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Introduction

Experimental searches for signals of physics beyond the Standard Model (SM) at colliders

have long exploited the signature of a pair of isolated light leptons (electrons or muons)

with same-sign (SS) electric charges. In the SM, the production of such lepton pairs is rare

and originates mainly from pairs of weak-boson decays. In proton-proton (pp) collisions



at /s = 13 TeV, the inclusive cross section of same-sign lepton pair production is of
the order of one pb [1, 2], i.e. it is suppressed by more than three orders of magnitude
relative to the production of opposite-sign lepton pairs. On the other hand, heavy particles
beyond the SM (BSM) could decay into multiple massive SM bosons or top quarks, which
subsequently decay into jets and same-sign leptons, thus involving a relatively low SM
background. Examples of such BSM states include supersymmetric (SUSY) particles [3, 4],
SS top-quark pairs [5, 6], scalar gluons (sgluons) [7, 8], heavy scalar bosons of extended
Higgs sectors [9, 10], Majorana heavy neutrinos [11, 12], and vector-like top quarks [13].

At the Large Hadron Collider (LHC) [14], the ATLAS [15] and CMS [16] experiments
have extensively probed possible SM extensions in the same-sign dilepton channel. Among
these theoretical proposals, SUSY [17-23] remains a compelling framework as it provides
solutions to the gauge hierarchy problem [24-27] without the need for large fine-tuning of
fundamental parameters [28, 29], offers gauge coupling unification [24-27], and contains
weakly interacting particles that can contribute to the dark matter [30, 31].

Charginos, )ZfQ, and neutralinos, )2?727374, collectively referred to as ‘electroweakinos’,
are the ordered mass eigenstates formed from the linear superposition of the higgsinos,
winos, and binos, which are the SUSY partners of the Higgs and electroweak gauge bosons,
respectively. A discrete multiplicative symmetry, R-parity [32], is often introduced in SUSY
models to avoid rapid proton decay. In R-parity-conserving (RPC) models, the lightest
supersymmetric particle (LSP) is stable and is required to be neutral and colourless to evade
observation as a dark matter candidate [33]. It would therefore also be invisible in a hadron
collider experiment, only manifested through large missing transverse momentum, ErTniSS.
Models of R-parity-violating (RPV) SUSY [34] are also well-motivated, while introducing
more parameters to constrain. In RPV SUSY, a X! LSP would decay into SM particles
and, due to its Majorana nature, it may give rise to SS-lepton final states.

In this article, the search described in ref. [35] is extended to more signal models using
the full data set of pp collisions at /s = 13 TeV recorded by the ATLAS detector during
Run 2 of the LHC, corresponding to an integrated luminosity of 139 fb~!. The selection is
based on final states with two SS leptons or three leptons accompanied by large EXSS and
a number of hadronic jets, possibly containing b-hadrons and tagged as ‘b-jets’. This search
provides the first ATLAS result from a two-SS-lepton selection targeting direct chargino
and neutralino production. Such production may be dominant at the LHC according to
naturalness considerations [28, 29], which suggest that the lightest electroweakinos have
masses near the electroweak scale while the superpartners of the gluon and quarks can
be heavier than a few TeV, evading their so far direct detection in searches of strongly
produced SUSY. This search covers so-far unconstrained kinematic regions, not yet excluded
by previous three-lepton analyses. The smaller background faced by SS-lepton analyses
allows looser kinematic requirements to be imposed, e.g. on EXS or on the momenta of jets
and leptons, which provides sensitivity to scenarios with small mass splittings between the
superpartners [36-39]. In addition to directly exploring such scenarios, the analysis aims to
provide signal regions orthogonal to others targeting different final states, thus improving the
overall sensitivity through future statistical combinations. The event selection is optimised
to target four models: (i, ii) simplified models of winos and binos with on-shell WZ or Wh



boson pairs as intermediate states; (iii) higgsino production with bilinear R-parity-violating
(bRPV) terms; and (iv) higgsino production with R-parity-violating decays to top quarks
via baryon-number-violating (BNV) UDD couplings.

All prior searches for SS lepton pairs and several three-lepton searches carried out
by ATLAS [35, 40-45] and CMS [46—48] focused on strong production of superpartners,
on electroweak SUSY production with low hadronic activity, or on slepton resonant
production [49]. Other analyses with three-lepton selections focused on direct electroweakino
production in events without jets [50-58] or with trilepton resonances [59].

Simplified models with Xﬁ% production and Wh bosons in the decay chain have been
explored by ATLAS in fully hadronic [60], semileptonic [41], photon [61], and multilepton [44]
final states with large ER. CMS has constrained this scenario by combining a variety
of leptonic signatures, including dileptons and 7-leptons [48, 62—64], and fully hadronic
final states [65]. Intermediate decays to WZ bosons have been probed previously in
ATLAS assuming the presence of boosted hadronically decaying bosons [60], two [66] or
three leptons [58] in the final state. CMS has investigated this channel in searches for
multileptons [62], two SS leptons or three leptons [48], soft leptons [37, 39] and jets [65].

ATLAS has set limits on bRPV models assuming strong superpartner production [67].
Minimal Supergravity [68—70] with bilinear terms has been constrained in events with
one lepton [71, 72], one 7 [73], or two SS leptons [40], and in their combination [74].
A reinterpretation of a SS-lepton analysis [40] set bounds [75] in a ‘natural’ bRPV
scenario [28, 29] within the phenomenological Minimal Supersymmetric Standard Model
(pMSSM) [76, 77].

Baryonic UDD operators have been probed by the ATLAS [60, 78-83] and CMS [47, 84—
92] experiments in multijet final states and by ATLAS in events with at least one lepton [93].
Models with X} — tbs have been constrained in gluino and top-squark production in a wide
range of \jy4 couplings, by reinterpreting several ATLAS searches optimised for RPC and
RPV SUSY models [94].

The paper is structured as follows. Section 2 is dedicated to the targeted signal models.
Details of the ATLAS detector are described in section 3, with the utilised data set and
simulation samples listed in section 4. The object definitions and the event categorisation
are discussed in section 5 and section 6, respectively. The background modelling and
validation is given in section 7. Systematic uncertainties are discussed in section 8, and
the results and interpretations are presented in section 9 and section 10, respectively. The
conclusions are summarised in section 11. In addition, the UDD RPV model analysis, which
provides a relatively small improvement in this search, is discussed in appendix A.

2 Signal models

The models targeted in this analysis can be divided into two main scenarios: directly
produced wino-like electroweakinos with a bino-like LSP in RPC SUSY, shown in figure 1,
and higgsino-like electroweakinos with RPV terms, shown in figure 2.



(b)

Figure 1. Diagrams of the targeted RPC simplified models with intermediate gauge vector and
Higgs boson production.

2.1 Wino-bino 5&5?3 production with Wh or W Z bosons

Simplified models [95-97] involving the direct production of a lightest chargino, >Z1i, and a
next-to-lightest neutralino, )28, are considered. The >~<1jE and the )28 are assumed to be mass-
degenerate. The )ﬁ / X3 are wino-like, i.e. superpartners of the SU(2)1, gauge fields, whilst the
X7 is bino-like, i.e. the superpartner of the U(1)y gauge field [2]. The 92?: is assumed to decay
into an on-shell, leptonically decaying W and X!. For the X%, two decay cases are examined:
(i) a SM-like Higgs boson and (ii) a leptonically decaying Z boson. The Higgs boson decay
is dominant for many choices of MSSM parameters as long as the mass-splitting between the
two lightest neutralinos is larger than the Higgs boson mass and the higgsinos are heavier
than the winos. All possible decays of the Higgs boson which ultimately result in a single
lepton and jets (mostly via intermediate states) are taken into account. This is indicated by
the grey-filled dot in the Higgs decay in figure 1(a). In the case of the leptonically decaying
Z boson, this is produced on-shell and leads to the diagram of figure 1(b).

2.2 Higgsino-like electroweakinos in RPV scenarios

The RPV component of the generic superpotential can be written as [34]:

1 _ _ 1 -
WR}) = i)w'jkLiLjEk + /\gjkLinDk + ¢;L;Hy + 5/\§IijiDjDk, (2.1)

where 4,7,k = 1,2,3 are generation indices. The L;, Q); represent the lepton and quark
SU(2), doublet superfields, whereas Hj is the Higgs superfield. The E;, D;, and U; are the
charged lepton, down-type quark, and up-type quark SU(2)y, singlet superfields, respectively.
The Yukawa couplings are A\, X', and \”, whilst € is a dimensionful mass parameter. Two
RPYV scenarios are explored, the first from bilinear lepton-number-violating terms LHo, and
the second from BNV terms UDD, in eq. (2.1).

RPV SUSY through bilinear terms is strongly motivated by its inherent connection
with neutrino physics [98-100]. Sneutrino vacuum expectation values (VEVs) introduce a
mixing between neutrinos and neutralinos, leading to a see-saw mechanism that gives mass
to one neutrino at tree level, with the other two neutrino masses being induced by loop
effects [101, 102]. The same VEVs are also involved in the decay of the LSP, which is thus
constrained by experimental neutrino measurements.
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Figure 2. Diagrams of the targeted RPV models. Diagrams (a) and (b) serve as examples, since
inclusive bRPV production is considered. The UDD RPV scenario with BNV terms in diagram (c)
is a simplified model.

The model considered features pair production of light higgsinos, )Zg, >~(1i and )2(1),
decaying into all possible final states allowed by the bRPV couplings — it is primarily
inspired by naturalness arguments [28, 29]. The dominant production processes are Xﬁ?,
5&328, X?Sc%, and Xﬁf The first three processes can lead to a two-SS-lepton or three-lepton
final state. The dominant decays are )Zic — Wy, )2?72 — WHF, WErT, and X5 — f(f:w;.
Higgsino mass splittings of less than 2 GeV [103] are targeted. A ratio of Higgs doublet VEVs
of tan § = 5 is chosen to primarily favour light leptons, thus suppressing the )2(1),2 — WrT
decays, which are preferred at high tan 8 ~ 50 with a branching ratio of more than 90%.
At tan 8 = 5, the branching ratio for 92(1),2 — W*rT drops to less than 50%, while for

X3 = X it is ~20%.

Example diagrams are given in figure 2(a) and figure 2(b). The decay modes are
partly determined by a fit to neutrino oscillation experimental data [104], leading to flavour
non-universality of lepton decays, with more details given in section 4. The bRPV couplings
are large enough to ensure prompt higgsino decays. All possible allowed higgsino decays
are considered in the analysis.

Besides SUSY with UDD terms in eq. (2.1) [34, 105, 106], baryon-number violation
is featured in BSM scenarios such as grand unified theories [107] and models with black
holes [108]. Moreover, in a universe with initially equal amounts of baryonic and anti-
baryonic matter, BNV is necessary to describe the observed baryon asymmetry [109].

In the simplified topology considered, higgsino X9 pairs are produced directly and
undergo prompt RPV decays as shown in the diagram of figure 2(c). The UD D-type BNV
coupling \4y4, defined in eq. (2.1), is chosen to be non-vanishing, as it is predicted to be
dominant under the minimal flavour violation hypothesis [106]. Its value is chosen to be
O(1073) to O(1072), which guarantees prompt decays for electroweakino masses down to
180 GeV. The X3 next-to-LSP (NLSP) and the X1 LSP are mass degenerate and decay with
a 100% branching ratio into tbs, thus possibly leading to a final state with two SS leptons
and at least six jets, of which at least four are b-jets. Other electroweakino production
modes do not lead to the final states targeted by this search.



3 ATLAS detector

The ATLAS detector [15] is a multipurpose particle detector with a forward-backward
symmetric cylindrical geometry and a near 4m coverage in solid angle.! It consists of an
inner tracking detector surrounded by a thin superconducting solenoid providing a 2T
axial magnetic field, electromagnetic and hadronic calorimeters, and a muon spectrometer.
The inner tracking detector (ID) covers the pseudorapidity range |n| < 2.5. It consists of
silicon pixel, silicon microstrip, and transition radiation tracking detectors. An additional
layer of silicon pixels, the insertable B-layer [110, 111], was installed closer to the beamline
before Run 2. Lead/liquid-argon (LAr) sampling calorimeters provide electromagnetic (EM)
energy measurements with high granularity. A steel/scintillator-tile hadron calorimeter
covers the central pseudorapidity range (|n| < 1.7). The endcap and forward regions are
instrumented with LAr calorimeters for both the EM and hadronic energy measurements up
to || = 4.9. The muon spectrometer surrounds the calorimeters and is based on three large
superconducting air-core toroidal magnets with eight coils each. The field integral of the
toroids ranges between 2.0 and 6.0 T 'm across most of the detector. The muon spectrometer
(MS) includes a system of precision chambers for tracking and fast detectors for triggering.
A two-level trigger system is used to select events. The first-level trigger is implemented in
hardware and uses a subset of the detector information to accept events at a rate below
100 kHz. This is followed by a software-based trigger that reduces the accepted event rate to
1kHz on average depending on the data-taking conditions. An extensive software suite [112]
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.

4 Data set and simulated event samples

This paper analyses proton-proton collision data collected by the ATLAS detector between
2015 and 2018. In this period, the LHC delivered colliding beams with a peak instantaneous

2571 achieved in 2018, and an average number of pp

luminosity reaching 2.1 x 103 cm™
interactions per bunch crossing, (u), of 33.7. After the application of beam, detector, and
data-quality criteria [113], the total integrated luminosity of the data set is 139 fb~! with
a combined uncertainty of 1.7% [114], obtained using the LUCID-2 detector [115] for the
primary luminosity measurements.

Events with EIS < 250 GeV were selected using dilepton triggers [116, 117], with
lepton pr thresholds increasing during the Run 2 data-taking period to a maximum of
24 GeV for triggers requiring two electrons, 22 GeV for the leading-pt muon in triggers
requiring two muons, and 17 GeV (14 GeV) for the electron (muon) in different-flavour
dilepton triggers. For events with EXSS > 250 GeV, a logical OR of these triggers and EMiss

triggers [118] was used. The above strategy was chosen to maximise the trigger efficiency,

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. Cylindrical 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 n = —Intan(6/2). Angular distance is measured in units of AR = \/(An)? + (A¢)2.



while selecting events relevant to the targeted final states [35]. The selection thresholds are
defined such that the trigger efficiencies are constant throughout the lepton pr and ErTniSS
range considered in the analysis.

Signal and background events produced in pp collisions were simulated with various
Monte Carlo (MC) generators. They include the effect of multiple pp interactions in the
same and neighbouring bunch crossings (‘pile-up’), which was modelled by overlaying
each simulated hard-scattering interaction with simulated inelastic pp events generated
by PyTHIA 8.186 [119, 120] with the NNPDF2.3L0 set of parton distribution functions
(PDF) [121] and a set of tuned parameter values called the A3 tune [122]. The simulated
events were weighted to reproduce the (u) distribution observed in the data. The
EVTGEN [123] program was used to simulate the b- and c-flavoured hadron decays.

The detector response was simulated using either the full ATLAS detector
description [124] based on GEANT4 [125], or a fast simulation based on a parameterisation
of the performance of the electromagnetic and hadronic calorimeters and GEANT4 for the
other parts of the detector [126]. The generated events are reconstructed in the same
manner as the data.

4.1 Signal samples

The signal samples for the targeted models were generated using
MADGRAPH5 AMC@NLO 2.2.3 [1, 127] interfaced to PyTHIA 8.186 with the A14 tune [128]
for the modelling of the parton showering (PS) [129], hadronisation and underlying event.
The matrix element (ME) calculation was performed at tree level, including the emission of
up to two additional partons. The PDF set used for the generation was NNPDF2.3L0 [121].
The ME-PS matching was carried out using the CKKW-L prescription [130, 131], with
a matching scale set to one quarter of the pair-produced superpartner mass. For the bRPV
model, the RPV parameters (together with the mass spectra and the decay modes) were
determined by a fit to neutrino experimental data performed by the SPHENO [132, 133]
spectrum calculator produced by the SARAH [134, 135] package.

Signal cross sections were calculated to next-to-leading order (NLO) in the strong
coupling constant, adding the resummation of soft gluon emission at next-to-leading-
logarithm (NLL) accuracy (NLO+NLL) using RESUMMINO 2.0.1 [136-140]. The nominal
cross section and its uncertainty were taken from an envelope of cross-section predictions
using different PDF sets and factorisation and renormalisation scales [141, 142]. Production
cross sections range between O(1073 pb) and O(1 pb).

4.2 Irreducible-background samples

Production of WZ and W*W¥ represents the dominant irreducible background in most
signal regions. Samples of fully leptonic, semileptonic and loop-induced VV (V =W, Z)
processes and electroweak V'V jj processes were simulated. The associated production of a
vector gauge boson with a tt pair, tt+V/, is also an important background. Depending on the
targeted signal model, considerable background contributions come from tt+ H, tribosons
and rare top processes, with the last including tW Z, tZq and samples with three or four
top quarks. Higgs boson production via vector-boson fusion (VBF) and in association with



a vector boson (V H) was also simulated, whereas production via gluon-gluon fusion and
decay into two vector bosons was not simulated separately since the events are included in
the diboson processes.

Samples of diboson final states V'V were simulated with the SHERPA 2.2.2 [143] generator,
including off-shell effects and Higgs boson contributions where appropriate. Fully leptonic
final states and semileptonic final states, where one boson decays leptonically and the other
hadronically, were generated using MEs at NLO accuracy in QCD for up to one additional
parton and at leading-order (LO) accuracy for up to three additional parton emissions.
Samples for the loop-induced processes gg — V'V were generated using LO-accurate MEs
for up to one additional parton emission for both the cases of fully leptonic and semileptonic
final states. The ME calculations were matched and merged with the SHERPA PS based on
Catani-Seymour (CS) dipole factorisation [144, 145] using the MEPS@NLO prescription [146—
149]. The virtual QCD corrections were provided by the OPENLOOPS library [150-152].
The NNPDF3.0NNLO set of PDFs was used [153], along with the dedicated set of tuned
PS parameters developed by the SHERPA authors.

Electroweak diboson production in association with two jets, V'V jj, was simulated with
the SHERPA 2.2.2 generator. The LO-accurate MEs were matched to the PS based on CS
dipole factorisation using the MEPSQLO prescription. Samples were generated using the
NNPDF3.0NNLO PDF set, along with the dedicated set of tuned PS parameters developed
by the SHERPA authors.

The  production of tt + V  events was modelled using the
MADGRAPH5 AMC@NLO 2.3.3 [1] generator at NLO with the NNPDF3.0NLO [153]
PDF. The events were interfaced to PyTHIA 8.210 [120], which used the A14 tune and the
NNPDF2.3L0 [153] PDF set.

Higgs bosons produced in association with a tt pair, tt+H, were generated using the
PowHEG Box v2 [154-158] generator at NLO with the NNPDF3.0NLO PDF set. The
events were interfaced to PyTHiA 8.230 [120], which used the A14 tune [128] and the
NNPDF2.3L0 PDF set.

Triboson (VV'V) event production was simulated with the SHERPA 2.2.1 [143] generator.
MEs accurate to LO in QCD for up to one additional parton emission were matched
and merged with the SHERPA PS based on CS dipole factorisation using the MEPSQLO
prescription. Samples were generated using the NNPDF3.0NNLO PDF set, along with the
dedicated set of tuned PS parameters developed by the SHERPA authors.

The  production of rare top events was modelled using the
MADGRAPHS5__AMCQ@NLO 2.3.3 generator, which provides MEs at NLO in the
strong coupling constant «ag, with the NNPDF3.1NLO [153] PDF. The functional form of
the renormalisation and factorisation scales was set to 0.25x >, ,/m% + pgm, where the
sum runs over all the particles generated by the ME calculation, following ref. [159]. Top
quarks were decayed at LO using MADSPIN [160, 161] to preserve all spin correlations. The
events were interfaced with PyTHIA 8.230 [120] for the PS and hadronisation, using the
A14 tune and the NNPDF2.3L0 PDF set.

Higgs boson production was simulated with POwWHEG Boxv2 [155-157, 162] and
interfaced with PyTHIA 8 [120] for the PS and non-perturbative effects. The PowHEG Box



prediction is accurate to NLO and uses the PDF4LHC15NLO PDF set [142] and the AZNLO
tune [163] of PyTHIA 8 [120]. The loop-induced gg — ZH process was generated separately
at LO. The MC prediction was normalised to cross sections calculated at next-to-NLO
(NNLO) in QCD with NLO electroweak corrections for qq/qg — V H and at NLO and
NLL in QCD for g9 — ZH [164-170]. The VBF production sample was normalised to an
approximate-NNLO QCD cross section with NLO electroweak corrections [171-173]. The
normalisation of all Higgs boson samples accounts for the decay branching ratio calculated
with HDECAY [174-176] and PROPHECY4F [177-179].

4.3 Reducible-background samples

Even though they do not share the same final state as the signal, some SM processes are
possible sources of background due to misidentification of leptons or their charges. These
reducible backgrounds, discussed in detail in section 7, are estimated with data-driven
techniques. They include V +jets and electroweak VBF Vjj, as well as top-quark pairs and
single-top events.

The production of V+jets was simulated with the SHERPA 2.2.1 [143] generator using
NLO MEs for up to two partons, and LO MEs for up to four partons, calculated with the
Comix [144] and OPENLOOPS [150-152] libraries. They were matched with the SHERPA
parton shower [145] using the MEPS@NLO prescription [146-149] and the set of tuned
parameters developed by the SHERPA authors. The NNPDF3.0NNLO set of PDFs [153]
was used and the samples were normalised to a NNLO prediction [180].

Electroweak VBF Vjj production leading to ¢¢jj, fvjj and vvjj final states was
simulated with SHERPA 2.2.11 [143] using LO MEs with up to one additional parton
emission. The MEs were merged with the SHERPA PS [145] following the MEPSQLO
prescription [148] and using the set of tuned parameters developed by the SHERPA authors.
The NNPDF3.0NNLO set of PDFs [153] was employed. The samples were produced in the
VBF approximation, which avoids overlap with semileptonic diboson topologies by requiring
a t-channel colour-singlet exchange [181]. The starting conditions of the CS shower were
set according to the large- N, amplitudes supplied by Comix [182] to achieve the correct
VBF-appropriate radiation pattern.

The production of tt events was modelled using the POWHEG Boxv2 [154-157]
generator at NLO with the NNPDF3.0NLO [153] PDF set and the hqamp parameter?
set to 1.5myep [183]. The events were interfaced to PyTHIA 8.230 [120] to model the PS,
hadronisation, and underlying event, with parameter values set according to the Al4
tune [128] and using the NNPDF2.3L0 set of PDFs [121].

The associated production of a top quark and a W boson (tW) and production of
single-top in the s-channel (¢-channel) were modelled using the POWHEG Boxv2 [155-
157, 184, 185] generator at NLO in QCD in the five-flavour (four-flavour) scheme with the
NNPDF3.0NLO [153] PDF set. For ¢tW production, the diagram removal scheme [186] was

2The hdamp parameter is a resummation damping factor and one of the parameters that controls the
matching of POWHEG MEs to the PS and thus effectively regulates the high-pt radiation against which the
tt system recoils.



used to remove interference and overlap with tt production. The events were interfaced
with PyTHIA 8.230 [120], which used the A14 tune [128] and the NNPDF2.3L0 PDF set.

5 Object identification and reconstruction

Leptons and jets selected for analysis are categorised as ‘baseline’ (BL) or ‘signal’ (Sig)
according to various quality and kinematic selection criteria. The baseline objects are used
in the computation of the missing-transverse-momentum vector p%ﬂss and its magnitude
Ell?iss, defined below, and to resolve ambiguities between closely spaced analysis objects.

Each electron candidate is reconstructed from a cluster of energy deposits in the EM
calorimeter matched to an ID track. Baseline electrons are required to satisfy the Loose
identification [187] and to have pr > 10 GeV and || < 2.47, excluding the barrel-to-endcap
transition region 1.37 < |n| < 1.52 in the EM calorimeter. The electron track’s transverse
impact parameter dy, measured from the beamline with uncertainty o(dy), must satisfy
|do/o(do)| < 5, and its longitudinal impact parameter zp, the z-distance from the primary
vertex® to the point where dy is measured, must satisfy |zgsin(d)| < 0.5 mm. Baseline
electrons that satisfy the tighter Medium identification [187] and satisfy both a track-based
and a calorimeter-based isolation criterion are selected as signal electrons. Track-based
isolation requires the summed scalar pr of nearby ID tracks not to exceed 6% of the electron
pr. Similarly to the isolation variables defined in ref. [188], these nearby tracks must lie
within in a cone of pr(e)-dependent size AR = /(An)% + (A¢)? = min {0.2,10 GeV /pr(e)}
around the electron, and must be associated with the primary vertex to limit sensitivity
to pile-up. Calorimeter-based isolation requires the sum of the transverse energies of the
calorimeter energy clusters in a cone of AR = 0.2 around the electron (excluding its own
energy) to be less than 6% of the electron’s energy. Only signal electrons with |n| < 2.0
are considered, since this suppresses contributions from electrons having misidentified
charge, and these are further rejected by exploiting information related to the electron
track reconstruction and its compatibility with the primary vertex and the electron’s energy
cluster [187].

Muon candidates are reconstructed [188] in the region |n| < 2.5 from MS tracks matching
ID tracks. Baseline muons satisfy pr > 10 GeV, |n| < 2.5, |z sin(f)| < 0.5 mm and a set of
Medium requirements [189] on the quality of the tracks. Signal muons are defined as baseline
muons that also satisfy the requirement |dp/co(dp)| < 3 and pass track-based isolation
requirements that are robust against pile-up and similar to those for electrons, but with the
maximal cone size increased to 0.3.

Jets are reconstructed from particle-flow energy deposits using the anti-k; algorithm [190]
with four-momentum recombination and distance parameter R = 0.4. The reconstructed
jets are then calibrated by the application of a jet energy scale derived from 13 TeV data
and simulation [191]. Jets with pp > 20 GeV and |n| < 4.5 are used as baseline jets in the
analysis and are also used in computing the EIS. Signal jets are selected as jets satisfying
the requirements of pp > 20 GeV and || < 2.8. To suppress jets originating from pile-up,

3The primary vertex is defined as the vertex with the largest sum of track p3.
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additional track-based criteria are applied by using the Tight working point of the jet
vertex tagger [191, 192].

Signal jets containing b-hadrons, referred to as b-jets, are identified (b-tagged) by the
DL1r algorithm [193, 194] via a multivariate discriminant combining information from the
impact parameters of displaced tracks with topological properties of secondary and tertiary
decay vertices reconstructed within the jet. The chosen working point has a b-jet tagging
efficiency of 70% and rejection factors of 6 and 134 for charm-jets and light-flavour jets,
respectively. Additionally, the selected b-jets must satisfy |n| < 2.5.

To avoid the double counting of analysis baseline objects, a procedure to remove
reconstruction ambiguities is applied as follows:

o Electron candidates within AR’ = \/(Ay)2 + (A$)% = 0.01 of a muon are removed.*
Softer electron candidates are removed if they are within AR’ = 0.05 of other electron
candidates.

o Jet candidates within AR’ = 0.2 of an electron candidate are removed unless the jet
candidate is a b-jet with pp < 100 GeV. Jets with fewer than three tracks that lie
within AR’ = 0.4 of a muon candidate are removed.

o Subsequently, electrons and muons within AR" = min {0.4,0.1 + 9.6 GeV /pr(¢)} of
a jet candidate are removed to reject non-prompt or fake leptons originating from
hadron decays.

The p%ﬁss is defined as the negative vector sum of the transverse momenta of all
identified objects (baseline electrons, photons [187], muons and jets) and an additional soft
term. The soft term is constructed from all tracks associated with the primary vertex but
not with leptons or jets. In this way, the magnitude of the piiss, EXs i adjusted for
the best calibration of the identified objects listed above, while maintaining approximate
pile-up independence in the soft term [195, 196]. Overlaps between objects in the E%iss
calculation are resolved as described in ref. [195].

6 Analysis strategy and event selection

After a basic event-cleaning procedure is applied, events are required to have a primary
vertex with at least two associated tracks with pp > 500 MeV. Jets likely to have been
produced by beam-induced backgrounds, cosmic rays or detector noise are removed and
other jet quality criteria are imposed [197]. Events with at least one muon with low
momentum resolution are rejected.

Events with at least two signal leptons, with the leading lepton satisfying pr > 20 GeV,
are selected. In addition, there must be either at least one pair of leptons with identical
electric charges among the ensemble of signal leptons or exactly three leptons. The presence
of at least one jet is also required in most signal regions (SRs) in order to improve the
selection of signal events and to specifically target compressed-spectra regions. To distinguish

“The quantity y = (1/2)[(E + p»)/(E — p-)] denotes the rapidity of an object.
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SRE S
otet ‘ et ‘ pEpE otot ‘ et ‘ pEpt
NgL(¢) =2
Negig (¢) =2
Charge(?) same-sign
pr(f) > 25GeV
Njets (T > 25 GeV) >1
Np-jets =0
my; < 350 GeV
mro > 80 GeV < 80 GeV
minin — > 100 GeV
S(EF™) >7 > 6
E{E“SS > 75GeV > 50 GeV
SRYhmp,-1: € [75,125)
ERS binning [GeV ]*| SRIYE . -2: € [125,175) —
SR hmpy-3: € [175,400)
* The EF™° binning applies separately to each flavour channel of SR{\gh ., -

Table 1. Signal region definitions designed for the W h model. The variables are defined in the text.

between hypothetical SUSY signal processes and SM backgrounds, sets of SRs are optimised
for the SUSY models defined in section 2. Each of these SRs, described in tables 1, 2 and 3,
is kept orthogonal to those in other ATLAS analyses [58] to facilitate future statistical
combinations. Several kinematic variables are deployed to maximise the sensitivities to the
targeted signals.

The ‘stransverse mass’, mrg, is an event variable used to bound the masses of an unseen
pair of particles which are presumed to have decayed semi-invisibly into particles which
were seen [198, 199]. Therefore, it is defined as a function of the momenta of two visible

miss

particles and the pp™® of the event:

: iss
mr2 = Iéle [max (mT,Zl(pT,ZlaQT ) M, (PT 00, PT - — AT ))} )
where pry, and pry, are the transverse momenta of the two leading leptons, and qr is
the transverse momentum vector that minimises the larger of the two transverse masses
mr.e, and mt ¢,. These two transverse masses are defined as

mr(pT ,qr ) = \/2(pTQT —PT -qr ).
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SRWZ SRWZ

high-mmo low-mmTg

NgL(¢) =2
Ngig (£) =2
Charge(¥) same-sign
pr(f) > 25 GeV
Njets (pT > 25 GeV) >1
Np-jets =0
myjj < 350 GeV
mT2 > 100 GeV <100 GeV
m%ﬁn > 100 GeV > 130 GeV
Episs > 100 GeV > 140 GeV
Meft — < 600 GeV
AR((F, (%) — <3

S(Emss): € [0, 10)
Spread(®) > 2.2
Bins S(Emss): € [10,13) —
S(BR): € [13, +o0]
AR((E, 1) > 1

Table 2. Signal region definitions designed for the W Z model. The variables are defined in the
text.

In this analysis, the invisible particle mass is always set to zero when calculating the event
mmoo.

For the Wh and W Z models, mro was used to define two orthogonal sets of signal
regions, ‘high-mro’ and ‘low-mrs’, to target models with different kinematics. Exactly two
baseline leptons, Npp,(¢) = 2, were required for these two models to further suppress the
background. Requiring the invariant mass of the two leading jets, mjj,5 to be less than
350 GeV proved to be efficient in reducing the W*W* background. The transverse mass of
the ps* and each of the two leading leptons was calculated, and the smaller of the two
values, m%ﬂn, is used to recover the sensitivity which would otherwise be lost if only high
mry were considered. The ER and its significance, S(ET) [200],% which quantifies the

robustness of the EX'** values against object mismeasurements in events without a genuine

5If the event has only one jet, mj; was set to zero.

6 missy __ ‘E¥]iss|2
ST = origry

correlation between the longitudinal and transverse resolutions of the objects.

miss

with of the total variance in the longitudinal direction along p** and pZ the
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SRUEEY S
NpL(0) —
pr (¢) > 20 GeV for (sub)leading leptons
Njets (pT > 25 GeV) >1
Nsig(€) =2 =3
Charge(?) same-sign —
mT2 > 60 GeV > 80 GeV
Etiss > 100 GeV > 120 GeV
Meff — > 350 GeV
Npjets =0 —
Njets (pT > 40 GeV) >4 —
Mete®, Myt T ¢ [81,101] GeV

Table 3. Signal region definitions designed for the bRPV model. The variables are defined in the
text.

source of EMsS are also used to target the large ES induced by the (invisible) LSP in
RPC scenarios. The angular distance between the two SS leptons, AR(¢*, ¢%), is used only
for the WZ model since the SS leptons come from two separate decay legs and should not
be too far apart when the masses of the SUSY particles are similar.

A multi-bin strategy is applied in the ‘high-mTs’ SRs, using E¥5 and flavour for the
Wh model and S(ER) for the W Z model, to maximise the sensitivity across the model’s
phase space. No similar binning is employed in the ‘low-mTo’ SRs for the W Z model, due
to the limited number of surviving events. For the bins defined for SRI‘f{g{_mT ,» requirements
on the Spread(®)” or AR(¢*,¢*) are applied to further improve the sensitivity to the
benchmark model, increasing the significance by up to 20%. The Wh SRs are divided into
different flavour channels to maximise the power of the analysis.

For the bRPV model, large ER is expected due to the presence of a neutrino in the
leptonic decay of the W boson. High jet multiplicity is required in the two-SS-lepton SR to
improve the sensitivity to possible hadronic decays of the higgsinos and the W boson. An
mro threshold at 60 GeV or 80 GeV is found to be helpful because the Effniss composition
differs between the signal and the background sources. For the two-SS-lepton SR, a b-jet
veto is applied to further reduce the tt backgrounds. For the three-lepton SR, a lower bound

on the effective mass meg, defined as the scalar sum of the ErT]rliSS and the objects’ pr values,

miss

"The spread of the ® angles of the leptons, FX25 and jets is used to describe the event topology

in the transverse plane. It was defined and used in ref. [201]. It is defined as: Spread(®) =
R(be1, be2, ‘bE?iss)'R(d:‘jlv b2y

R(be1, o2, ¢ gmiss, Pj1, Pj2,---)
T

, where R means the root-mean-square of the inputs.
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is placed at 350 GeV and has proven useful in reducing the remaining background after
applying the Z-boson veto (me+e, my=,+ ¢ [81,101] GeV).

Within each signal model, the SRs are designed to be orthogonal to allow their statistical
combination in the interpretation of the results. In the wino-bino models, this is achieved
with the mry variable, while the number of signal leptons, Ng;iq(¢), ensures orthogonality in
the bRPV model.

While these SRs are designed to maximise the sensitivity to specific benchmark models,
a different set of discovery SRs were defined to enhance the discovery potential for a variety
of BSM scenarios, such as simplified models with electroweak SUSY production which span
the compressed to high mass-splitting scenarios. The inclusive SRhlgh iy, a0 SRV —
for the Wh model and the SRhlgh sy a0d SRlOW_mT2 for the WZ model, defined without
any EXISS or S(EXSS) binning or flavour splitting, act as such discovery regions.

The product A x € of the acceptance A of the selection criteria and the efficiency € that
accounts for the detector effects, ranges from 0.01% to a few percent for the SRs defined in
tables 1, 2 and 3. For example, SRhlgh_mT2 (SRINZ 1np,) Yields an A x € of ~0.02% (~2%)

in the Wh (W Z) model for m(X1 /X2) = 200 GeV and a massless LSP.

7 Background estimation

The treatment of the SM backgrounds is based on their classification as either irreducible
backgrounds, from processes with genuine same-sign prompt leptons, or reducible
backgrounds, with events entering the SRs because of misidentification of the lepton
(‘fake/non-prompt’) or the lepton charge (‘charge-flip’). The ‘charge-flip’ events (referred
to in the following as CF events) are caused by the emission of a bremsstrahlung photon
which, through interaction with detector material, converts into a pair of secondary electron
tracks. One of those tracks happens to match the position of the calorimeter energy cluster
better than the original electron track does, and has a charge opposite to that of the prompt
electron. The CF contribution coming from muons is negligible due to the small cross
section for interactions with matter. The ‘fake/non-prompt’ events (referred to in the
following as FNP events) are mainly due to heavy-flavour meson decays, converted photons
of various origin, light hadrons faking the electron shower, and in-flight decays of kaons
or pions to muons. Lepton candidates reconstructed from these different sources share
the properties of being generally not well-isolated and being mostly rejected by the lepton
identification and isolation criteria and impact parameter requirements.

The dominant irreducible background processes in the SRs defined in this analysis
are WZ, WEW? for SRs with a b-jet veto (SRhlgh_mm, SRV N SRhlgh_mm, SRIYVZ _—
and SRSEESV) and tt+V for the b-jet-agnostic SR (SREFYY). The WZ and WHW+*
contributions to the respective SRs are evaluated by normalising the MC prediction in
dedicated control regions (CRs). All other irreducible backgrounds, discussed in section 4,
are estimated from MC simulation. The reducible backgrounds are estimated through
data-driven estimation techniques.

The background estimates are obtained by performing a profile log-likelihood fit [202],
implemented in the HISTFITTER [203] software framework, considering only the CRs and
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CRWZWh  VRWZWh | CRWWWh VRWWWh

NgL(¢) =3 =2

Negig (£) =2
Charge(?) same-sign

pr(0) > 25 GeV

Np-jets =0

Eiss > 50 GeV

Njets >1 > 2
S(ERpiss) <6 >6 <6 >6

75 < mgros < 105 GeV —
meee ¢ [80,100]GeV —
Other cuts — mj > 350 GeV
— pr(jets) > 75 GeV for (sub)leading jets
— |Meter —my| > 15 GeV
Purity 90% 90% 45% 55%

Table 4. Control region and validation region definitions for evaluating and validating the dominant
irreducible backgrounds in SRs defined for the Wh model. Requirements guaranteeing orthogonality
to SRs are in boldface.

assuming no signal presence. The statistical and systematic uncertainties are implemented
as nuisance parameters in the likelihood; Poisson constraints are used to estimate the
uncertainties arising from limited numbers of events in the MC samples, whilst Gaussian
constraints are used for experimental and theoretical systematic uncertainties. The
normalisation factors and nuisance parameters are adjusted by maximising the likelihood.
The significance of the difference between the observed and expected yields is calculated
with the profile likelihood method [204].

The validation regions (VRs), which serve solely to validate the background estimation
in the SRs, are defined to be orthogonal to, but close to, both the SRs and the CRs. The
background prediction as obtained from this background-only fit is compared with data in
the VRs to assess the quality of the background modelling.

For the dominant backgrounds in SRs optimised for the Wh model (SRE‘gﬁ_mTQ and

SRV mo,)» dedicated CRs are designed for the WZ (CRW Z"") process and the W=W=
process (CRWWW"). The scale factor for each targeted background process is obtained via
a simultaneous fit in the specific control region. VRs with enriched contributions from WZ
(VRWZWh) or WEW* (VRWWW") are also defined in order to validate the estimates.

The CR and VR definitions for the Wh model are listed in table 4.
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The requirements on the numbers of leptons, Ngis(¢) and Npr,(£), number of jets, njets,
and Effmss applied in the CRs and VRs are similar to those applied in SRHg}L_mm and
SRV mo,» and are listed in table 4. Values of the Ef* significance (S(ER™)) larger or
smaller than six are used to distinguish the CRs from the VRs while keeping the VRs close
to the SRs. For W Z-enriched regions, the third lepton satisfies the baseline lepton criteria
without fulfilling the signal lepton definition in order to maintain the orthogonality between
CRs, VRs and SRs. In addition, the invariant mass of a pair of same-flavour opposite-sign
leptons (SFOS), msros, is required to be within a window of +15 GeV around myz, and the
invariant mass of the three leptons, myyy, is required to be away from the Z mass peak. Such
criteria further improve the purity and suppress other backgrounds. The purity of the WZ
process in CRW Z"" and VRW ZW" is about 90% with negligible contamination from signal.

To target the WEW* process for the W*W=*-enriched regions CRWW"" and
VRWWW"E two boosted jets with pr > 75 GeV are required, while requiring mj; > 350 GeV
ensures orthogonality with respect to the SRs. To suppress the CF contribution, events are
rejected if |mo+.+ —mz| < 15GeV. The final purity of CRWWW" (VRWWW") is about
45% (55%) with a signal contamination of less than 3% in both the CR and the VR. The
scale factors are 1.06f8:é§ and 1.00f8:§g for the WZ and W*W= backgrounds, respectively,
and are applied to these background events in the regions designed for the Wh model. Both
the statistical and systematic uncertainties, described in section 8, are considered in the
scale factors. In figure 3, good agreement between the observed data and the estimated
backgrounds can be seen for VRW Z"W" and VRWW W,

For SRs designed for the W Z model and models of higgsino-like electroweakinos in
RPV SUSY considered in this analysis, a general control region CRWZ;/;/ ZOIRPY g1 the
W Z process is defined in order to correct the cross section in a region of phase space with
at least two jets, where imprecise modelling was observed in previous analyses [35]. The
validation regions for the WZ process (VRWZX}/Z’(b)RPV and VRWZ;};/ Z’(b)RPV) and the
tt+V process (VRtt_VWZ(b)RPV), defined in table 5, are designed to validate the estimates
from the MC simulation of these processes. Large jet multiplicities are required in those
validation regions in order to validate the modelling of those processes in the phase space
where previous analyses observed the largest disagreements [35].

To define WZ and bRPV CRs, requirements are placed on the number of signal
leptons, Nsig(¢), the number of baseline leptons, Npr,(¢), the number of jets, njets, and the
number of b-jets, nyjets. Additional requirements are set on E%liss, Meft, Msros and the
presence of SS leptons. A minimum angular separation between the leading lepton and the
jets, AR(f1, J)min, is required in the validation regions targeting tt+V events, as well as
requirements on Y p?lljet /> p]ft The leading and subleading lepton pr are required to be
above 20 GeV. The events belonging to the SRs of the W Z model and the bRPV model
defined in section 6 are vetoed. In addition, the selections given in table 5 are applied to
ensure a more stringent rejection of possible bBRPV and UDD RPV signal events, as well as
other SUSY signals with several (b-)jets and moderate EX in the final state. These vetoes
help to reduce the expected signal contamination to a few percent. The purity of the target

RPV )

background process varies from a minimum of 62% (VRttVW2:(P) to a maximum of

85% (CRW Zy; »WREY),
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Figure 3. Expected SM backgrounds and data yields in the CRW ZW" CRWWWh VRW ZWh,
VRWWWh VRCFV" and VRFNP"" designed for the Wh model. The ‘Other’ category contains
the tt+ H, rare top, triboson, and other diboson processes with the SS final state. The error
band includes the statistical, theoretical and experimental uncertainties. The bottom panel shows
the obtained scale factors (uwz, pww) in the CRs and the statistical significance [204] of the
discrepancy between the observed number of events and the SM expectation.

Z,(b)RPV and are found

to be 0.88 4+ 0.30. The estimated backgrounds and the observed data in CRWZ;}/ Z’(b)RPV,
VRW Z, OV yRw Z ARV and VRV APRPY are shown in figure 4, where

good agreement is observed.

The scale factor and its uncertainty are extracted from CRWZ;;/

The contributions of CF events are evaluated from reweighted data events with two
opposite-sign leptons (eie¥7 ei/ﬁ). The weight expresses the probability of one electron
charge to be mismeasured and is a function of the electron CF rates. This method largely
improves the statistical accuracy by relying entirely on data to obtain the reweighting
factors, thus eliminating uncertainties associated with MC simulations. An additional 25%
uncertainty stems from the choice of lepton selections, and was derived by comparing the
nominal CF predictions with those obtained using BL leptons.

The CF rates are measured as a function of lepton pp and || for simulated SM processes
that contribute to the SRs due to CF. They are multiplied by the scale factors obtained
from a ‘tag and probe’ method [187] to match the rates observed in data. The nominal CF
rates are no more than O(107%) in the low-pr region, but reach O(1%) in the higher pr
and |n| regions. Systematic uncertainties are estimated from the statistical uncertainties of
the measured CF rates and the uncertainties from the scale factors, leading to a 10% to
40% uncertainty in the predicted SR yields for the CF background.

The fake-factor method, the matrix method and the MC template method are used in
this analysis to estimate the contributions of FNP events in the SRs. Both the fake-factor
method and the matrix method are purely data-driven methods, which are commonly
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CRW Zy # PRV R )V 2 REY Ry 72V 7 (0REY VRV W2 (b)RPY

NgL () =3 >2
Nesig(€) =3 >2
Charge(¢) same-sign

pr(0) pr > 20GeV for (sub)leading leptons pr > 30GeV for SS pair leptons

M-jets =0 >1
Njets (P17 > 25 GeV) >2 >4 >5 > 3 with pp > 40 GeV

50 < Evrf‘iss < 150 GeV 50 < E{’E‘iss < 250 GeV —
meg < 1TeV meg < 1.5 TeV —

81 < mgros < 101 GeV 81 < mgros < 101 GeV

Other selections AR({y,jet)min > 1.1
— TP/ Sk > 04

— ERSS /meg > 0.1

explicit veto on SngZh_mTz & SR}Xf_mn & SREREY & SREFFY events
. Mb-jets >3
Vetoing other Nijets > 1, Njets > 4 (pr > 50 GeV), BRI > 130 GeV
possible BSM s
ovents Npjets = 0, Njets = 3 (pr > 50 GeV), EF'SS > 130 GeV
Np-jets = O, Njets > 5 (pT > 50 GCV)
Purity 85% 84% 7% 62%

Table 5. Control region and validation region definitions for evaluating and validating the dominant
irreducible backgrounds in SRs defined for the W Z model and models of higgsino-like electroweakinos
in (b)RPV SUSY. Requirements guaranteeing orthogonality with SRs are in boldface.

employed in the ATLAS Collaboration [205-207] to estimate the FNP background in
dedicated regions. In this analysis, the fake-factor method is used to estimate the
contribution of FNP events in the Wh regions. Hence, the measurements of the values of
the fake-factors are specifically tailored to reflect the FNP composition of the two-SS-lepton
SRs of the Wh model. The implementation of the matrix method in this analysis is instead
designed to be more universal, which enables it to estimate the FNP contribution in more
complex regions. Therefore, it is used to evaluate the FNP events in SRs defined for the W Z
model and models of higgsino-like electroweakinos in RPV SUSY which have two SS leptons
or three leptons, and b-vetoed or b-favoured channels. Finally, the (semi-data-driven) MC
template method [40] is used to validate specific matrix-method estimates to ensure that

the more universal matrix method is functioning well for the specific cases in this analysis.

The fake-factor method estimates the FNP events in a specific region by reweighting
events passing the same selection except for inverted lepton identification and/or isolation
requirements. The reweighting factors, called ‘fake factors’ (FFs), are measured separately
for electrons and muons from data in FNP-enriched CRs (CRFF, and CRFF},) as functions
of the lepton p and |n|. The CRs listed in table 6 are designed to be as close as possible to
SRIV! and SR}V"

high-m s low-mr, 1L Order to share the same sources of FNP contributions as the

target SRs. The measured FFs are around 0.1 for both electrons and muons in most bins, but
reach 0.3 for some pp and |n| bins. The uncertainties of this method come principally from
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Figure 4. Expected SM backgrounds and data yields in CRWZ;};/Z’(b)RPV, VRWZX}/Z’(b)RPV,

VRWZ;/;/ Z.(PIRPV. and VR#VW 2 (D)RPV designed for the W Z model and models of higgsino-like
electroweakinos in RPV SUSY. The ‘Other’ category contains the ¢+ H and rare top processes with

the SS final state. The error band includes the statistical, theoretical and experimental uncertainties.

The bottom panel shows the scale factor obtained from CRWZ;;/ ZOIREV (uwz) and the statistical

significance [204] of the discrepancy between the observed number of events and the SM expectation.

the measurement of the FFs which are propagated to the final estimate via the reweighting.
In this analysis, the FF uncertainties coming from statistics, possible FNP contribution
differences between the CRs and the targeted SRs, and prompt-lepton and CF background
subtraction, amount to around 20% of the final estimate in total. Two validation regions
VRFNPY" and VRCFW", listed in table 6, are defined in order to validate the data-driven
methods applied to estimate the FNP and CF events in SRK[i/g’fq-ng and SRV mpy+ GOOd
agreement between data and expectation is observed in the VRs, as shown in figure 3, thus
validating the application of the above methods.

The matrix method involves the inversion of the matrix relating the numbers of observed
baseline and signal leptons to the estimated numbers of real and FNP leptons via measured
real (¢) and FNP (¢) lepton efficiencies; the implementation used in ref. [35] is applied here.
The value of ¢ is around 50%—-60% (70%) for electrons (muons) in the region of lepton
pr around 15 GeV, increasing to 98% (99%) for lepton pr > 100 GeV (60 GeV). The total
uncertainty in € is 0.33%-7% (0.1%-3%) for electrons (muons) depending on the (pr,n)
region. The ¢ probabilities are ~10%-20% for both electrons and muons up to pt ~ 45 GeV,
and increase to 30%—40% for pr > 60 GeV. They can be up to twice as large in events
with two b-tagged jets. The effects of variations in the relative contributions of different
sources of FNP leptons or in the overall event activity are considered as uncertainties of (.
For electrons (muons), the latter is 30%-50% (30%-80%), increasing with pr. The level of
agreement between the data and the estimated background in a loose event preselection
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CRFF, CRFF, VRFENPWh VRCFWh
eﬂ:ej: Iujzluj: ejzej: e:tuj: Iujzluj: eiei
Ngr,(¢) =2
Charge(?) same-sign
Naig(£) =1 =2
pr(f) > 25GeV
Njets >1
Np-jets — =1 =0
Emiss € [30,50) GeV < 50GeV > 50 GeV
|+t — my| > 15GeV — > 15GeV — — < 15GeV
mj; — < 350 GeV
Mo — < 80GeV
mipn — < 100 GeV
S(Emiss) — <5

Table 6. Definitions of the FNP-enriched control regions used to measure the FFs, and definitions
of the validation regions used to validate the estimates of the FNP and CF events in SRs defined for
the Wh model. Requirements guaranteeing orthogonality to SRs are in boldface.

region requiring two SS leptons, EXsS > 50 GeV and at least one jet with pp > 25 GeV, in
different lepton-flavour and b-jet-multiplicity combinations, as shown in figure 5, indicates
the universality of the matrix method in estimating the FNP lepton background in general
cases. Together with the level of agreement observed seen in figure 4, this validates the
estimation of the FNP background using the matrix method.

To further validate the estimation of the FNP and CF backgrounds, the MC template
method is introduced to this analysis. It relies on data-corrected CRs enriched in various
sources of fake leptons and electron CF backgrounds to extrapolate the background
predictions to the SRs. In this analysis, the scale factors are obtained for seven templates
representing different types of backgrounds from six control regions, using discriminating
variables such as meg and lepton pp. The uncertainties due to limited statistical precision
and from the effects of the used discriminating variables are considered. The similarity of the
mro distributions obtained using the matrix method and the MC template method for SRs
defined for the WZ and bRPV models confirms the validity of the background estimation.
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Figure 5. Data event yields compared with the expected contributions from the irreducible and the
reducible backgrounds after a loose preselection requiring SS leptons, EX% > 50 GeV and at least
one jet with pp > 25 GeV. The observed and predicted event yields are classified as a function of
the number of leptons and their flavour, as well as the number of b-jets. The error bars only include
the statistical uncertainty and the full uncertainties for the data-driven background estimates, in
order to validate the matrix method itself. The bottom panel shows the ratio of the observed data
to the predicted yields.

8 Systematic uncertainties

Several sources of systematic uncertainty, besides the various statistical uncertainties, are
considered in this analysis. They are grouped into experimental uncertainties, theoretical
uncertainties, uncertainties from the data-driven methods applied in this analysis, and
normalisation and MC statistical uncertainties.

The experimental uncertainties encompass all possible differences between data and
simulations in all analysis elements including the trigger, pile-up, and reconstructed
objects. A 1.7% relative uncertainty in the luminosity [114] is applied. For leptons,
uncertainties in the reconstruction efficiencies [187], identification efficiencies [189], isolation
efficiencies, energy scales [187] and resolutions, and trigger efficiencies are considered. For
jets, uncertainties in the jet vertex tagger [208] performance which affect the residual
contamination from pile-up jets, uncertainties in the jet energy scale [191] and jet energy
resolution [209], and uncertainties in flavour tagging [193, 210, 211] are also considered.
The uncertainties associated with the objects used to compute the Emlss are propagated
through the computation, and additional uncertainties in the scale and resolution of the
contribution from low-momentum tracks not associated with the primary objects are also
included [196]. These experimental uncertainties are correlated between the processes and
regions that enter the simultaneous fit, including the signal models.

The theoretical uncertainties account for the uncertainties in modelling of the relevant
SM and SUSY processes, including uncertainties in cross sections and due to the choice
of scales, the PDF and the value of ag. Modelling uncertainties for backgrounds making
subdominant contributions in the SRs are neglected except for cross-section uncertainties. If
the background process is normalised to data, the associated uncertainties are applied instead
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Figure 6. Breakdown of the total systematic uncertainty in the background prediction for each
of the SRs of the Wh model. Total and individual uncertainties for different source categories are
shown. The individual components can be correlated and therefore do not necessarily add up in
quadrature to the total systematic uncertainty.

of the total cross-section uncertainty. The uncertainties that affect the acceptance, such as
the choice of scales and the PDF, are applied everywhere. The theoretical uncertainties
vary from 10% to 50% in all regions defined in this analysis.

The total uncertainty and the contributions from different sources are shown in figures 6
and 7 for all the signal regions. For regions designed for the W h model, the total uncertainties
vary from 8% to 25%. In some W h-model-specific SRs, the total uncertainty is less than
the largest uncertainty contribution because of the large anti-correlation between the FNP-
related uncertainties and the normalisation-related uncertainties. The largest contribution
comes from the estimation of the FNP background.

For SRs designed for the WZ and bRPV models, total uncertainties vary from 30% to
50%, with the uncertainties from the estimations of FNP and CF events accounting for the
largest contribution in most of the regions. They are larger than those of the Wh model, as
the correlations between the relevant systematic uncertainties were not constrained by the
CRs during the fit.
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9 Results

The EXsS and S(ER) distributions for all events passing the Wh SR requirements, except
for the EMisS and S(ER) requirements themselves, are shown in figure 8 and figure 9,
respectively. Data are compared with the expected SM background; each source is estimated
as described in section 7. Separate distributions are provided for each SS-dilepton flavour:
ete®, etp® and p*pt. Fake and non-prompt leptons as well as the WZ irreducible
background dominate the events mimicking signal events, while the CF events are an
important source of background in the ete® SRs, as observed in figure 8(a) and figure 9(a).
The expected distributions for three representative signal mass points are also overlaid as
indicated. Good agreement between the data and total expected SM background is observed.

The observed number of events in each SR defined in section 6 for the Wh model
along with the background expectations and uncertainties are reported in figure 10. The
observed data are compatible with the SM prediction, with a —2.00 data deficit observed
in SRK[i/g’L_mm
significance of less than 2.00.

The distributions of mry in the SRs defined for the W Z model and the bRPV models

after applying all selection criteria apart from the mro cut are shown in figures 11(a) to 11(b)

-3-up. The largest excess of events is observed in SRHg}fl_ -1-ee, with a

mr2

and in figures 11(c) to 11(d), respectively. All considered sources of background are also
plotted, estimated with the data-driven techniques detailed in section 7. The background is
dominated by the SM W Z process and the reducible background due to fake and non-prompt
leptons. For comparison, representative signal mass points for winos/binos and higgsinos

(H) are overlaid. The data distributions are in agreement with the background expectations.
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Figure 8. EXss distributions after the background-only fit, showing the data and the post-fit
expected background in all the flavour and E3S bins of the SRKI{g’L_mTz region. The vertical black
lines and the corresponding arrows indicate the cuts defining the three EMS bins of the SRK[{g'L_mT ,
region: SRE‘i/g}il_mm—l, SRK{g}L_mTQ—Z and SREYg}il_mTQ—& The last bin includes overflow. The ‘Other’
category contains the tt+ H, rare top, triboson, and other diboson processes with the SS final state.
Distributions for three representative signal mass points of the Wh model are overlaid. The bottom
panel shows the ratio of the observed data to the predicted yields. The hatched bands indicate the

combined theoretical, experimental, data-driven and MC statistical uncertainties.

In figure 12, the observed yields in each signal region defined in section 6 along with the
background expectations and uncertainties are presented for the W27 and bRPV models.
The observed data are compatible with the SM prediction.

The results from the UDD RPV model SRs are discussed in appendix A.3. The data
agree within uncertainties with the SM expectation in the SRs designed for this model.
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are overlaid. The bottom panel shows the ratio of the observed data to the predicted yields.
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10 Interpretation

Model-independent upper limits on the number of BSM events in each SR are derived using
the CLg prescription [212, 213] and neglecting any possible signal contamination in the
control regions. The HISTFITTER [203] framework is used for the statistical interpretation
of the results. In order to quantify the probability for the background-only hypothesis to
fluctuate to at least the observed number of events, a one-sided pg-value is calculated using
pseudo-experiments, where the profile likelihood ratio is used as a test statistic [202] to
exclude the signal-plus-background hypothesis. Normalisation to the integrated luminosity
of the data sample allows an interpretation in terms of upper limits on the visible BSM
cross section, defined as the product of the acceptance, reconstruction efficiency and
production cross section.

The number of observed events and the background expectation in each SR are used
to set an upper limit on the number of events from any BSM physics scenario without a
sizable positive or negative interference in the CRs. The model-independent upper limits at
95% confidence level (CL) on the visible cross section, ()%, for the Wh, WZ and bRPV
signal regions are presented in table 7. Also listed are the 95% CL upper limits on the
number of signal events S% | as well as the expected 95% CL upper limit on the number

obs?

of signal events, S22 . The last two columns indicate the CLy, value and the discovery

exp*

p-value, py (p(s) = (;)), with the corresponding Gaussian significance Z. The CLj, value

provides a measure of compatibility of the observed data with the 95% CL signal strength

hypothesis relative to fluctuations of the background, and pg measures the compatibility of

the observed data with the background-only (zero signal strength) hypothesis relative to
fluctuations of the background. Larger values indicate greater relative compatibility.

For SRK{g%_mTz, SRS?gSV and SRS?PV, po is capped at 0.5 since the predictions exceed

the data. In all other SRs the significances are low, with no appreciable excess observed
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Signal region  (e0)% [fb] S, S22, CLy, po (2)

SRy e 0.28 39.3 3397150 0.66  0.34 (0.41)
SRy by~ 1-c€ 0.13 17.4 9.9 % 0.94 0.04 (1.72)
SR by~ 1-€H 0.17 23.6 12.915°8 0.96 0.03 (1.85)
SRy gy~ 11140 0.09 13.0 126735 055  0.45 (0.14)
SRy by -2-€€ 0.06 7.8 7.2%37 0.63  0.36 (0.36)
SRy hempa-2-€/ 0.05 6.8 95759 0.16  0.50 (0.00)
SRyt oo ~2- 0.07 9.6 77108 0.64 0.50 (0.00)
SRy oty -3-€€ 0.05 6.9 6.1730  0.61 0.37 (0.33)
SRy hompa-3-€lt 0.03 4.8 6.1732 0.24  0.50 (0.00)
SRyt - =3 H 0.03 4.3 6.9739 0.06  0.50 (0.00)
SRivE 0.24 33.0  20575%T  0.63 0.33(0.43)
SRV e, -€E 0.12 16.2 1267575 0.76  0.23 (0.76)
SR sy =€H 0.14 19.9 176771 063 0.36 (0.35)
SRy gy HH 0.13 182 17.0779 059 0.1 (0.22)
SRy et 0.13 187  244%%5 012 0.50 (0.00)
SRY sl 0.01 1.7 3.675% 0.02 0.45 (0.12)
SRy ehemrs2 0.05 74 8.3%53 034 0.50 (0.00)
SRy a3 0.04 5.2 7.3727 0.11  0.50 (0.00)
SRIVZ e 0.04 5.9 44758 0.81 0.22 (0.76)
SRoEY 0.16 22.6 25.8%9 0.29  0.50 (0.00)
SRERPV 0.44 61.4 93.0158-0  0.02  0.50 (0.00)

Table 7. Model-independent statistical analysis for SRs (binned and inclusively) optimised for the
Wh, WZ and bRPV models: 95% CL upper limits on the visible cross section, {ec)% , and on

obs?

the number of signal events S% .. The S22 is the expected 95% CL upper limit on the number of

obs* exp
signal events, given the expected number (and +1o variations) of background events. The last two

columns report the CLj, value for the background-only hypothesis, the one-sided pg-value and the
local significance Z (the number of equivalent Gaussian standard deviations).

over the expected background. The most stringent observed limit is from SRYXWZ_mTQ, where
visible cross sections larger than 0.04 fb are excluded. Model-independent limits are also
provided in appendix A (table 9) for the UDD RPV SRs.

Model-dependent exclusion limits were extracted by performing hypothesis tests on
the background-only hypothesis and the signal-plus-background hypothesis using the
HisTFITTER package. Both fits were carried out simultaneously in all SRs of each model
and for each benchmark point together with its uncertainty. Since the signal contamination
in the CRs is low, it was not accounted for in the fit. All SRs corresponding to a model
are statistically combined. Following the CLg prescription, the p-values of the signal-plus-
background hypothesis are tested against those of the background-only hypothesis to extract
the corresponding CLg values for each point. A signal point is considered excluded at 95%
CL when such values fall below a 5% threshold.
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Figure 13. Exclusion limits at 95% CL for the (a) Wh-mediated and the (b) W Z-mediated
simplified model of wino X1 X3 production. Observed (solid) and expected (dashed) limits on i /X5
and X} masses are indicated. The red dotted lines around the observed limit reflect the theoretical
variation due to the signal cross-section uncertainty. The band around the expected limits expresses
the £10 variation due to all uncertainties except theoretical uncertainties in the signal cross section.

The grey region in (a) denotes the observed limits obtained in a previous search in the same channel
with 36.1 fb~! of data [44].

The resulting expected and observed exclusion limits for the Wh model are shown in
figure 13(a). The large £10 uncertainty band around the expected limit is almost entirely
dominated by the statistical uncertainty of the MC simulated signals. The observed bounds
are stronger than the expected ones due to the deficit of data compared to the SM background
expectation seen in SRKg}fl_mm—S—uu, as shown in figure 10. This SR features the strongest
sensitivity in the region with high chargino-LSP mass splittings, as it combines the highest
Ell?iss threshold and the greatest expected number of events and purity that characterises the
dimuon channel. However, this discrepancy falls within a 20 fluctuation of the expected limit.

In the Wh model, )ﬁc /)2[2) masses are excluded up to about 525 GeV for a massless
X!. On the other hand, the exclusion for X! masses reaches about 180GeV for
m()ﬁE /)2(2)) ~ 400 GeV. The comparison with the observed exclusion limits from the
previous 36.1fb~! search [44] in the same channel demonstrates that the current analysis
has a greatly improved reach.

The observed and expected exclusion limits for the W Z model are shown in figure 13(b),
where two orthogonal SRs, SRngi_mm and SRKWZ_mTQ,
of data events compared to the SM expectation in SRK{g{_mTQ, seen in figure 12, leads to

are statistically combined. The deficit

the observed limits being more stringent than the expected ones, yet within the 1o band
around the latter. The uncertainty in the expected exclusion limit is dominated by the
FNP background determination, as observed in figure 7. For a massless m(X1), X / X9
masses in the interval 200-250 GeV are excluded. This is the first analysis in ATLAS with
sensitivity to the W Z model in the two-SS-lepton channel. Previous analyses, assuming
a nearly massless )2(1), excluded ﬁc / X9 masses of up to 640 GeV by selecting three-lepton
events [58], while the search with boosted hadronically decaying bosons was sensitive to
higher masses, excluding a mass range of 440-960 GeV [60].
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Figure 14. Observed (black solid line) and expected (black dashed line) 95% CL exclusion limits
as a function of higgsino X1 / X3 / >~<1i mass in the bilinear RPV model. The green (yellow) contours
of the band around the expected limit are the £1o (£20) variations including all uncertainties.
The prediction for the theoretical production cross section is also shown (blue solid line) with its
uncertainty (blue dotted lines).

The expected and observed production cross-section upper limits for light higgsinos in
the bRPV model can be seen in figure 14 with the statistical combination of two orthogonal
SRs, namely SRS?ESV and SRg’?P V. By comparing the observed upper limits on the cross
section with the theoretical expected cross section, higgsino X7 / X9 / ﬁc masses smaller
than 440 GeV are excluded when assuming inclusive higgsino production and allowing all
predicted sparticle decay modes. These are the first experimental constraints on bRPV
models with degenerate higgsino masses.

11 Conclusion

This paper presents a search for directly produced electroweak gauginos and higgsinos in
events with two electrons or muons of the same charge or three leptons based on a 139 fb~!
sample of /s = 13 TeV proton-proton collisions collected by the ATLAS experiment at
the LHC from 2015 to 2018. Events are categorised according to the number of jets, the
number of b-jets, the missing transverse momentum, the effective mass and other relevant
observables, substantially improving the sensitivity to specific R-parity-conserving and
R-parity-violating scenarios. No significant excess over the expected background is observed.
Observed 95% CL limits are placed on the visible cross section in the defined signal regions
and constraints are set on the parameters of the simplified topologies and complete models
considered. In a wino-bino Wh-mediated model, NLSP masses of up to 525 GeV are
excluded for a massless lightest neutralino, a considerable improvement on previous limits
of 240 GeV and 300 GeV set by ATLAS [44] with a 36.1 fb~! data set and CMS [48]
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with a 137 fb~! sample, respectively. The analogous excluded )hi / X9 mass range for the
W Z topology is between 200 GeV and 250 GeV in a channel probed for the first time by
ATLAS in the two-same-sign-lepton final state. In a natural RPV model with bilinear
terms, never explored before in electroweak SUSY production, mass-degenerate higgsinos
XY / X5 / )H_L lighter than 440 GeV are excluded. Model-independent upper bounds on the
visible cross section as low as 40 ab are set in signal regions inspired by an R-parity-violating
scenario with a baryon-number-violating term. Search regions orthogonal to those in other
ATLAS analyses were deployed in all considered models, allowing better future statistical
combinations with other channels.
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SRy SRizmy SRhzsy
L M L M H L | M| =
Ngr () =2
Neig(0) =2
Charge(?) same-sign
pr(l) > 25 GeV
Njets (PT > 25 GeV) >1
ot =1 =2 >3
Spr(f) > 100 GeV —
Eiss > 100GeV | > 50GeV > 80 GeV > 20 GeV
Njets (T > 25 GeV) <2 =2o0r=3 <3 =3or=4|>5and <6 | <3 <3 <6
S S > 0.7 > 0.45 > 0.9 >0.75 — >08|>08| >05
it >120GeV | >400GeV | >300GeV | >420GeV | >420GeV | — — | >350Gev
AR(f1,jet)min <1.2 <1.0 <1.0 <1.0 <1.0 <1 — <1.0
AR(0F, %) >2.0 >25 >2.5 >25 >2.0 >20| — > 2.0

Table 8. Signal region definitions designed for the UDD RPV model. The variables are defined in

the text.

A RPYV analysis with UDD terms

A.1 Signal regions

The signal regions designed to maximise the sensitivity to signals in this model are listed in

table 8. Orthogonal signal regions are defined with the number of b-jets. In each case, the

signal regions are split according to the jet multiplicity targeting different higgsino mass

ranges.

Within each SR, variables such as the sum of the jets’ pp (3 piﬁt), the sum of the b-jets’
pr divided by the sum of the jets’ pr (3 p?et / ijr;’t), the minimum angular distance

between the leading lepton and jets (AR(¢1,jet)min) and the angular distance between the

two SS leptons are used to maximise the sensitivity to the target signal, based on a series

of dedicated optimisation studies.

A.2 Background estimation and systematic uncertainties

The background composition is similar to that in the SRs described in section 6, but

with tt+V as the dominant irreducible background in the above SRs because of the b-jet

requirement.

The background estimation strategy is the same as that used for the regions designed
for the W Z and bRPV models, described in detail in section 7. The irreducible backgrounds
are estimated through MC simulation, after applying data-driven scale factors for the W2

background events with at least two jets obtained from CRWZ;}/ 2,

(b)RPV

. The CF events

are estimated via the data-driven method described in section 7. The FNP events are

estimated from the data by applying the matrix method, after it was validated by comparing
its estimates with those of the MC template method.
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Figure 15. Relative contributions from experimental and theoretical uncertainties in SRs defined
for the UDD RPV model. The individual components can be correlated and therefore do not
necessarily add up in quadrature to the total systematic uncertainty.

Figure 15 shows the uncertainties’ contributions in the signal regions designed for this
model. The uncertainties vary from 20% to 50% depending on the regions. The largest
contribution comes from the data-driven methods applied.

A.3 Results

The 3 pr‘jet /> qu?t distributions for the data and background sources are presented for a

subset of the SRs in figure 16. All selection criteria defined in table 8 are applied apart
from the one on prfjet

/> ft, which is indicated in the graphs by a vertical line and
an arrow. The data and total background expectation are in agreement, considering the
involved uncertainties.

A comparison between the data and background yields for all the SRs defined for the
UDD RPV model is shown in figure 17. The observed and expected numbers of events are
compatible in all SRs, with the largest excess being ~1¢, observed in SRIQ%X—H. Following
the procedure described in section 10, these results are used to set model-independent upper
limits as low as 40 ab on BSM production cross sections, as listed in table 9.

Figure 18 shows the expected upper limits for the higgsino UDD RPV model. All
combinations of orthogonal SRs which target the same mass point are considered, including
SREPV._L, (the statistical combination of SREEY-L, SREEY-L, SREEY-L), SRRPV-M (the
statistical combination of SRi;Y-M, SRREN-M, SRREV_-M) and SREPV-H (the statistical
combination of SRELY-H, SRREV
strongest expected limit is chosen for each 92(1)?2 mass point.

-H). Among these combinations, the one providing the
A higgsino-like X1 / X9 mass of 200 GeV is excluded in this analysis, considering X3

production only. This value was excluded by a previous ATLAS search [93] based on the
selection of events with one lepton, but also using Xﬁ? and )NC%_?N((Q) production with )~(1i — bbs.
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Figure 16. 3 pi®'/ S pi¢" distributions of the data and the expected background in some SRs
defined for the UDD RPV model with data-driven methods applied. All uncertainties are considered.
The vertical black lines and the corresponding arrows indicate the cuts defining those regions. The
last bin includes overflow. The ‘Other’ category contains the tt+ H, rare top, triboson, and other
diboson processes with the SS final state. Distributions for a representative signal mass point are
overlaid. The bottom panel shows the ratio of the observed data to the predicted yields.
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Figure 17. Expected SM background and data yields in the SRs optimised for the UDD RPV
model. The SM prediction is taken from the background-only fit. The ‘Other’ category contains the
tt+H, rare top, triboson, and other diboson processes with the SS final state. The total uncertainties
in the expected event yields are shown as the hashed bands. The bottom panel shows the statistical
significance [204] of the discrepancy between the observed number of events and the SM expectation.
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Signal channel (e0)%_ [fb] S%, S95 CLy, po (Z)

obs exp
SRELY-L 0.13 175 151738 0.69 0.38 (0.32)
SRYLY-M 0.07 101 89™1 066 0.46 (0.11)
SRiGY -L 0.04 6.1 62771 048 0.50 (0.00)
SREEY-M 0.05 6.8 6.0773  0.65 0.38(0.30)
SRYLY-H 0.15 20.7 18.6759  0.64 0.41(0.22)
SRiyay -L 0.04 6.1 57115 0.61 0.50 (0.00)
SRy -M 0.08 115 9.7%%2  0.70  0.35 (0.37)
SRhvay -H 0.10 135 86732 092 0.10 (1.31)

Table 9. Model-independent statistical analysis for SRs optimised for the UDD RPV models: the

95% CL upper limit on the visible cross section times efficiency ({ec)% ), the observed number

of signal events (S%.), and the signal events given the expected number of background events

(522,, £10 variations of the expected number). The last two columns report the CLy, value for the

background-only hypothesis, the one-sided pg-value and the local significance Z (the number of
equivalent Gaussian standard deviations).

Higgsino 7%, UDD RPV, 7./, - tbs

ATLAS
Vs=13 TeV, 139 fb’!
All limits at 95% CL

10?

o [pb]

Theory pp — i?iz

Observed Limit
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Figure 18. Observed (black solid line) and expected (black dashed line) 95% CL exclusion limits as
a function of higgsino XY / X3 mass in the UDD RPV model. The green (yellow) contours of the band
around the expected limit are the +10 (£20) variations including all uncertainties. The prediction
for the theoretical production cross section is also shown (blue solid line) with its uncertainty (blue
dotted lines).
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