3. Selection criteria for the control regions and the validation regions used for the W, top,
Z, and fakes background estimation. All CRs and VRs also include the following common cuts:
Nphotons > 0, pll'fa”dingV > 145 GeV and Nje; > 0. The asterisk * means that EX in this case is
reconstructed without considering the leptons. Additionally in regions CRZ and VRZ an ERiss < 50
selection is applied in the variable including leptons.

W (ev) + jets events (by requiring low mr(vy, EX)), where a boosted W boson (including
those coming from top quarks) decays into a neutrino (giving high EX) and an almost
collinear high-pt electron (misidentified as a photon).

The selection criteria for the CRs and VRs are presented in table 3.

Likelihood fits [90] are performed assuming (i) a background-only hypothesis on all
CRs to estimate the total background in the SRs and VRs; (ii) a model-dependent signal
plus background hypothesis where the fit is performed in the CRs and independent SRs
simultaneously; and (iii) a model-independent signal plus background hypothesis, where
both the CRs and individual SRs are used in the same manner as for the model-dependent
signal fit with the number of signal events in the SRs added as a parameter to the fit. This
approach constrains the expected background to the yields observed in the data using the
CRs and reduces the systematic uncertainties.

Figure 3 shows the data event yields and the SM expectation in the different control and
validation regions obtained with a background-only maximum-likelihood fit, constraining the
normalisation of the dominant backgrounds and including those estimated by using data-
driven techniques. The lower panel shows the statistical significance, in standard deviations,
between the observed and expected yields in the VRs [91] and the normalisation factors for
each CRs. The normalisation factors are close to unity, except for the CRT region (1.34
+ 0.12), in agreement with previous results [30]. Good agreement is found between data
and SM background predictions in all validation regions.

7 Systematic uncertainties

All background processes estimated either by making use of MC simulations or by data-
driven methods, as well as MC signal predictions, are affected by systematic uncertainties
that mainly originate from two kinds of sources: experimental and theoretical ones. These
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Figure 3. The observed and expected yields after the background-only fit in the control and validation
regions. The lower panel shows the background normalisation factors (NF) estimated in each control
region, and the significance, in standard deviations, between the observed and expected yields in the
validation regions, considering both the systematic and statistical uncertainties in the background
expectation. The significance shown is calculated with the profile likelihood method from [92], adding
a minus sign if the yield is below the prediction. Minor background processes, such as v + jets, vy
and W~y /Z~~, are included under ‘Others’.

uncertainties can impact the expected yields in the analysis regions and are introduced in
the fits as nuisance parameters.

The uncertainty in the combined 2015-2018 integrated luminosity is 0.83% [93], obtained
using the LUCID-2 detector [94] for the primary luminosity measurements. The uncertainty
in the pile-up reweighting is also considered.

The systematic uncertainties due to the photon identification and isolation efficiencies
are estimated following the prescriptions in ref. [74]. They are evaluated by varying the
correction factors for the photon selection efficiencies in MC simulation by the corresponding
uncertainties. The photon energy scale is determined using samples of Z — ee events, varying
the scale corrections and resolutions upwards and downwards by one standard deviation [74].
For electrons [74] and muons [95], similarly to photons, the uncertainties from the identification
efficiencies, energy scales and resolutions are determined from Z — [l and J/v) — [l control
samples, where [ denotes electrons or muons.

For jets, the energy scale and resolution uncertainties are derived following the procedure
described in ref. [96], using a simplified scheme with 38 parameters. A set of b-tagging
uncertainties is also considered, taking an envelope around the nominal jet weight for the
selection of different flavour jets [80-82].

For EXsS the uncertainties of the constituent objects are propagated through the cal-
culation, and additional uncertainties accounting for the scale and resolution of the soft
term [83] are considered.

There are two different kinds of uncertainties affecting the estimate of the background
due to jets/e® misidentified as photons: the systematic uncertainty from the method used to
estimate the fake factors and the statistical uncertainty in the control sample (see section 6).
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SRL [%] SRM [%] SRH [%] SRLe[%] SRMe [%]

Total (stat. + syst.) uncertainty 8.8 10.0 13.3 8.9 10.9
MC statistical uncertainty 1.7 5.0 7.5 1.9 6.9
MC theory 6.0 6.0 5.9 6.0 6.1
Jet energy resolution, scale, and pile-up rejection 4.1 3.8 7.7 4.2 1.9
Photon identification and isolation 1.7 1.3 1.7 1.8 1.1
Pile-up reweighting 1.7 <1 1.3 1.8 <1

Muon reconstruction and identification 1.6 1.3 1.6 1.8 <1

Jet b-tagging calibration 1.6 1.2 1.6 1.8 <1

Fake photons from jets 1.6 <1 1.7 1.7 1.6
Electron reconstruction, identification, and isolation 1.6 1.2 1.6 1.7 1.0
Fake photons from electrons 1.6 1.7 2.1 1.5 1.6
Efrniss soft-term resolution and scale 1.3 1.3 1.7 1.3 1.1
Electron/photon energy resolution and scale <1 2.1 <1 1.3 3.1
Luminosity <1 <1 <1 <1 <1

Table 4. Summary of the different systematic uncertainties in the SM background expectation (in %)
for the different SRs after the background-only fit. The individual uncertainties can be correlated and
do not necessarily add in quadrature to equal the total (stat. + syst.) uncertainty.

For each of the main simulation background samples (Z(vv)y, W+, Z(ll)y and tty)
and signals, different sources of theory uncertainties are assessed. For renormalisation and
factorisation scales u, and uf three independent nuisance parameters are used: two varying
each of the scales independently by a factor of two, and one as a coherent variation of both
scales. The PDF uncertainty is taken from an envelope of the nominal PDF (NNPDF3.0) and
its variations [97]. Finally, uncertainties associated with the as determination are considered.

The relative impact of each systematic uncertainty in the SM background expectation
after the background-only fit is presented in table 4.

8 Results

A background-only fit is performed, as discussed in section 6, to evaluate the SM background
expectations in all regions of the analysis. The observed event yield in each CR is used as a
constraint in the fit to adjust the corresponding background normalisation, assuming that
no signal contributes to this yield. The systematic uncertainties in the expected values are
included in the fit as nuisance parameters, constrained by Gaussian or log-normal distributions
with widths corresponding to the sizes of the uncertainties. They are treated as correlated,
when appropriate, between the various regions. The results of the fit are validated in the
VRs as shown previously in figure 3.

The observed and expected yields in the SRs are presented in table 5, discriminating the
different background contributions (minor backgrounds like v + jets, 4y and W~~y/Z~~, are
grouped into a single label ‘Others’). No excess is found above the predicted SM background.
The comparisons are also shown in figure 4.

The predictions slightly exceed the observed data, though the difference is not statistically
significant, remaining below two standard deviations. After obtaining these results, further
studies were carried out to assess possible mismodelling of the diboson or fake-photon
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Signal region SRL SRM SRH SRLe SRMe

Observed events 173 21 8 152 13

Expected SM events 214  £19 325 + 33 146 +£ 20 182  +16 179 + 2.0
Z(w)y 116 +14 164 +£ 22 72 £ 1.1 100  £12 9.2 + 14
Wey 57 £ 38 100 £ 1.6 46 £ 1.1 47 £ 7 55 £ 0.9
Fake ~ 28 £ 5 39 £ 09 20 +£05 24 £5 1.9 £ 0.5
Z()y 1.60 £ 021 0.38+ 0.10 0204 0.07  1.22 + 0.23  0.18% 0.10
tty 127 £ 029 0.15+ 0.04 0.02+ 0.02  1.12 + 0.26 0.13£ 0.04
Others 10.7 + 0.8  1.64+ 023 064+ 007 90 + 09 100+ 0.21
(Aea) . [fb] 0.15 0.05 0.04 0.15 0.05

S5 20.6 7.2 5.4 21.3 7.0

5%, 4 T4 15 ] 10.1 = 39 40 £ 1.1 * 34

Table 5. Observed events, background estimates after the background-only fit, and model-independent
limits in all the signal regions. The background uncertainties are both systematic and statistical.
Minor backgrounds like «y + jets, vy and W~y /Z~~ are grouped into ‘Others’. The model-independent
fit results include the 95% confidence level (CL) upper limits on the visible cross-section ((ec)%,),
the number of signal events (S,

410 excursions on the expectation) of background events (Sgo,). The discovery p-value is in all cases
po = 0.50 and its associated significance Z = 0.

), and the number of signal events given the expected number (and

1%] 105 T T T T
] ATLAS t Data OZvv)y oWy
>
w10* Vs=13TeV, 140 b’ EFakey [Others mZxyy
3 Oty %< SM total
10
102

10

_k
S

Significance

Figure 4. The observed and expected yields in all the signal regions. The lower panel shows the
difference, in standard deviations, between the observed and expected yields considering both the
systematic and statistical uncertainties in the background expectation.

backgrounds, but no evidence of any anomalies was observed. A similar trend was observed
in an ATLAS Z cross-section study [98] and in the equivalent CMS GGM SUSY search [34].
Figure 5 shows the observed distributions of EXS and its significance in the discovery
signal region (SRL), compared with the expected background.
For each SR, model-independent upper limits at 95% confidence level (CL) are set on
the number of observed (S,
beyond the SM that could produce an excess in the final state considered. The limits are

) and expected (Sg;:’p) events, from any scenario of physics
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Figure 5. Observed distributions in the signal region SRL after the background-only fit for (a)
EXiss and (b) EX significance variables. The EXS and EX' significance requirements (that
simultaneously define the other signal regions, SRM and SRH), are indicated in the distributions. The
uncertainties in the SM background are statistical only. The last bin includes overflow. The figure
shows predictions for different models and masses of neutralinos.

obtained using the CLg prescription in the asymptotic approximation [92, 99]. In table 5 the
upper limits on the number of events are presented together with the 95% CL upper limit on
the visible cross-section o x A x € (denoted (Aec)2.), obtained by normalising the upper
limit on the number of signal events to the integrated luminosity, where o is the production
cross-section for a beyond-the-SM signal, A is the acceptance (fraction of events with objects
satisfying all the kinematic selections at particle level) and e is the efficiency (fraction of
observed events after detector reconstruction). For all the SRs, the discovery p-value (po)
is capped at 0.5 because the predictions exceed the observation.

In view of the absence of an excess in the observed data relative to predictions the
results are also used to establish exclusion limits in the various signal models. The signal
contamination in the CRs and the experimental systematic uncertainties in the signal are
taken into account for this calculation. All the independent SRs (SRLe, SRMe and SRH)
are statistically combined to set model-dependent upper limits on the cross-sections times
branching ratios (figure 6), masses and variable branching ratios (figures 7 and 8). The
exclusion reach is highest in the pure photon branching ratio space, with a maximum around
1.2 TeV, gradually decreasing to 450 GeV for B(f(? — 'y@) = 10% where the decays to Z or
h bosons dominate. For those regions where the sensitivity is lower the low mass region can
not be excluded, as can be seen in figure 7, and the lowest mass that can be excluded lies
between 250 GeV and 170 GeV. The observed limits are stronger than the expected limits
in accordance with the observed deficit in the data.
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Figure 6. Observed and expected exclusion limits in the cross-section as a function of the %t mass,
at 95% CL combining the three exclusion signal regions, for the full Run 2 data sample corresponding
to an integrated luminosity of 140 fb™*, for (a) the v 4 Z and (b) the 7 + h benchmark models.
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Figure 7. Observed and expected exclusion limits in the branching ratio to photons of the X7 as a
function of its mass, at 95% CL. In (a) the branching ratio to the Higgs boson is fixed to zero, while
in (b) the branching ratio to the Z boson is fixed to zero. The shaded area indicates excluded values.
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Figure 8. (a) Observed and (b) expected exclusion limits on the X! mass at 95% CL in the
plane of branching ratios B(x) — 7G), B(X} — ZG), and B(x} — hG) that satisfy B(x} — vG) +
B(x) = ZG) + B(x9 — hG) = 1. The colour scale indicates the excluded neutralino mass in GeV,
while the contour lines mark regions of constant excluded mass values.

9 Conclusion

A search is presented for an excess of events featuring at least one photon, at least a jet and
missing transverse momentum, as anticipated in scenarios where the lightest neutralino Xlisa
mixture of bino and higgsino states. LHC proton-proton collisions at a centre-of-mass energy
of /s = 13 TeV are analysed using data collected by the ATLAS detector during the complete
20152018 data-taking period, corresponding to a total integrated luminosity of 140 fb~!,

Two strategies are employed: one optimised for discovery and another combining several
non-overlapping signal regions in a simultaneous fit to achieve optimal exclusion limits for
benchmark signals.

No excess is found above the predicted background in any of the signal regions. Model-
independent limits are set on the visible cross-section for new physics processes. Exclusion
limits are set on GGM models with LSP masses up to 1000 GeV in two reference final-
state scenarios containing a Z or a Higgs boson in addition to the photon. The results are
also interpreted in a model with variable branching ratios setting limits that range from
400 GeV to 1200 GeV.
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