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1 Introduction

The second data-taking run (Run 2) of the Large Hadron Collider (LHC) provided sensitivity to a variety
of new-physics models well beyond that of LHC Run 1. This is due to the increase in both integrated
luminosity and centre of mass energy — Run 1 corresponded to 4.6 and 20.3 fb~! of proton—proton collisions
at centre of mass energies of 7 and 8 TeV, respectively, whilst Run 2 searches benefitted from 140 fb~! at
13 TeV. This in turn has enabled the ATLAS Collaboration [1] to develop a suite of new analysis techniques
sensitive to the production of electroweakly interacting particles that extends sensitivity into a new realm.
Weak scale supersymmetry (SUSY) [2-7] is a theoretical extension to the Standard Model (SM) that adds
a new fermion/boson SUSY partner to each boson/fermion in the SM. If fulfilled in nature, this could help
to solve the fine-tuning problem [8—11]. In SUSY models that conserve R-parity [12], SUSY particles
(sparticles) must be produced in pairs and the lightest SUSY particle (LSP) is stable. If the LSP is weakly
interacting it constitutes a viable candidate for dark matter (DM) [13, 14]. Due to its weakly interacting
nature, any LSP produced at the LHC would escape detection and lead to missing transverse momentum
( Errrnlss ).

LHC sparticle production cross-sections are highly dependent on the sparticle masses. The col-
oured sparticles (squarks and gluinos) are strongly produced and have significantly larger production
cross-sections than non-coloured sparticles of equal masses, such as the sleptons (superpartners of the SM
leptons) and the electroweakinos. The superpartners of the SM Higgs boson and the electroweak gauge
bosons, known as higgsinos, winos and binos are collectively known as electroweakinos. They mix to form
chargino (i7", 7 = 1,2) and neutralino ( )25.’, j =1,2,3,4) mass eigenstates (states are ordered by increasing
values of their mass). If gluino and squark masses were much heavier than low-mass electroweakinos, then
SUSY production at the LHC would be dominated by direct electroweak production. The latest limits from
the ATLAS Collaboration on squark and gluino production [15-18] extend well beyond the TeV scale, thus
making electroweak production of sparticles a promising and important probe to search for SUSY at the
LHC.

Throughout the first two data-taking runs of the LHC the ATLAS and CMS collaborations have performed
extensive searches for the production of electroweakinos, and in the absence of any significant excesses
over the SM prediction, exclusion limits were set on SUSY model parameters [18-27]. To simplify the
design and interpretation of analyses, ‘simplified models’ [28] are often used such that the masses of
relevant sparticles (often the ¢, )2(2) and )2?) are the only free parameters. Whilst exclusion limits using
simplified models provide an easily interpretable picture of the sensitivity of analyses to specific areas
of parameter space in the minimal SUSY extension to the SM (MSSM), they are far from an exhaustive
exploration of the MSSM. Without any assumed mechanism for SUSY-breaking the MSSM has over a
hundred parameters describing the sparticle masses and their decays. This large number of parameters can
be reduced by considering the phenomenological MSSM (pMSSM) [29, 30]. This is based on the most
general C P-conserving MSSM, meaning no additional C P-violating contributions, and assumes R-parity
conservation, and minimal flavour violation. The first two generations of sfermions are also required to
be mass degenerate and to have negligible Yukawa couplings. This leaves 19 independent weak scale
parameters to consider: ten sfermion masses (five for the degenerate first two generations and five for the
third generation), three trilinear couplings A, ; ; that give the couplings between the Higgs field and the
third generation sfermions, the bino, wino and gluino mass parameters M, » 3, the bilinear Higgs mass
parameter u, the ratio of the vacuum expectation values of the Higgs fields tan 8, and the mass parameter
of the pseudoscalar Higgs boson M 4. These parameters are summarised in Table 1.



Table 1: Summary of the 19 pMSSM parameters relevant to this study.

pMSSM Parameter Meaning

tan 8 Ratio of the Higgs vacuum expectation values for the two doublets
Ma Pseudoscalar (C P-odd) Higgs boson mass parameter

u Higgsino mass parameter

M, My, M3 Bino, wino and gluino mass parameters

As, Ap, Ar Third generation trilinear couplings

Mz, Mg,, M5 , My, M First/second generation sfermion mass parameters
q R dr 1 R
M O Mz, M bre Mj, Mz, Third generation sfermion mass parameters

At the end of Run 1 a reinterpretation of the ATLAS SUSY searches was performed using 300 000 pMSSM
models in this 19-dimensional parameter space [31]. The strongest direct constraints on sparticle production
were found to come from searches for squarks and gluinos. A subsequent interpretation was performed
restricting attention to a five-dimensional sub-space of the pMSSM to specifically assess the impact of
the ATLAS Run 1 searches for the electroweak production of SUSY particles, and their corresponding
constraints on DM [32]. The CMS Collaboration also performed a reinterpetation of their Run 1 searches
in the 19-dimensional pMSSM [33] using a global Bayesian analysis, and additional reinterpretations of
LHC SUSY searches have been performed outside the LHC collaborations. These include results obtained
using GAMBIT [34, 35] and MasTteERCoDE [36] that incorporate LHC searches into global likelihood fits in
the 19-dimensional pMSSM or subsets of it. This paper presents the sensitivity of the searches performed
with the ATLAS detector in Run 2 of the LHC to the electroweak production of SUSY particles in the
pMSSM. All ATLAS results used in this paper benefit from an extensive software suite [37] that 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. Relative to the Run 1 reinterpretation,
this analysis benefits from a broader range of search channels that were targeted throughout Run 2 due
to the increased statistical precision and centre of mass energy. It also takes advantage of new tools
for reinterpretation developed by the ATLAS Collaboration, such as particle-level analysis evaluation
using the SIMPLEANALYsIs framework [38], preserved profile likelihood fits [39] and a new full analysis
reinterpretation framework, RECAST [40, 41], as well as utilising the REANA reproducible data analysis
platform [42].

The work is structured as follows: Section 2 describes the analysis strategy, including the pMSSM model
samples and ATLAS results considered. Section 3 then presents the results, with conclusions provided in
Section 4.



2 Analysis strategy

This section describes the analysis strategy used. This includes a description of the framework used to
scan over the pMSSM parameters, the external constraints considered, the simulated samples produced for
selected models, the choice of the scan ranges for the pMSSM parameters, and the ATLAS searches and
measurements considered.

2.1 Scanning framework

A portion of the pMSSM parameter space is randomly sampled to produce a set of models. Two separate
samplings (scans) are used as described in Section 2.2. In both scans a flat prior is chosen as the relevant
parameter ranges are relatively narrow (< 2 TeV) with most of the interest in the range of O(50 GeV) to
O(1 TeV). These models are then evaluated using a workflow chain summarised in Figure 1.

The models are first passed through several programs to calculate various observables:
» SPHENO 4.0.5 [43, 44] is used to calculate the mass spectra and decays of the SUSY particles.

* FEynHicas 2.18 [45-52] is used to calculate relevant Higgs sector variables, such as the masses
and branching fractions of the SUSY and SM Higgs bosons. As the masses of the SUSY particles
strongly impact the Higgs boson masses, FeynHiggs automatically takes these into account. The
changes to the Higgs sector masses, in turn, influence the branching fractions of SUSY particles.
Hence, the resulting spectrum determined with FeynHiggs is reprocessed by SPHENO, which allows
the calculation of SUSY branching fractions while keeping both the SUSY and Higgs sector masses
constant.

* MicROMEGAS 5.2.1 [53, 54] is used to calculate the predicted DM relic density, annihilation
cross-sections, and spin (in)dependent weakly interacting massive particle (WIMP)-nucleon cross-
sections. Limits on WIMP-nucleon cross-sections from direct detection experiments assume a DM
candidate that saturates the observed relic density Q4> = 0.12 whereas the majority of pMSSM
models considered here under-predict the observed relic density. Therefore all WIMP-nucleon
cross-sections are scaled by (Qh2/0.12) for each model below the observed relic density to correct
for this assuming that a second DM component makes up the remaining relic density without
contributing to the DM—nucleon scattering cross-sections.

* SuperlSO 4.0 [55] is used to calculate a variety of flavour observables.

Models that fail to be processed properly by one or more of these programs or contain unphysical spectra
are removed. Models where the LSP is not the lightest neutralino ( )2?) are removed as are models
with charginos that are excluded by LEP, i.e., m(¥;) < 103GeV for Am(¥7, )2? > 3GeV [56] and
m(y7) < 91.9GeV for Am(¥y, )2(1)) < 3GeV [57]. Finally, a loose bound is applied to the predicted mass
of the SM Higgs boson: 120 GeV < m(h) < 130 GeV. The bound on the Higgs boson mass is wider than
the mass measurement precision due to the larger theoretical uncertainties in the calculation for the MSSM.
A loose bound also improves the efficiency of the model generation, while the bound keeps simulated
Higgs boson decays consistent with other experimental constraints. When presenting the final results,
additional external constraints complementary to the ATLAS search constraints are considered based on
the observables calculated by these programs. These include constraining the mass of the W boson to a
window around its measured values, spin (in)dependent LSP—nucleon cross-section limits, constraints
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Figure 1: Workflow for the electroweak pMSSM scan, starting from sampling the pMSSM parameter space and
ending at the determination of whether each model is excluded or not.



Table 2: Constraints from electroweak precision measurements, flavour physics observables and direct-detection DM
searches. When used in the results in Section 3, the flavour and precision electroweak constraints together correspond
to the ‘non-DM’ external constraints, whilst ‘all external constraints’ includes the flavour, precision electroweak and
DM constraints. In addition to these constraints, unless otherwise stated, all models considered in this paper include
the LEP constraint on the chargino mass and a Higgs boson mass constraint as described in the text.

Category Constraint Lower bound  Upper bound  Notes

Flavour Bb — sy) 3.11x 1074 3.87x 1074 2022 PDG average (20 window) [58].
B(Bs — up) 1.87 x 1079 431 %107 Most recent LHCD result (20~ window) [59].
B(B* — Tv) 6.10x 107 1.57x 107 2022 PDG average (20~ window) [58].

Precision Ap —-0.0004 0.0018 Updated global electroweak fit by GFiTTER group [60]
electroweak (not including CDF W mass measurement [61]).
BSM(7) - 2 MeV Beyond-the-Standard Model contributions to precision electroweak

mnv
measurements on the Z-resonance from experiments at the SLC and

LEP colliders [62].

m(W) 80.347 GeV 80.407 GeV 2022 PDG result (excluding CDF W mass measurement [61]) [58]
but with the 20 window expanded by 6 MeV to allow for uncertainty
due to the top-quark mass in the MSSM Higgs calculation [63].

DM Relic density - 0.12 Latest bound from Planck [64].
O Spin-independent Exclusion contour on direct detection of DM from the
LZ Collaboration [65].
O Spin-dependent Exclusion contour on direct detection of DM from PICO-60 [66].

on electroweak precision observables and constraints on B-physics observables. These constraints are
summarised in Table 2.

The cross-sections for each electroweakino pair-production process are calculated at next-to-leading-order!
using Prospino [68] for each model that passes the initial constraints. At this stage, a filter is applied
to halt the processing of models that the ATLAS searches are very unlikely to have sensitivity to. This
filter requires m(¢y) < 1200 GeV, as the analyses considered have no sensitivity to scenarios with a
X mass above this limit, and that the total cross-section for electroweak production of SUSY particles
orwk > 7 X 1073 pb, as lower cross-sections would be expected to yield less than ten events in the full
Run 2 data sample. In addition models with predicted stable or effectively stable yi" and )2(2) are also
filtered, as the event generation cannot handle additional stable charginos and neutralinos. Models rejected
by this filter are included in the final model sets used in Section 3, but are considered to be not excluded
here, even if some might be excluded by dedicated long-lived particle searches (for example the ATLAS
search for heavy long-lived charged particles with large ionisation losses has sensitivity to long-lived
charginos [69]).

Events are then simulated using Monte Carlo (MC) techniques for each model that passes these filters.
Events are simulated at leading-order using MADGRAPHS_AMC®@NLO2.9.5 [70] and PyTH1A8.306 [71].
Only electroweak production processes are generated, and coloured sparticles are not included in the
subsequent decays. Assessing the detector effects on simulated events requires them to be processed either
through a full simulation of the ATLAS detector [72] based on GEanT4 [73], or a faster version of the
simulation (ATtLFAsTII), which relies on a parameterisation for the response of the calorimeters and on
GEeanT4 for the other components of the detector, then reconstructed with the same algorithms as those
used for the data. Producing such ‘detector-level’ reconstructed samples is computationally expensive, so
instead events are initially simulated at particle-level using the StMPLEANALYsIs framework [38]. This

1 For simplified model results published by ATLAS, Resummino [67] is used to provide additional next-to-leading-logarithm
corrections to the production cross-section. To reduce resource usage, REsummMiNo has not been applied here which could cause
small differences in cross-sections for similar processes.



includes parameterised response functions that aim to emulate detector effects such as reconstruction
and identification inefficiencies and resolutions. These are typically parameterised as functions of the
transverse momentum and rapidity for the different types of particles. SIMPLEANALYSIS is used to obtain an
approximate result that indicates if the model is likely to be excluded or not. Validation studies of each
SiMPLEANALYSIS implementation are performed to confirm that the yields obtained agree with the yields
from fully reconstructed samples within a reasonable margin (usually around 20%). All electroweakino
production processes are produced simultaneously in MADGRAPH and, to keep processing time manageable,
up to a single additional jet from initial-state radiation is allowed in the MADGRAPH calculation and the
4-flavour merging scheme is used to combine them with PyTHia. The number of events generated is
required to correspond to at least five times the Run 2 integrated luminosity, subject to an upper limit
of 250000 events. For high cross-section models exceeding this limit, additional filtered samples are
produced at particle level to improve the statistical precision of the evaluation.

ATLAS searches for SUSY typically define a set of statistically independent event selections. ‘Signal
regions’ (SR) are event selections where a statistically significant excess of events would be observed over
the SM prediction if the signal were present. These are supplemented by auxiliary ‘control regions’ (CR)
that are used to produce semi-data-driven estimates of SM backgrounds. A simultaneous profile likelihood
fit is used to constrain the MC yields with the observed data in the CRs. The CRs are designed to be
both orthogonal and similar to the SRs, whilst also having little signal contamination. When performing
the statistical analysis the likelihood is constructed as a product of Poisson probability density functions,
describing the observed number of events in each CR/SR, and Gaussian distributions that describe the
nuisance parameters associated with each of the systematic uncertainties. Poisson distributions are used for
MC statistical uncertainties, and systematic uncertainties that are correlated between different samples
can be accounted for by using the same nuisance parameter. Exclusion limits are set on SUSY model
parameters using the CLg prescription [74]. The SRs and CRs in different ATLAS searches are not
statistically independent and cannot be combined easily. Therefore, in this paper, only the search with the
best expected exclusion limit for a given model is used to decide if a model is excluded or not.

To emulate this calculation using the particle-level signal samples and determine whether a model is
excluded, a profile-likelihood fit using the procedure outlined in Ref. [39] is performed using the particle-
level signal yields along with a detector-level estimate of the background yields and observed data for each
analysis.” A hypothesis test is performed using the pYHF framework [76, 77] to produce an observed
and expected CLg value for each analysis. Statistical and systematic uncertainties in the signal yields are
not included in this calculation, but all background systematic and statistical uncertainties are retained.
For some analyses signal contamination in the CRs is also neglected when performing the particle-level
evaluation, however it is always considered when calculating the detector-level CLg values discussed
next.

Using particle-level signal yields and not applying the complete set of signal uncertainties means that
the CL; values calculated using this procedure are only approximate. To determine the final exclusion,
the particle-level CL; values are used to categorise the models as follows. Models deemed to be ‘likely
excluded’ have an expected CL¢ < 0.001 for at least one of the considered electroweak searches. Those
deemed ‘likely not excluded’ have an expected CLg > 0.1 for every analysis. These boundaries are chosen
by checking that the particle-level classifications for a subset of models are consistent with their full
detector-level evaluation. Finally, those identified as ‘ambiguous’ have an expected CLg that satisfies
0.001< CLg < 0.1 for at least one analysis and CLs > 0.001 for every analysis. For the first two categories

2 Most Run 2 ATLAS SUSY analyses have published a ‘likelihood’ [39] on the HEPData platform [75], but in the cases where
this was not available this was obtained internally.



Table 3: Parameter ranges that are randomly sampled for the ‘EWKino’ scan.

Parameter Min Max Note

M; (=M;,) 10TeV 10TeV Left-handed slepton (first two gens.) mass

Ms, (=Ms,) 10 TeV 10TeV Right-handed slepton (first two gens.) mass
7 10 TeV 10TeV Left-handed stau doublet mass

M, 10TeV 10TeV Right-handed stau mass

MQ~1 (=MQ~2) 10TeV 10TeV Left-handed squark (first two gens.) mass
My, (=My,) 10 TeV 10TeV Right-handed up-type squark (first two gens.) mass
M; (=My,) 10TeV 10TeV Right-handed down-type squark (first two gens.) mass

Mg, 2TeV  5TeV Left-handed squark (third gen.) mass
Mg, 2TeV  5TeV Right-handed top squark mass

Mg, 2TeV  5TeV Right-handed bottom squark mass
M, -2TeV  2TeV Bino mass parameter

M, —2TeV  2TeV Wino mass parameter

U —-2TeV  2TeV Bilinear Higgs boson mass parameter
M; 1TeV 5TeV Gluino mass parameter

Ay —-8TeV  8TeV Trilinear top coupling

Ap —-2TeV ~ 2TeV Trilinear bottom coupling

A —2TeV  2TeV Trilinear T-lepton coupling

My 0TeV  5TeV Pseudoscalar Higgs boson mass

tan 8 1 60 Ratio of the Higgs vacuum expectation values

these particle-level evaluations are considered final and used for the results presented in Section 3. For
the models deemed ‘ambiguous’ detector-level MC samples are produced using the GEANT4 simulation
with parameterised simulation of the calorimeters. Whilst computationally expensive, the categorisation
process outlined in this section ensures this only has to be done for 5%—10% of models. The full ATLAS
analyses are then applied to the resulting MC samples using RECAST - a framework for re-using existing
analyses to interpret new physics models. The RECAST of an analysis contains all of the original analysis
steps in Docker containers [78], to allow a full re-execution of the event selection, calculation of systematic
uncertainties and statistical analysis for a new signal sample. Finally, the CLg output by RECAST is used
to categorise ambiguous models as excluded (CLs < 0.05) or not excluded (CLg > 0.05) based on the full
detector-level analysis.

2.2 Scan configurations

Two pMSSM scans are processed with different parameter ranges and sampling strategies. In both scans,
the sleptons and all squarks and gluinos are ‘decoupled’, i.e., mass parameters are set sufficiently high
as to not influence the production or decays of the electroweakinos. The first scan focuses on general
electroweakino production and is denoted the ‘EWKino scan’. The parameter ranges for the EWKino scan
are listed in Table 3. The EWKino scan comprises 12 280 models that survive all of the constraints and
filters when starting from an initial set of 20 000 models randomly sampled (with a flat prior) from these
ranges.
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Figure 2: Scatter plot of models from the EWKino scan in the Qh? versus m( )210) plane, coloured with RGB value
set to the (wino, bino, higgsino) fraction of the LSP. The experimentally measured value of the relic density [64],
Qh% = 0.120 + 0.001, is indicated by a horizontal dashed line.

The magnitudes of the M;, M, and u parameters, which control the bino, wino and higgsino masses
respectively, are varied between 0 and 2 TeV. The ATLAS Run 2 sensitivity to electroweakinos does not
extend beyond masses of 1 TeV, so these ranges capture a range of relevant senarios including those where
the heavier i3, )’52 and )’52 (not present in simplified models) are both below and above this limit. Whilst the
third generation squark masses are scanned over and those parameters affect for example the Higgs boson
mass, they have no significant impact on the phenomenology or analysis exclusion in the electroweak sector
and are not included in the event generation. This is also the case for the gluino mass parameter Ms.

Figure 2 shows a scatter plot of the models from the EWKino scan in the QA2 versus m1( )’5?) plane, coloured
by the dominant component (wino, bino or higgsino) of the LSP. The experimentally measured value of
the relic density [64], QA? = 0.12, is indicated by a horizontal dashed line. Here the LSP is defined as
‘bino-like’ if the bino fraction is greater than the wino/higgsino fraction, and similar for ‘wino-like” and
‘higgsino-like’. With decoupled sleptons (that limit options for co-annihilation), models with a bino-like
LSP typically overestimate the DM relic density unless there are additional annihilation mechanisms
available. A higgsino- or wino-like LSP, in general, provides a DM relic density prediction below the
measured value, unless the LSP mass is around 1 TeV (higgsino) or 3 TeV (wino). This is because a
higgsino- or wino-like LSP has enhanced co-annihilation with the chargino and/or second neutralino that
by construction are close in mass to a wino- or higgsino-like LSP.

Applying the DM relic density constraint QA? < 0.12 (where the inequality allows the neutralino LSP to
be a subdominant component of DM) would thus remove almost all models in the EWKino scan with a
bino-like LSP. To avoid over-saturating the relic density additional annihilation mechanisms are required
for bino-like LSP models. These typically lead to models with more compressed mass splittings between
the LSP and the )’58, X7 as well as concentrating models in the ‘Z/h/A/H funnel’ regions. In the funnel
regions the LSP mass is approximately half the mass of the Z, Higgs boson, heavy neutral scalar Higgs
boson H, or pseudoscalar Higgs boson A, such that self-annihilation into a Z/h/A/H is enhanced, resulting
in a DM relic density below the experimental value. The ranges involved in the EWKino scan do not
generate enough models in the funnel regions to demonstrate the sensitivity of the ATLAS searches. To
compensate for this and to produce a sizeable sample of bino-LSP models with Qh? < 0.12, a second



Table 4: Set-ups for the two pMSSM scans performed and number of models passing each step and constraint. Whilst
listed as part of the selections applied to produce the model set, the DM relic density is not considered in the model
generation for the EWKino scan, where it is instead only used as part of the DM constraints discussed in Table 2 of
Section 2.1.

Scan name EWKino BinoDM
|M1| range 0-2TeV 0 -500 GeV
LSP type Neutralino  Bino-like neutralino

Number of models generated:
Sampled 20000 437500
Successful generation 16 667 370017
Correct LSP type 15321 286267
Satisfy DM relic density constraint Q4 < 0.12 N/A 11122
Satisfy LEP chargino mass constraint 13969 10174
120 GeV < m(h) < 130 GeV 12280 8897
Satisfy non-DM external constraints 7956 5752
Satisfy all external constraints 2460 1769

scan is performed that oversamples such models. The ranges of this scan are the same as those in Table 3
except that the bino mass parameter range is tightened to |M;| < 500 GeV in order to focus on low-mass
bino models. 437,500 models are randomly sampled from these ranges with a flat prior, and only those
with a bino-like LSP and QA2 < 0.12 are kept. These constraints, along with the additional filters, reduce
the number of models to 8 897. This scan is referred to as the ‘BinoDM’ scan. In the EWKino scan the
relic density constraint is not applied in the initial selection of models. Table 4 summarises the bino mass
parameter ranges and the number of models passing each step of the workflow, for the two scans.

Figure 3 shows models from the EWKino and BinoDM scans plotted in the QA versus m( /\7?) plane before
the DM relic density constraint is applied, coloured by the dominant annihilation mechanism. Several
regions of interest can be observed. The first are the ‘Z/h funnel’ regions in purple, which are particularly
important for the BinoDM scan. In order to couple to the Higgs boson and Z bosons such that these
annihilation mechanisms are allowed, the LSP must have a higgsino component. These ‘funnel regions’
are of particular interest as they can satisfy the DM relic density constraint and also have an LSP mass that
overlaps with the region of sensitivity for many of the Run 2 ATLAS SUSY searches. Similarly, the A and
H funnel regions are shown in green. For m( )2(1)) > 100 GeV, in the ‘bulk region’, there are a variety of
other (co-)annihilation mechanisms contributing. When m( /\??) > 173 GeV (i.e. the LSP is similar to or
greater in mass than the top quark), the )2(1) )2? — tt self-annihilation process is allowed, coloured in pink.
The orange points also show models where the LSP is close in mass to a wino- or higgsino-like ¢} and )Zg ,
causing enhanced co-annihilation. In general, in the BinoDM scan the DM relic density constraint favours
an LSP with a bino/higgsino mix. A pure-bino LSP is disfavoured unless its mass is very close to the Z/h
pole, or the i/ /\?(2) are very nearby in mass.

2.3 Summary of ATLAS searches and measurements considered
This sub-section describes the eight ATLAS searches and the additional constraints from ATLAS Higgs

boson measurements that are included in the results in Section 3. The ATLAS Run 2 searches for electroweak
SUSY took a ‘signature-driven’ approach, meaning that multiple final states can have sensitivity to the same
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Figure 3: Scatter plot of models selected from (a) the EWKino and (b) the BinoDM scan (before the relic density
constraint is applied) in the Qh? versus m( )210) plane, coloured by the dominant annihilation mechanism. No
additional external constraints are applied.

SUSY production mode due to differing decays of the gauge bosons in the decay chain. The simplified
models used to optimise and interpret the searches typically assumed that the electroweakinos are pure
bino, wino or higgsino states in terms of cross-section evaluation, with the dominant SUSY production
mode being determined by the next-lightest SUSY particle (NLSP), which then decays into a particular SM
final state and the LSP with a fixed branching fraction. In Run 1 the main simplified model presented was
the ‘bino-wino’ scenario where the LSP is a pure bino with the next lightest SUSY particles being mass
degenerate wino-like )’58 and ¥7. The dominant production modes are then associated X X S production or
Nxy pair production. The larger data samples in Run 2 have enabled multiple searches targeting this
scenario with complementary sensitivity in different areas of the LSP versus NLSP mass plane. Assuming
boson-mediated decays, the Xi decays via a W boson either leptonically or hadronically, whilst the ¥’ S
can decay via either a Z boson, which decays leptonically or hadronically, or via a Higgs boson, which
can then decay according to its SM branching fractions. The Run 1 electroweak SUSY searches focused
on leptonic final states for these models as they provide a clean final state for triggering and lower SM
backgrounds. The larger data samples in Run 2 have allowed more challenging final states to be probed.

Table 5 summarises the Run 2 electroweak SUSY searches considered in this analysis. The ‘2LOJ
search [19] targeted X X1 with W boson mediated decays into final states with exactly two opposite sign
electrons or muons, low hadronic activity and missing transverse momentum. The ‘3L’ search [23] targeted
associated X7 ¥ S production with WZ mediated decays where both the Z and W boson decay leptonically.
Scenarios where the decays proceed via on-shell and off-shell Z /W bosons were targeted with separate
selections. In addition to these fully leptonic searches, channels probing hadronic decays of the W or Z were
considered. This incudes the ‘FullHad’ search [24] which considered both ¥1.¥; and ¥i 05 production
with boson-mediated decays (including X S decays into both Z and h) into final states involving hadronic
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Table 5: List of ATLAS electroweak SUSY analyses considered in this analysis, and the relevant original simplified
models targeted by them.

Analysis Relevant simplified models targeted

FullHad [24] Wino X f)? (2) via WZ, Wino X li/f/ (2) via Wh, Wino X f/? | via WW
1Lbb [15] Wino X1 Xy via Wh

21L.0J [19] Wino X{ X, via WW, slepton pairs

21.2] [25] Wino ¥i X3 via WZ

3L [23] Wino X X5 via WZ, Wino X145 via Wh, higgsino X
4L [22] Higgsino GGM

Compressed [20] Wino XEX3 via WZ, higesino Xi X%,

Disappearing-track [27] Wino ¥ ¥; and Xi %)

jets, and the ‘2L.2J" search [25] which targeted X X 3 where the X S decays leptonically via a Z and the X T
decays hadronically. An additional dedicated search, denoted ‘1Lbb’ [15], specifically targeted the scenario
where the X 3 decays via an on-shell Higgs boson into two b-tagged jets, and the ¥{ decays leptonically.

Unlike the other searches cosidered, the ‘4L’ search [22] targeted general gauge-mediated (GGM) [79]
scenarios with a gravitino LSP. However it does provide sensitivity to the pMSSM models considered
in this paper that produce four leptons through long decay chains following production of the heavier
electroweakinos.

For the bino-wino scenario without additional radiation, the amount of missing transverse momentum in
the final state is largely determined by the mass splitting between the LSP and the X ’, )?(2). Many of the
analyses referred to above included multiple search regions targeting different mass splittings, however a
dedicated ‘compressed’ [20] search was also performed that targeted models with smaller mass splittings
in final states with ‘soft’ low-transverse momentum leptons, and high missing transverse momentum
generated by the SUSY production system recoiling against initial-state radiation. This search was also the
first analysis to target SUSY scenarios with a pure higgsino LSP. Finally, the only search in this paper
that was optimised for pure wino LSP scenarios (while also targeting models with a higgsino LSP) is the
‘disappearing-track’ search [27]. This targeted anomaly-mediated SUSY breaking (AMSB) [80, 81] models
that naturally give a pure wino LSP as well as providing interpretations for compressed higgsino scenarios.
This search targeted long-lived charginos using a distinct signature of a short track that ‘disappears’ in the
ATLAS tracking detector associated with missing transverse momentum.

When performing the workflow described in the previous sub-section, several modifications are made for
specific searches:

* In the cases where the time to run the full analysis likelihood with particle-level signal yields is
too computationally expensive, the ‘simplified likehood’ procedure described in Ref. [82] is used
instead. This makes several simplifications including combining all background components into a
single sample and reducing all nuisance parameters in the full likelihood to a single constrained
parameter. This significantly increases the speed of the statistical fit, at the price of some accuracy.
This approach is used for the compressed and 3L off-shell analyses.

* For the disappearing-track analysis the upper limits on production cross-sections are used to determine
exclusion. This is justified in this case since the disappearing-track analysis acceptance is largely
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determined by the i mass and lifetime, and not by other model parameters such as tan 8 or .
Only direct ¥; and )2(1) production is considered, i.e., production through decay of heavier states is
ignored, leading to slightly conservative limits. A linear interpolation between the available upper
limits is used to determine the appropriate limit for each pMSSM model. To ensure a reliable result,
only models with chargino mass and lifetime within the ranges for which limits are available are
considered. If the total production cross-section for a model, o (¢} )2(1)) +0 (¥ X7 ). is greater than
the corresponding limit then the model is considered excluded.

In addition to the ATLAS SUSY searches shown in Table 5, two additional constraints related to
measurements of the Higgs boson are applied when assessing the ATLAS Run 2 constraints on the pMSSM
models. The first is the most recent combined upper limit on the branching ratio of the Higgs boson
into invisible particles of B(h — inv)< 0.107 [83]. Models where Higgs boson decays into SUSY
particles would increase this value above this limit are considered excluded. The second constraint applied
is the ATLAS combined constraint on the CP-odd Higgs boson mass in the MSSM from Higgs boson
cross-sections and branching fractions [84], which is m(A) > 480 GeV. This m(A) bound is approximate,
particularly at high tan8 where additional SUSY corrections will contribute in the pMSSM. However,
these corrections are suppressed by u/Msysy where Msysy is the SUSY scale. In the scans presented
here, u is much smaller than Msysy such that these corrections are expected to be small.
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3 Results

This section summarises the constraints from the ATLAS searches for electroweak SUSY on the pMSSM
models selected by the scans described in Section 2.2. To determine whether a model is excluded, the
analysis with the best (i.e. smallest) expected CL; of the analyses in Table 5 is used. If the observed CLg for
that analysis is less than 0.05, the model is considered to be excluded. Statistical combinations of analyses
are not performed in this study so these results provide a conservative estimate of the ATLAS constraints.
As outlined in the Section 2.3, models with 8(# — inv) > 0.107 or m(A) < 480 GeV are also considered
to be excuded by ATLAS.

Throughout this section, results are presented as projections of the pMSSM models in one or two dimensions.
For the one-dimensional plots the number of models satisfying different model selection criteria is presented
as a function of a single pMSSM parameter or observable, along with the fraction of ‘all considered models’
satisfying that selection. Throughout this section ‘all considered models’ is the total number of models
generated in each scan that satisfy the LEP chargino and LHC Higgs boson mass constraints discussed
in Section 2.2 (constituting 12 280 and 8 897 models for the EWKino and BinoDM scans respectively as
shown in Table 4). The BinoDM scan also includes the relic density requirement. The two-dimensional
plots are presented in terms of the fraction of models excluded by the ATLAS Run 2 constraints described
in Section 2.3 in a given bin. When calculating fractional exclusion plots three sets of model selections
are considered: plots labelled ‘all considered models’ correspond to the selection described above, plots
labelled ‘all non-DM constraints’ include only the subset of these models that satisfy the flavour and
electroweak precision measurements in Table 2 and those labelled ‘all external constraints’ include the
further subset that also satisfy the DM constraints in Table 2. For the BinoDM scan the relic density
requirement is applied in the initial model selection stage, meaning that the only difference between the
models selected with ‘all non-DM constraints’ and ‘all external constraints’ is the application of the direct
detection constraints on the spin-dependent and spin-independent cross-sections.

3.1 Constraints on the LSP mass

Figure 4 shows one-dimensional distributions of the LSP mass for models selected by the EWKino and
BinoDM scans, with the fraction of models excluded in each bin being indicated by the lower panels.
Figure 4(a) shows all of the EWKino scan models before and after applying the ATLAS Run 2 constraints,
separated by LSP type. Figure 4(b) shows the distribution of all EWKino scan models, the distribution
after non-DM external constraints are applied and finally the distribution after non-DM external constraints
and the ATLAS Run 2 constraints are applied. The impact of the ATLAS constraints on the EWKino
scan is most significant at lower LSP mass. Figure 4(a) shows that almost all of the models with an LSP
mass below 100 GeV are bino-like LSP models, due to the LEP chargino constraint, and around 50% of
these models are excluded by ATLAS. Though not shown here, these low mass bino-LSP models are also
disfavoured by the DM relic density constraint — the complementarity between the ATLAS results and the
DM external constraints is discussed separately in Section 3.3. For an LSP mass less than 400 GeV, the
ATLAS Run 2 searches exclude more than 50% of the wino LSP models in each bin, which is driven by the
disappearing-track analysis. The ATLAS Run 2 exclusion fractions for both bino- and higgsino-like LSPs
in the EWKino scan is less than about 20% for LSP masses above 200 GeV.

Figures 4(c) and 4(d) show the one-dimensional distribution of the LSP mass for the models in the BinoDM
scan. The distribution is shown considering only the ATLAS Run 2 constraints and when also applying
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Figure 4: Distributions of the LSP mass. (a) The distribution of all considered EWKino scan models before and after
the ATLAS Run 2 constraints are applied, split by the dominant component (bino, wino or higgsino) of the LSP. (b)
The distribution of all considered EWKino scan models, the remaining models after non-DM external constraints are
applied and the remaining models after non-DM external constraints and the ATLAS Run 2 constraints are applied.
(c) The distribution of all considered BinoDM scan models before and after the ATLAS Run 2 constraints are applied.
(d) The distribution of all considered BinoDM scan models, the remaining models after all the external constraints
are applied and the remaining models after all external constraints and the ATLAS Run 2 constraints are applied.
The lower panels show the fraction of models excluded in each case.
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the external constraints. A bino-like LSP with a mass below 100 GeV is almost entirely excluded in the
BinoDM scan by the ATLAS constraints, particularly when also considering external constraints. This is
discussed further in the next section.

3.2 Constraints on electroweakino masses and branching ratios

For the EWKino scan, Figure 5 shows the fraction of models excluded by the ATLAS Run 2 electroweak
searches in the m ({{)-m( )2?) and m ( )Zg)—m ( )2(1)) planes. The plots are overlaid with a contour indicating
the exclusion for relevant simplified models. Assuming wino-like /\?g X7 and y{ ¢7 production with a
bino-like LSP, B(¢) — Z¢V) = 100% and B(¢F — W*gV) = 100%, this contour is calculated as the
envelope of the exclusion contours of the 3L [23], 2L2J [25] and FullHad [24] analyses, which have
complementary sensitivity for different sparticle masses. Before considering the external constraints, most
of the excluded models are inside the simplified model contours, but only at very low sparticle masses
does the exclusion approach 100%. For the m (¢{)—m( )2?) plane, most of the models inside the contour
are removed by the external constraints, primarily due to the relic density requirement suppressing most
models with a bino LSP, with most of the remaining models lying along the diagonal line with small mass
splittings between the lightest chargino and the LSP. The ATLAS Run 2 searches exclude at least 50%
of the models, even outside the simplified model contour, up to a chargino mass around 400 GeV. For
the m( )Zg)—m ( )2(1)) plane, the region away from the compressed region still contains many models after
the external constraints are applied, and there is a large region outside the simplified model contour with
m( )2(2)) > 1100 GeV where the ATLAS Run 2 results exclude all of the models. These are driven by
models with a wino-like )2? and y; and a bino- or higgsino-like )Zg with a large mass splitting, where the
disappearing-track analysis provides sensitivity to the compressed )2(1) and ¥

The same plots are shown for the BinoDM scan in Figure 6. As the relic density requirement is applied to
all models in this scan, there are fewer models inside the simplified model contour. The Z/h funnel regions
are visible in all plots and strongly constrained by the ATLAS results. A region of 100% exclusion is
observed between the funnel and compressed regions in Figures 5(a) and 5(b). These are mostly models in
the A-funnel region that are excluded by the ATLAS constraint m(A) > 480 GeV. This region is absent in
Figures 5(c)-(f) due to the B(b — s7y) external constraint that is impacted by loop contributions involving
A. Similar to the EWKino scan, there are models with compressed spectra, i.e., m( /\?g) or m(yy) = m( )2?)
where the ATLAS results exclude a significant fraction of the models. This illustrates the complementarity
of the ATLAS searches and external constraints. To demonstrate the progress of the ATLAS Run 2
search programme relative to Run 1, Figures 5(e) and 6(e) can be compared with Figure 2(a) of the Run 1
electroweak reinterpretation paper [32] that reported fractional exclusion in the m (;)-m( )2?) plane by
the ATLAS searches for models selected using a profile-likelihood scan using external constraints. The
distribution of models seen here is similar to those in the Run 1 analysis, however the ATLAS exclusion in
the funnel region extends to higher chargino masses (the region with ~ 100% exclusion is O(100) GeV
higher using the Run 2 constraints) and there is now sensitivity to the compressed region at lower masses
due to the compressed and disappearing-track analyses.

Figures 5 and 6 illustrate that once external constraints are applied, many of the surviving models
have compressed mass spectra. Figure 7 shows the fractions of models excluded in the Am (7, /\?(1)) =
m(yy) —m( )2(1)) versus m () plane once non-DM external constraints are applied. For both scans the
ATLAS results have sensitivity to low chargino masses. For the EWKino scan (left plot), the highest
exclusion for low chargino masses occurs for Am(y{, /\??) ~ 0.1-0.2 GeV, which is consistent with
the O(160 MeV) mass splittings expected for pure wino scenarios that the disappearing-track analysis
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is optimised for [27]. For the BinoDM scan (right plot), at chargino masses less than 400 GeV the
lowest Am (7§, )2(1)) bins show exclusion fractions greater than 0.8. This can be attributed both to the
disappearing-track analysis and to production mechanisms involving higher mass electroweakinos such as
X5 and )22. A similar effect is seen in Figure 8 that shows the fractions of models excluded for each scan
in the m( )Zg)—Am ( )Zg , )2?) plane. In general, many bins within the simplified model contours in all the
two-dimensional plots show less than 100% exclusion. This is mostly due to the pMSSM models having
smaller branching fractions and cross-sections than the simplified models.

Simplified models used in SUSY searches typically assume fixed branching ratios into particular final
states (often 100%), however in general these vary as a function of the pMSSM parameters. Figure 9
shows one-dimensional distributions of B( )Zg — )Z?Z) and B( /\”/g - )E?h) for both scans before and after
applying the ATLAS Run 2 constraints (no external constraints are considerered here). These quantities
are branching fractions for two-body decays via on-shell Z and & bosons, therefore the large peaks at zero
in these distributions contain models with Am( )2(2) , )2?) < m(Z/h) such that the three-body off-shell decay
modes dominate. For the EWKino scan, Figures 9(a) and 9(c) are split by LSP type as the distribution
and ATLAS sensitivity is distinct for each. These on-shell decay modes are not relevant to models with
a higgsino-like LSP, so these are not shown. For models with a bino-like LSP in both the EWKino and
BinoDM scan, the highest exclusion by the ATLAS results occurs for large values of B( )Zg — )E?Z), as
expected due to the large number of searches optimised for simplified models with B( )Zg — )Q?Z ) = 100%
whilst only the 1Lbb search directly targets the )Zg - )E(l)h decay for low mass )Eg. For models with a
wino-like LSP, the largest exclusion occurs when B ( /\73 - )Z?Z) ~ 15% and larger B( /\?g - )Z?h). These
branching ratios are impacted by the mass splittings between the )Zg and )2?, which also affects the lifetime
of the ¥i. This peak in exclusion corresponds to models with a chargino lifetime of around 0.1ns that

aligns with the region of sensitivity of the disappearing-track analysis.
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Figure 5: The fraction of EWKino scan models excluded by ATLAS Run 2 results. The first column shows the
m(yy)-m( ,\7(1)) plane and the second column the m( )Zg )—m( ,\7(1)) plane. The first row includes all considered models,
the second includes models that satisfy the non-DM external constraints and the third row models that satisfy all
external constraints. The overlaid dashed line shows the envelope of the 3L [23], 2L.2J [25] and FullHad [24]
exclusion of a wino /\?li/)z(z) simplified model with B()?g - Z)??) = 100% and B(¢; — W*)??) = 100%. Bins in
grey have no models to consider, while for bins in cream (black) all models are (not) excluded.
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Figure 6: Fraction of BinoDM scan models excluded by the ATLAS Run 2 results. The first column shows the
m(yy)-m( /\7(1)) plane and the second column the m( /\?g )—m( /\?(l)) plane. The first row includes all considered models,
the second includes models that satisfy the non-DM external constraints and the third row models that satisfy all
external constraints. The overlaid dashed line shows the envelope of the 3L [23], 2L.2J [25] and FullHad [24]
exclusion of a wino /\?li//?g simplified model with B()?g - Z)??) = 100% and B(¢; — Wi)??) = 100%. Bins in
grey have no models to consider, while for bins in cream (black) all models are (not) excluded.
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Figure 9: Distributions of (first row) 8 (/\?g — X?Z) and (second row) B( )Eg — )Z(l)h). The first column shows models
in the EWKino scan split by LSP type and the second column models in the BinoDM scan. The distributions show
all considered models before and after the ATLAS Run 2 constraints are applied. The lower panels show the fraction
of models excluded in each case.
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3.3 Dark matter phenomenology

This section assesses the impact of the searches on models with particular DM annihilation phenomenology
and investigates the complementarity between collider and non-collider searches for DM by considering
the relic density Q4> and DM-nucleon scattering cross-sections. Most direct DM detection experiments
target DM scattering on nucleons. Currently, the most stringent limit on the spin-independent WIMP—
nucleon scattering cross-section comes from the LUX-ZEPLIN (LZ) experiment [65] whilst the most
stringent constraint on the spin-dependent WIMP—proton scattering cross-section comes from the PICO-60
experiment [66]. The impact of these limits on the models considered here is weakened by the scaling of
the cross-sections by (Q/42/0.12) to account for lower than measured DM relic density as explained in
Section 2.1.

Figure 10 shows the fraction of BinoDM models excluded by the ATLAS Run 2 results in the m( j?)—th
plane for all considered models satisfying the non-DM external constraints and for models satisfying all
external constraints. The results from the direct detection searches strongly constrain the funnel regions,
and once the ATLAS Run 2 results are applied only a few models remain viable in the funnel regions. The
ATLAS constraints at higher LSP masses are weaker.

To further illustrate the complementarity between the collider and non-collider results for a bino-like
LSP, Figure 11 shows the fraction of models in the BinoDM scan (that satisfy all non-DM external
constraints) that are excluded by the ATLAS Run 2 results as function of LSP mass and WIMP-nucleon
spin-independent/dependent scattering cross-sections. The ATLAS searches are observed to have a high
sensitivity in regions where the direct-detection searches are insensitive and vice-versa, demonstrating
the complementarity. Additionally, Figure 12 shows scatter plots of Qh? versus m( )2(1)) with different
constraints applied to the model set and each model point coloured by the dominant LSP- annihilation
mechanism. The Z/h funnel regions are almost entirely excluded when considered both ATLAS Run 2 and
external constraints, as are most models up to m( /\??) ~ 200 GeV. Most models with 7/ )Zg co-annihilation
as the dominant mode are still viable.

Finally, Figure 13 illustrates the complementarity between the DM constraints and the ATLAS Run 2
constraints for the EWKino scan. One dimensional distributions of the DM relic density, the WIMP-nucleon
spin-independent scattering cross-section and the WIMP-proton spin-dependent scattering cross-section
are presented for models selected by the EWKino scan. For the DM relic density the distributions are
presented before and after applying the ATLAS Run 2 constraints and for the scattering cross-sections
one-dimensional distributions are presented after applying the relevant direct detection constraint (LZ
for the spin-independent cross-section and PICO-60 for the spin-dependent cross-section), and after
applying both the direct detection constraint and the ATLAS Run 2 constraints (with no additional external
constraints applied). This again demonstrates the complementarity between direct detection experiments
and ATLAS searches, as ATLAS provides good exclusion of low cross-section scenarios that lie well below
the LZ and PICO-60 limits.
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Qh?

Figure 10: Exclusion of models from the BinoDM scan in the m( X?)—th plane with (a) all non-DM constraints
applied and (b) all external constraints applied. Bins in grey have no models to consider, while for bins in cream

1071

102

1073

1074

ATLAS
BinoDM scan, y/s=13TeV, 140fb™"

ATLAS exclusion fraction after non-DM external constraints
T

102

m(z3) [GeV]

o o o o =
N £ (2] fee] o
Fraction of models excluded

o
=}

(a) Models satisfying all non-DM constraints

(black) all models are (not) excluded.

ATLAS
BinoDM scan, y/s=13TeV, 140fb™"

ATLAS

BinoDM scan, y/s=13TeV, 140fb~"

ATLAS exclusion fraction after external constraints
—

102
m(z3) [GeV]

(b) Models satisfying all external constraints

ATLAS
BinoDM scan, y/s=13TeV, 140fb™"

Fraction of models excluded

10743 ATLAS exclusion fraction after non-DM external constraints 1.0 ATLAS exclusion fraction after non-DM external constraints 1.0
& — ' -9 & — ' ~g
£ g T 1o-0o | R g
% 10745 08 S 2 -7 ----- 08 S
© 5 oD e o
s S B P S 1041 P
® 1074 = T 06 8 S r 06 3
3 £ g E

Q1043 -

g 10740 . 045 g 10 i 045
= c = c
= o o
= . 2
SRLIE . 02 g 10740 02 g
i = i

1053 0.0 10747 S 0.0

10! 107 102
m(i3) [GeV] m(i3) [GeV]
(@) (b)

Figure 11: The fraction of models excluded by the ATLAS Run 2 searches from the BinoDM scan in (a) the WIMP-
nucleon spin-independent scattering cross-section o versus m ( /\?(1)) plane and (b) the WIMP—proton spin-dependent
scattering cross-section osp versus m( )2?) plane. The pMSSM model cross-sections are scaled by QA4?/0.12 to
provide a fair comparison with the LZ [65] and PICO-60 [66] upper limit contours shown as dashed lines on the two
plots, respectively. Only models that satisfy the non-DM external constraints are included. Bins in grey have no
models to consider, while for bins in cream (black) all models are (not) excluded.
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Figure 13: One-dimensional distributions of (a) the DM relic density, (b) the WIMP-nucleon spin-independent
scattering cross-section and (c) the WIMP—proton spin-dependent scattering cross-section, for the EWKino scan. For
(a) the distribution is shown before and after applying the ATLAS Run 2 constraints (with no additional constraints
applied) with the measured relic density marked by the vertical line. The distributions in (b) and (c) are presented
for all considered models that satisfy the DM relic density constraint, after applying the relevant direct detection
constraint (LZ for the spin-independent cross-section and PICO-60 for the spin-dependent cross-section), and after
applying both the relevant direct detection constraint and the ATLAS Run 2 constraints (with no additional external
constraints applied). The pMSSM model cross-sections are scaled by Q42 /0.12 to provide a fair comparison with
the direct detection experiment limits.
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3.4 Complementarity and overlap between ATLAS Run 2 results and external constraints

In assessing the exclusion, the CLg value is taken from the ATLAS analysis with the best expected sensitivity,
however for many models multiple analyses would have the required sensitivity to claim exclusion. The
overlap in sensitivity between the analyses and constraints is displayed in Figure 14. For the diagonal
entries, the number in bold shows the percentage of all considered models excluded by that search/constraint.
For the off-diagonal entries the number in each box indicates the percentage of the models excluded by the
analysis/constraint in that row that were also excluded by the analysis/constraint on the column label. In
general, the 2L.2J and 3L searches have high overlaps with all searches except the disappearing-track search
for both the EWKino and BinoDM scans, due to their abilities to probe both associated chargino-neutralino
production with gauge boson-mediated decays as well as leptonic final states produced in cascade decays
involving heavier electroweakinos.

The ATLAS searches exclude 100% and 99% of the models excluded by the ATLAS 8B(h — inv) constraint
in the EWKino and BinoDM scans respectively. This is because models with high 8(4# — inv) lie in the
Higgs-funnel region, which corresponds to mass ranges that the ATLAS searches considered are most
sensitive to.

When examining the overlaps between the ATLAS searches and external constraints, the highest overlaps
with the ATLAS searches come from the spin-independent cross-section measurement and relic density
measurement for the EWKino scan, but the numbers are still relatively low (30% and 24% respectively).
Alternatively, for the BinoDM scan the spin-independent cross-section measurement has a high overlap
with all relevant searches and constraints.

Finally, Table 6 contains a summary of the percentage of models excluded for each LSP type, for each
search and constraint individually and overall. The final row shows that over 77% of models for each LSP
type and scan are excluded when considering both ATLAS Run 2 and external constraints. However as
these fractions are calculated from the entire model set they depend on the priors (scan ranges and strategy)
used. It is therefore more useful for planning future searches to consider the models that remain unexcluded
with low-mass electroweakinos that are discussed in the next section. For the EWKino scan, of the different
LSP types, wino-like LSPs have the highest ATLAS Run 2 exclusion, which is almost entirely driven by
the disappearing-track analysis. For the BinoDM scan, the largest individual exclusion comes from the
21.2J and 3L analyses, which, as mentioned above, have degrees of overlap. The external constraints have a
large impact on both bino LSP models in the EWKino scan and the BinoDM scan, which is mainly driven
by the DM constraints. The non-DM external constraints (flavour and precision electroweak) have a similar
impact across the LSP types and scans, though flavour constraints have a weaker impact on models with a
higgsino-like LSP.
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Figure 14: Percentage overlaps in the models excluded by each search and constraint. For the diagonal entries, the
number shows the percentage of all considered models excluded by that search/constraint. For each off-diagonal
square, the number and bin colour indicates the percentage of the models excluded by the result on the y axis that
were also excluded by the result on the x axis, i.e. 100 X N, /N, where N, is the number of models excluded by
the results on the x and y axes and N,, is the number of models excluded by the result on the y axis. The figures in
(a) and (b) show the overlap of each search, while (c) and (d) show the overlap of each constraint. Figure (a) and (c)
show the EWKino scan, while (b) and (d) are for the BinoDM scan. Where no models are excluded, the overlap is

shown as zero.

27



Table 6: Percentage of models excluded by each search and constraint, for each LSP type.

EWKino scan LSP type BinoDM

Search Bino-like Higgsino-like Wino-like scan

FullHad 5.3 % 2.6 % 3.0 % 0.2 %

1Lbb 1.2 % 0.0 % 0.0 % 0.1 %

Compressed 0.2 % 1.4 % 0.0 % 1.9 %

2L.0J 2.2 % 0.0 % 0.0 % 0.8 %

21.2) 5.6 % 2.9 % 3.1 % 15.9 %

3L (off-shell) 1.4 % 0.6 % 0.0 % 11.7 %

3L (on-shell) 4.7 % 0.8 % 1.2 % 17.7 %

4L 0.3 % 0.1 % 0.0 % 2.4 %
Disappearing-track 0.1 % 0.1 % 45.7 % 1.9 %
Overall ATLAS Run 2 SUSY searches 11.2 % 5.7 % 48.5 % | 25.0 Y%
m(A) > 480 GeV 0.4 % 1.6 % 0.4 % 4.8 %

B(h — inv.) < 0.107 0.4 % 0.0 % 0.0 % 8.1 %
Overall ATLAS Run 2 11.6 % 7.2 % 48.7 % 28.3%
Flavour constraints 33.8 % 22.8 % 32.5 % 28.8 %
Electroweak precision constraints 9.7 % 9.8 % 9.7 % 10.5 %
Relic density constraint 96.0 % 12.8 % 0.3 % N/A
Direct detection constraints 83.8 % 67.7 % 24.4 % 64.7 %
All non-DM external constraints 39.3 % 29.3 % 37.8 % 35.4 %
All external constraints 98.8 % 75.8 % 54.0 % 80.1 %
Overall ATLAS Run 2 + non-DM external 46.7 %o 33.9 % 67.5 % 53.4 %
Overall ATLAS Run 2 + external 98.9 %o 77.3 %o 83.0 % 84.1 %
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Figure 15 provides a visual summary of the constraints by showing the fraction of models excluded
by ATLAS as a function of the masses of each electroweakino for models satisfying all of the external
constraints. For both the EWKino and BinoDM scans, the bar for the LSP shows predictable behaviour
where the fraction of models excluded decreases with increasing LSP mass. A similar trend is observed for
all electroweakinos in the BinoDM scan. For the EWKino scan, there is an interesting effect for the )Zg
where models at higher mass show high exclusion fractions. This is partly driven by wino-like LSP models,
where Am (¥, )2?) and the y{ lifetime, and therefore the sensitivity of the disappearing-track analysis, are
correlated with m( )Eg ).
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Figure 15: Summary plots showing the fraction of models excluded by ATLAS across the masses of each electroweakino
for models that satisfy external constraints. (a) shows the EWKino scan and (b) the BinoDM scan. Bins in grey have
no models to consider, while for bins in cream (black) all models are (not) excluded.

3.5 Viable pMSSM models surviving the ATLAS Run 2 constraints

One of the benefits of this study is understanding that pMSSM models have been missed by previous
searches. This section presents six benchmark models with a bino-like or higgsino-like LSP that satisfy
all the external constraints but are not excluded by the ATLAS Run 2 analyses considered. These have
SUSY spectra that deviate from those typically encountered in ATLAS simplified models, either through
having different hierarchies between the bino, wino and higgsino mass parameters, mixed decay modes, or
relatively light )Zg . X> and )22 that are not within the sensitivity of the FullHad or 2L2J searches. These can
be used to optimise dedicated new searches for Run 3 of the LHC and beyond. Spectra are not presented
here for wino-like LSPs as the main analysis targeting this scenario, the disappearing-track search, was
applied as cross-section upper limits, meaning that the reason many wino-like models were not excluded is
simply that they did not have a sufficiently large production cross-section.

Figure 16 shows the mass spectrum for four benchmark models with a bino-like LSP that satisfy all
constraints and are not excluded by ATLAS Run 2 analyses. The /\?(1), X7 and )2(2) masses of all of these
models lie within the published ATLAS simplified model contours for at least one of the SUSY searches
considered in this analysis.
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Figure 16(a) shows a model in the Z/h funnel region. This model differs from typical simplified models
as the yi and )Zg higgsino fraction is greater than 98%. Additionally, this scenario has 8 ( /\73 — )g‘l)h) ~
B( )23 - /\??Z) ~ 50%. Scenarios such as this will therefore have smaller signal yields than typical
simplified models due to the higgsino-like ¥/ )2(2) production cross-sections being smaller than for wino-like
particles and the branching ratios to the typical )Eg decay modes being half the usual simplified model
assumption of 100%.

Figure 16(b) shows a model with a wino-like ¥; and /\?g of similar mass with a 156 GeV mass splitting
to the bino-like LSP. This scenario has relatively light A and H bosons at twice the LSP mass such
that the DM relic density is reduced via the A/H funnel self-annihilation mechanisms, )2? /\?? — A/H.
Similar to the Z/h funnel model, this model has mixed ) decay modes, with B( ) — ¢%h) = 77% and
B( )Zg - )Z?Z) = 23%. The model lies just beyond the 1Lbb region of sensitivity, so despite the ):/g decay
into & being dominant, the 3L search (specifically the signal regions that targeted the )Zg decay via Z) has

the best sensitivity.

Finally, two scenarios with small mass splittings between the 7, )Eg and )2? are shown in Figures 16(c) and
16(d). These scenarios have a smaller branching fraction for the )Zg — )2?5*5 ~ three-body decay than the
simplified models used in the original compressed analysis. They are instead dominated by the radiative
decay )Zg — )Z?y. Therefore these scenarios are not excluded despite having masses within the compressed
analysis exclusion contour. In the case of Figure 16(c), the /\72 , X5 and )22 are light enough to be within
reach of searches such as FullHad and 2L.2J, but the production cross-section is lower due to those being
higgsino-like and they all have decays through W, Z and /4 bosons at similar branching fractions.

Figure 17 shows the mass spectrum of two benchmark models, each with a higgsino-like LSP that satisfy all
constraints and are not excluded by ATLAS Run 2 analyses. The )2? mass and /\73 mass of these models is
within the published simplified-model contours for the ATLAS 3L (off-shell) or compressed searches. As
with the compressed bino LSP models discussed previously, the )Zg — )2?5*5 ~ decay mode has a smaller
branching fraction for these models than the compressed analysis simplified models, and the radiative decay
is the dominant decay mode. Otherwise, the bino, wino and higgsino mass parameters are well separated
in these models, making the resulting electroweakinos almost pure bino, wino or higgsinos states as would
be expected in simplified models. The )Zg and 5 each have masses under a TeV and large mass-splittings
with the other electroweakinos for both models. Therefore future searches could achieve sensitivity to the
production of these heavier electroweakinos and their high pt decay products.
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4 Conclusion

This paper presents constraints from eight ATLAS Run 2 searches for electroweak SUSY, the invisible
Higgs boson width and searches for additional Higgs bosons, on the phenomenological minimal SUSY
standard model, or pMSSM. The selected searches are considered most relevant for the model space
being considered. Two scans are performed to evaluate the sensitivity of the ATLAS Run 2 searches. The
scans use flat priors across the ranges of pMSSM parameters relevant to the electroweakino sector of the
pMSSM, and external constraints from electroweak, flavour and dark-matter related measurements are
applied. The EWKino scan considers models where the lightest neutralino (assumed to be the dark matter
candidate) can be either predominantly bino-, wino- or higgsino-like. As models with a bino-like LSP
typically over-estimate the dark matter relic density unless some additional annihilation mechanisms are
present, a second BinoDM scan is presented that aims to oversample the region with a bino-like LSP less
than 500 GeV.

The impact of the ATLAS constraints is evaluated by considering the fraction of models that satisfy external
constraints that are excluded by the selected ATLAS results. The results are presented as a function
of electroweakino masses, and additional observables related to dark matter phenomenology are also
presented that highlight the complementarity between collider and non-collider dark matter searches and
measurements. In general, the bounds on electroweakino masses from the ATLAS searches are weaker
in the pMSSM when assumptions entering the simplified models are relaxed. For some models where
heavier electroweakinos are also experimentally accessible and can be constrained by the ATLAS searches,
constraints beyond the simplified model contours are obtained. Highlights of the ATLAS Run 2 constraints
include almost complete exclusion in the Z/h ‘funnel regions’ where a light bino-like LSP can avoid
oversaturating the relic dark matter density through annihilating through a Z or Higgs boson, and increased
sensitivity relative to Run 1 for models with more compressed mass splittings (Am ( )2?, ,?g) or Am( )’(‘?, X))
Example spectra for surviving SUSY models with light charginos and neutralinos are also presented that
can be used to optimise future searches.
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