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Introduction

Standard Model (SM) processes rarely produce events with four or more charged leptons,

while many new theories, such as supersymmetry (SUSY) [1-6], predict events which would

regularly decay to these multilepton final states. This paper presents a search for new phe-

nomena in final states with at least four isolated, charged leptons (electrons, muons or

7-leptons) where up to two hadronically decaying 7-leptons are considered. Here, electrons

and muons are referred to as ‘light leptons’ and include those from leptonic 7 decays. The
full proton-proton dataset delivered by the LHC and collected by the ATLAS experiment
during the 2015-2018 data-taking period is used in the analysis, corresponding to an inte-

grated luminosity of 139 fb~! [7] at a centre-of-mass energy of 13 TeV. Several SUSY signal

models are used to optimise the search, but the search itself is generally model-agnostic,



using selections on either the presence of, or absence of, Z bosons in the event, and loose
requirements on either the effective mass or the missing transverse momentum. Results
are presented in terms of limits on SUSY models.

Previous searches for SUSY particles using signatures with three or more leptons were
carried out at the Tevatron collider [8-13], and at the LHC by the ATLAS experiment [14—
19] and the CMS experiment [20-25]. Searching for new physics using a four or more lepton
final state may offer more sensitivity to some beyond the SM scenarios than using lower
lepton multiplicities, as the very low SM background can allow for a looser selection and a
more inclusive approach to be adopted. This analysis closely follows the ATLAS analyses
on the datasets at 7TeV [14] and 8 TeV [17], and on the partial dataset at 13 TeV [18§].
Previous results are extended here by analysing the full ATLAS 13 TeV dataset, expanding
the search with an additional channel selecting at least five leptons, and using data to
constrain major sources of SM background.

2 Targeted models

SUSY is a space-time symmetry that postulates the existence of a new superpartner for
every SM particle, with spin differing by one half-unit from its SM partner: each SM fermion
(boson) is associated with a SUSY boson (fermion). The new SUSY particles (sparticles)
would have the same quantum numbers as their SM counterparts except for spin and
provide a potential solution to the hierarchy problem [26-29]. The scalar superpartners of
the SM fermions are the charged sleptons, ¢, the sneutrinos, 7, and the squarks, §, while
the gluons have fermionic superpartners called gluinos (§). The bino, wino and higgsino
fields are fermionic superpartners of the SU(2) x U(1) gauge fields of the SM, and the two
complex scalar doublets of a minimally extended Higgs sector, respectively. They mix to
give mass eigenstates that are referred to as charginos )Zli (i = 1,2) and neutralinos )2?
(j = 1,2,3,4), numbered in order of increasing mass.

SUSY processes can result in proton decay at a rate that is in conflict with the stringent
experimental constraints on the proton lifetime if they do not conserve both lepton number
(L) and baryon number (B) [30]. This conflict can be avoided by imposing the conserva-
tion of R-parity [31], defined as (—1)3(F~E)+25 where S is spin, or by explicitly conserv-
ing either B or L in R-parity-violating (RPV) scenarios [32, 33]. In R-parity-conserving
(RPC) models, the lightest SUSY particle (LSP) is stable and a viable dark-matter candi-
date [34, 35], and leptons can originate from unstable weakly interacting sparticles decaying
to the LSP. In RPV models, the LSP is unstable and decays into SM particles, including
charged leptons and neutrinos when violating L but not B. Both the RPC and RPV SUSY
scenarios can therefore result in signatures with high lepton multiplicities and substantial
missing transverse momentum, selections on which can be used to suppress SM background
processes effectively.

RPC and RPV SUSY models are used for signal region optimisation and to interpret
the results of this analysis; each requires a different approach for signal selection, as dis-
cussed in section 5. In all SUSY scenarios considered here, the light CP-even Higgs boson,
h, of the minimal supersymmetric extension of the SM [36, 37] Higgs sector is assumed



to be practically identical to the SM Higgs boson [38], with mass and couplings compati-
ble with the LHC measurements [39-42]. In addition, the decoupling limit is used, which
is defined by m4 > my, while the CP-odd (A), the neutral CP-even (H), and the two
charged (H*) Higgs bosons are considered to be very heavy and thus considerably beyond
the kinematic reach of the LHC.

2.1 RPC SUSY scenarios

Naturalness [43, 44] motivates light higgsino states ()29, X9 and )NC{E), however, searching
for higgsinos can be experimentally challenging. The sparticles in the higgsino system
are close in mass, thus decays of the X5 /ﬁc to a X] LSP result in low-momentum decay
products that are difficult to reconstruct efficiently. The LEP experiments searched for
higgsino )Zf in approximately mass-degenerate scenarios and excluded chargino masses be-
low 103.5 GeV (reduced to 92 GeV for small chargino-LSP mass differences between 0.1 GeV
and 3GeV) [45, 46]. More recently, the ATLAS and CMS experiments have searched for
higgsino production [47, 48], excluding higgsino X9 up to masses of ~240 GeV and down to
X9-LSP mass differences of 1.5 GeV.

General gauge-mediated (GGM) SUSY models [49] offer an opportunity to study
light higgsinos without relying on the reconstruction of experimentally challenging, low-
momentum final states. In the Planck-scale-mediated SUSY breaking scenario, the grav-
itino G is the fermionic superpartner of the graviton and its mass is comparable to the
masses of the other SUSY particles, m ~ 100GeV [50, 51]. In contrast, GGM models
predict that the G is nearly massless and can be produced at the LHC via the decays of
the higgsinos, e.g. Xt — Z /h+ G. The leptonic decays of the Z /h from the two X1 decays
can be reconstructed and are targeted in this analysis, giving an opportunity to study
four-lepton signatures with one or more Z boson candidates.

Simplified RPC SUSY models [52-54] inspired by GGM are considered here, where an
almost mass-degenerate higgsino system ﬁc, >~<(1), X5 and an LSP G with mass 1 MeV are
the only SUSY particles within the reach of the LHC. The )ﬁc and X5 masses are set to
1 GeV above the X! mass to ensure they decay promptly, and because they have only a weak
coupling to the G, the ﬁi and X3 always decay to the X! via virtual Z /W bosons. The
virtual Z/W in turn decay to very soft final states that are not reconstructed, while the
X1 decays promptly to a gravitino plus a Z or h boson, Xt — 7 /h+ G. A higgsino system
offers four production processes at the LHC: >~<1+>~<1_, >~<1i>~<(1), )~<1i)~((2) and >~<(1))~<(2), all of which
are considered in these GGM models, as shown in figure 1. The X! mass and X! — ZG
branching ratio are the two free parameters of the simplified GGM higgsino scenarios.

2.2 RPV SUSY scenarios

In generic SUSY models with minimal particle content, the superpotential includes terms
that violate conservation of L and B:
1

_ _ 1 o
5)\ijkLiLjEk + Njx LiQ;j Dy, + iAg’ijiDjDk + ki L;Ho,

where L; and @); indicate the lepton and quark SU(2)-doublet superfields, respectively, and
E;, U; and D; are the corresponding singlet superfields. Quark and lepton generations are
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Figure 1. Diagrams of the processes in the SUSY RPC GGM higgsino models. The W*/ Z*
produced in the Xi /X3 decays are off-shell (m ~ 1GeV) and their decay products are usually
not reconstructed. The Higgs boson may decay into leptons and possible additional products via
intermediate 77, WW or ZZ states.

referred to by the indices i, j and k, while the Higgs field that couples to up-type quarks
is represented by the Higgs SU(2)-doublet superfield Hy. The A, A’ and N’ parameters are
three sets of new Yukawa couplings, while the x; parameters have dimensions of mass.
Simplified models of RPV SUSY scenarios are considered here, with a bino neutralino
()2(1)) LSP which decays via an RPV interaction. The lepton-number-violating superpoten-
tial term %)\Z-jkLiLjEk mediates the LSP decay into two charged leptons and a neutrino,

X = G50 vy (2.1)

through a virtual slepton or sneutrino, with the allowed lepton flavours depending on
the indices of the associated A;jp couplings [55]. The complex conjugate of the decay in
eq. (2.1) is also allowed. Thus, when two X! are present in a signal process, every signal
event contains a minimum of four charged leptons and two neutrinos, giving an opportunity
to study four-lepton SUSY signatures.

In principle, the nine' Aiji RPV couplings allow the XY to decay to every possible com-
bination of charged-lepton pairs, where the branching ratio for each combination differs for
each \;;. For example, for 121 # 0 the branching ratios for X! — euv, X! — eev and X! —
ppr are 50%, 50% and 0% respectively, whereas for A122 # 0 the corresponding branching
ratios are 50%, 0% and 50%. It was shown in ref. [17] that the four-charged-lepton search
sensitivity is comparable in the cases of A191 7# 0 or A122 # 0, and for A133 # 0 or Aags # 0.
Since the analysis reported here uses similar techniques for these cases, the number of L-
violating RPV scenarios studied is reduced by making no distinction between the electron
and muon decay modes of the X1. Two extremes of the Aijk RPV couplings are considered:

o LLE12k (k € 1,2) scenarios, where Ajg, # 0 and only decays to electrons and muons
are included,

o LLEi33 (i € 1,2) scenarios, where ;33 # 0 and only decays to 7-leptons and either
electrons or muons are included,

'The 27 Aijik RPV couplings are reduced to 9 by the antisymmetry requirement A;jxz = —\j;x and the
i # j requirement for the generation of the L terms in the superpotential.



. =0 . .
Scenario Xi branching ratios

ete v etpfv ptp v etrfv rHr v pfrfu
LLE12k  1/4 1/2 1/4 0 0 0
LLEi33 0 0 0 1/4 1/2 1/4

Table 1. Decay modes and branching ratios for the Xi LSP in the RPV models, where v denotes
neutrinos or antineutrinos of any lepton generation.

with all other RPV couplings assumed to be zero. The branching ratios for the X1 decay
in the LLE12k and LLFEi33 scenarios are shown in Table 1. The sensitivity to Aijk # 0
couplings not considered here (e.g. A123 # 0) is expected to be between that achieved in
the LLE12k and LLEi33 scenarios.

Pure-bino X1X! production has a vanishingly small cross-section at the LHC, thus
models that include one or more next-to-lightest SUSY particles (NLSP) are considered in
order to obtain a reasonably large cross-section. The choice of NLSP in the RPV SUSY
scenarios determines the production cross-section, and can impact the signal acceptance
to a lesser extent as intermediate decay products may also decay to leptons. In all cases
considered here, the NLSP is pair-produced in an RPC interaction and decays to the X1
LSP (which itself undergoes an RPV decay). Three different possibilities are considered
for the NLSP in the LLE12k and LLEi33 scenarios:

o wino NLSP: mass-degenerate wino charginos and neutralinos are produced in asso-
ciation (5(?)21_ or )NCI_LX(Q)) The charginos decay via Xt — WO with 100% branching
fraction, while the neutralinos decay via X9 = ZWXY or hXY with 50% branching
fraction each, as shown in figure 2a.

. 0 /P NLSP: mass-degenerate sleptons and sneutrinos of all three generations are
produced in association (@LEL, o, 01,7, where the subscript L refers to the chirality
of the partner lepton). The sleptons decay via b, — ¢X) and sneutrinos decay via
U— V)Z(f, both with 100% branching fraction, as seen in figure 2b.

e g NLSP: gluino pair-production, where the gluino decays with 100% branching frac-
tion via g — qq_>~((1) (¢ = u,d, s, c, b only, with equal branching fractions), as seen in
figure 2c. Decays to top quarks are not considered here, as this would introduce a
significant change in signature for scenarios with mass difference m(g) —m(f(?) above

and below ~ 350 GeV.

For the RPV models, the LSP mass is restricted to the range 10GeV < m(LSP) <
m(NLSP) — 10 GeV to ensure that both the RPC cascade decay and the RPV LSP de-

cay are prompt. Non-prompt decays of the X! in similar models were previously studied
in refs. [56, 57].



W/Z/h
(a) wino NLSP. (b) /1./v NLSP. (c) § NLSP.

Figure 2. Diagrams of the benchmark SUSY models of RPC NLSP pair production of a (a) wino,
(b) slepton /sneutrino and (c) gluino, followed by the RPV decay of the X7 LSP. The LSP is assumed
to decay as Xi — £v with 100% branching ratio.

3 ATLAS detector

The ATLAS experiment [58-60] at the LHC is a multipurpose particle detector with a
forward-backward symmetric cylindrical geometry and a near 47 coverage in solid angle.?
It consists of an inner tracking detector (ID) surrounded by a thin superconducting solenoid
providing a 2 T axial magnetic field, electromagnetic and hadron calorimeters, and a muon
spectrometer (MS). The ID covers the pseudorapidity range || < 2.5. It consists of silicon
pixel, silicon microstrip, and transition radiation tracking detectors. Lead/liquid-argon
(LAr) sampling calorimeters provide electromagnetic (EM) energy measurements with high
granularity. Hadronic calorimetry is provided by the steel/scintillator-tile calorimeter,
which covers the central pseudorapidity range (|n| < 1.7). The endcap and forward regions
are instrumented with LAr calorimeters for EM and hadronic energy measurements up
to |n] = 4.9. The MS surrounds the calorimeters and is based on three large air-core
toroidal superconducting 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 MS includes a system of
precision tracking chambers covering the region |n| < 2.7 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.

4 Data and simulated event samples

This analysis uses the full \/s = 13TeV pp dataset collected by the ATLAS experiment
during the 2015-2018 data-taking period. The average number of multiple pp collisions

2ATLAS 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 x-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.



Trigger Offline pr threshold [ GeV]
2015 2016 2017-2018
Single e (isolated) 25 27 27
Single e 61 61 61
Single u (isolated) 21 25 or 27 27
Single 41 41 or 51 51
Double e 13, 13 18, 18 (18, 18) or (25, 25)
Double g (symmetric) 11, 11 (11, 11) or (15, 15) 15,15
(asymmetric) 19, 9 (21, 9) or (23, 9) 23,9
Double ep 8(e), 25(u)  8(e), 25(n) 8(e), 25(u)
18(e), 15(1)  18(e), 15(u) 18(e), 15(s1)
27(e), 9(u) 27(e), 9(u)
Triple epp, eep 13(e), 11(2p) 13(e), 11(2u)
13(2¢), 11(p) 13(2¢), 11(p)

Table 2. The triggers used in the analysis of 2015-2018 data. The offline pr thresholds are required
only for reconstructed charged leptons responsible for triggering the event. Trigger thresholds
increase across the years due to the increase in beam luminosity, and “or” denotes a move to a
higher-threshold trigger during data-taking.

in the same or nearby bunch crossings (pile-up) increased from 14 in 2015 to ~ 38 in
2018. After the application of beam, detector and data-quality requirements [61], the total
integrated luminosity considered in this analysis corresponds to 139.0+2.4 fb~! [7]. Events
recorded during stable data-taking conditions are used in the analysis if the reconstructed
primary vertex has at least two tracks with transverse momentum pt > 500 MeV associated
with it. The primary vertex of an event is identified as the vertex with the highest Yp4 of
associated tracks.

Events are selected using the single-lepton, dilepton, or trilepton triggers [62, 63] listed
in table 2, where the trigger efficiencies are in the plateau region above the offline pr
thresholds. Dilepton (trilepton) triggers are used only when the leptons in the event fail
pr-threshold requirements for the single-lepton (single-lepton and dilepton) triggers. The
trigger efficiency for events with four (three) electrons/muons in signal SUSY scenarios is
typically >99% (>96%). For signal SUSY events with only two light leptons, the trigger
efficiency is typically > 95% for events with at least one electron and decreases to ~ 90%
for events with only two muons.

Monte Carlo (MC) generators were used to simulate SM processes and new physics
signals. The SM processes considered are those that can lead to signatures with at least
four reconstructed charged leptons. Details of the signal and background MC simulation
samples used in this analysis, as well as the order of the cross-section calculations in
perturbative quantum chromodynamics used for yield normalisation, are shown in table 3.

The SUSY signal processes were generated from leading-order (LO) matrix elements
with up to two extra partons. Jet-parton matching followed the CKKW-L prescription [64],



with a matching scale set to one quarter of the mass of the pair-produced SUSY particles.
Signal cross-sections were calculated to next-to-leading order in the strong coupling con-
stant, adding the resummation of soft gluon emission at next-to-leading-logarithm accuracy
(NLO-+NLL) [65-72]. The nominal signal cross-section and its uncertainty were taken from
an envelope of cross-section predictions using different parton distribution function (PDF)
sets and factorisation and renormalisation scales, as described in ref. [73].

The dominant irreducible background processes that can produce four prompt and
isolated charged leptons are ZZ, ttZ, VV'V and Higgs production (where V = W, Z, and
includes off-shell Z/~ contributions). For simulated ZZ production, the matrix elements
contain all diagrams with four electroweak vertices, and they were calculated for up to one
extra parton at NLO, and up to three extra partons at LO. The production of top quark
pairs with an additional Z boson was simulated with matrix elements calculated at NLO
precision. Simulated triboson (VV'V') production includes the processes ZZZ, W ZZ and
WW Z with four to six charged leptons, and was generated at NLO with additional LO
matrix elements for up to two extra partons. The simulation of Higgs processes includes
Higgs production via gluon-gluon fusion (ggF) and vector-boson fusion (VBF), and asso-
ciated production with a boson (W H, ZH) or a top-antitop pair (ttH). Other irreducible
background processes with small cross-sections are grouped into a category labelled ‘Other’,
which contains the tWZ, ttWW, ttZZ, ttW Z, ttW H, ttH H, tttW and tttt processes.

Top quark pair production and Z+jets are the dominant SM processes that may pro-
duce one or more non-prompt or misidentified leptons among the four charged leptons.
Processes such as W-jets, WW, W Z, and ttW also contribute to a four or more charged
lepton signature, but at very small rates either due to a small production cross-section, or
they require a higher multiplicity of non-prompt or misidentified leptons. MC simulation of
these processes is used as part of the estimation of the reducible background, as described
in section 7.2. Further information about the MC simulations of the reducible backgrounds
can be found in refs. [74, 75].

For all MC simulation samples, the propagation of particles through the ATLAS detec-
tor was modelled with GEANT4 [76] using the full ATLAS detector simulation [77], except
for the SUSY signal samples, which use a fast simulation based on a parameterisation
of the response of the electromagnetic and hadronic calorimeters [78] and full simulation
elsewhere. The effect of pile-up is incorporated into the simulation by overlaying addi-
tional inelastic pp events onto hard-scatter events. These were generated with PyTHIA
8 [79] with a set of tuned parameters called the A3 tune [80] and the MSTW2008LO PDF
set [81]. Simulated events are reconstructed in the same manner as data, and are weighted
to match the distribution of the expected mean number of interactions per bunch crossing
in data. The simulated MC samples are corrected to account for differences from the data
in the triggering efficiencies, lepton reconstruction efficiencies, b-quark jet identification
efficiencies, and the energy and momentum measurements of leptons and jets.



Process Generator(s) Cross-section Tune PDF set
calculation
ZZ,WZ, WW SHERPA 2.2.2 [82] NLO [83] SHERPA default NNPDF30NNLO [84]
Vvv SHERPA 2.2.1 NLO [83] SHERPA default NNPDF30NNLO
H via ggF, VBF, VH POWHEG-BOX v2 [85-87] + PyTHIA 8.212 [79]  NNNLO+NNLL [88-94] AZNLO [95] CTEQS6L1 [96]
ttH PowHEG-BOX v2 + PyTHIA 8.230 NLO [88] A14 [97] NNPDF23LO [98]
wz, ttw MADGRAPH5_aMC@NLO 2.3.3 [99] + PyTHIA 8.210 NLO [100] Al4 NNPDF23LO
HWwW MADGRAPHS5__aMC@NLO 2.2.2 + PyTHIA 8.186 NLO [100] Al4 NNPDF23LO
Uwz, tWz MADGRAPH5_aMC@NLO 2.3.3 + PyTHIA 8.212 NLO [100] Al4 NNPDF23LO
HZZ, ttWZ, tWH, ttHH MADGRAPH5_aMC@NLO 2.6.7 + PyTHIA 8.240 NLO [100] Al4 NNPDF23LO
LW, ttt MADGRAPH5_aMC@NLO 2.2.2 + PyTHIA 8.186 NLO [99] Al4 NNPDF23LO
tt POWHEG-BOX v2 + PyTHIA 8.230 NNLO+NNLL [101-107] Al4 NNPDF23LO
Z+jets, WHjets PowHEG-BoOX vl 4 PyTHIA 8.186 NNLO [108] AZNLO CTEQS6L1
SUSY signal MADGRAPH5__aMC@NLO 2.2.2 + PyTHIA 8.230 NLO-+NLL [65-72] Al4 NNPDF23LO

Table 3. Summary of the simulated SM background and signal samples used in this analysis,
where V = W, Z, and includes off-shell contributions. “Tune” refers to the set of parameter values
used by the generator.

5 Event reconstruction

This analysis uses reconstructed electrons, muons, 7-leptons, and jets, which are classified
as ‘preselected’ or ‘signal’ using various kinematic and quality criteria. Preselected objects
must satisfy a loose set of criteria and pass the overlap removal procedure, which resolves
ambiguities among reconstructed objects. Signal leptons are those preselected leptons that
satisfy a more stringent set of criteria; those failing the signal lepton requirements are used
as part of the background estimation in section 7.2. The pr thresholds for leptons are nom-
inally low; however, pr thresholds are higher for the one, two, or three leptons responsible
for triggering the event via the single-lepton, dilepton, or trilepton triggers listed in table 2.

The missing transverse momentum, EX is the magnitude of the negative vector sum
of the transverse momenta of all preselected objects (electrons, photons, muons, and jets,
including all jets with |n| < 4.5) and an additional soft term [109]. Hadronically decaying
7-leptons are included in the EX as jets. The soft term is constructed from the tracks
matched to the primary vertex, but not associated with identified physics objects. By
using tracks, it cannot account for the neutral component of calorimeter energy deposits;
however, this allows the soft term to be nearly independent of pile-up [110].

Preselected electrons are reconstructed using calibrated clusters of energy deposits in
the electromagnetic calorimeter that are matched to a track in the ID, and must have
pr > 4.5GeV and |n| < 2.47. They must also satisfy the tracking- and calorimeter-
based ‘loose and B-layer’ criteria of the likelihood-based identification algorithm [111].
Preselected muons are reconstructed by combining tracks in the ID with tracks in the MS,
and must have pp > 3GeV and |n| < 2.7. They must also satisfy ‘medium’ identification
requirements [112], which are based on the number of hits in the different ID and MS
subsystems, and on the significance of the charge-to-momentum ratio. The cosmic-ray
muon background is suppressed by rejecting events containing one or more muons that
have a transverse impact parameter |dg| > 0.2mm, or a longitudinal impact parameter
|z0| > 1 mm, both relative to the primary vertex. Preselected electrons and muons must
point back to the primary vertex, with |z sin 6| required to be less than 0.5 mm.



Jets are reconstructed from three-dimensional calorimeter energy clusters using the
anti-k; algorithm [113] with a radius parameter of R = 0.4. The jets are calibrated following
ref. [114] and must have pr > 20 GeV and || < 2.8. Events with large calorimeter noise or
non-collision backgrounds are suppressed by rejecting events with jets that fail to satisfy
the quality criteria described in ref. [115]. A multivariate technique based on quantities
related to reconstructed secondary vertices is used to identify jets with || < 2.5 that
originate from b-quarks (referred to as ‘b-tagging’). The b-tagging algorithm [116] used
here correctly identifies b-quark jets in simulated ¢ samples with an efficiency of 85% and
a rejection factor of 25 for light-flavour jets.

Leptonically decaying 7-leptons are reconstructed as electrons and muons as described
above. Hadronically decaying 7-leptons are denoted by 7,.4, and their visible decay prod-
ucts are reconstructed as jets, as described above, with pp > 10GeV and |n| < 2.47. In
this analysis, kinematic variables built with 7,,q candidates use only their visible decay
products. The T,q reconstruction algorithm [117] uses the electromagnetic and hadronic
shower shapes in the calorimeters, as well as information about the tracks within AR = 0.2
of the jet direction. Since 7-leptons mostly decay into either one or three charged hadrons
together with a neutrino (and often additional neutral hadrons), m,q candidates are re-
quired to have one or three associated tracks, referred to as ‘prongs’ The preselected Tyaq
candidates must have pr > 20 GeV, |n| < 1.37 or 1.52 < |n| < 2.47, total charge of their
constituent tracks equal to +1, and the 7,4 energy scale is corrected using an n- and pp-
dependent calibration. A recurrent neural network (RNN) uses discriminating track and
cluster variables to optimise 7y,,q identification, where ‘loose’, ‘medium’ and ‘tight” working
points are defined [118]. The RNN-based identification is used to define signal 7,4 can-
didates, but not preselected maq candidates. Transition radiation tracker and calorimeter
information is used to suppress electrons misidentified as preselected m,,q candidates.

To avoid double counting of identified physics objects, preselected charged leptons and
jets must survive an overlap removal procedure, applied in the following order:

1. Any Tpaq within AR = 0.2 of an electron or muon is removed.
2. Any electron sharing an ID track with a muon is removed.
3. Any jet within AR = 0.2 of an electron is removed.
4. Any electron within AR = 0.4 of a jet is removed (to suppress electrons from semilep-
tonic decays of ¢- and b-hadrons).
5. Any jet with fewer than three associated tracks is removed either if a muon is within
AR = 0.2 or if the muon can be matched to a track associated with the jet.
6. Any muon within AR = 0.4 of a jet is removed (to suppress muons from semileptonic
decays of ¢- and b-hadrons).
7. Any jet within AR = 0.4 of a preselected m,,q4 passing ‘medium’ RNN-based identi-
fication requirements is removed.
To suppress low-mass particle decays, if surviving electrons and muons form an opposite-
sign (OS) pair with mog < 4 GeV, or form a same-flavour, opposite-sign (SFOS) pair in the
T(15)-Y(35) mass range 8.4 < mgros < 10.4 GeV, both leptons are discarded. Finally, to
suppress leptons from a decay chain with multiple heavy flavour quarks undergoing leptonic
decay, e.g. b — We(— W) where W — (v, if two leptons are found within AR = 0.6 of
one another and one of them has pr < 30 GeV, both leptons are discarded.
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Reconstructed charged leptons may be ‘real’, defined to be prompt and genuinely iso-
lated leptons (including those from leptonic 7 decays), or ‘fake/non-prompt’, defined to
be non-prompt or non-isolated leptons that could originate from semileptonic decays of
b- and c-hadrons, from in-flight decays of light mesons, from misidentification of parti-
cles within light-flavour or gluon-initiated jets, or from photon conversions. To suppress
fake/non-prompt leptons, preselected objects surviving overlap removal are required to
satisfy additional identification criteria and are referred to as signal leptons/jets. Signal
electrons must have pr > 7 GeV and signal muons must have pp > 5 GeV. Signal electrons
must also satisfy ‘medium’ likelihood-based identification criteria [111], while signal myaq
must satisfy the ‘medium’ RNN-based identification criteria [118]. Signal electrons and
muons must pass pr-dependent isolation requirements imposed to reduce the contributions
from semileptonic decays of hadrons and jets misidentified as prompt leptons. The ‘Loose’
isolation working point is used for electrons and muons, as described in refs. [111] and [112],
including updates to improve the performance under conditions with higher pile-up encoun-
tered during 2017 and 2018 data-taking. To improve the identification of closely spaced
charged leptons (e.g. from boosted decays), contributions to the isolation energy and prp
sums from nearby electrons and muons passing all other signal lepton requirements are
removed. To further suppress electrons and muons originating from secondary vertices, the
transverse impact parameter normalised to its uncertainty must be small, |dy|/og, < 5(3)
for electrons (muons). To reduce pile-up effects, signal jets with pp < 120 GeV and |n| < 2.5
must satisfy additional criteria using the ‘medium’ working point of the jet-vertex-tagging
algorithm described in ref. [119].

6 Signal regions

The search strategy for the SUSY scenarios considered here selects events with at least four
signal leptons (e, p, Thaq) and the events are classified according to the number of light
signal leptons (L = e, u) and signal m,q (T') required as follows: 4L0T', with at least four
light leptons and no m,,q multiplicity requirement; 3L1T, with exactly three light leptons
and at least one m,,q; or 2L2T, with exactly two light leptons and at least two Thaq. A
general region, 5L0T', with at least five light leptons and no m,,q multiplicity requirement
is also considered. The signal region (SR) definitions are summarised in table 4.

To target the RPC GGM scenarios, events with 4L0T are selected and these must have
two pairs of SFOS leptons that are both consistent with a leptonic Z boson decay. The
SFOS pair with mass closer to the Z boson mass is labelled as the first Z candidate, while
the other SFOS pair is labelled as the second Z candidate. The first (second) Z candidate
must have an invariant mass m(LL) in the range 81.2-101.2GeV (61.2-101.2 GeV). The
peak of the first Z candidate is narrower due to the ordering of the Z candidates, so
that widening the low-mass side of the m(LL) window used for the selection of a second
Z candidate increases the GGM signal acceptance. GGM scenarios with branching ratio
B()NC? — G‘h) > 0 will have a significant h — bb component, but the four-lepton analysis
is not sensitive to these decays, so b-tagged jets are vetoed to suppress the ttZ and tt
SM backgrounds. Two SRs are defined with 4L0T, no b-tagged jets, a first- and second-
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Z requirement, and different selections on EX'SS: a loose signal region (SRO-ZZI%¢) with

ERiss > 100 GeV, and a tighter signal region (SRO-ZZ;%¥ ) with ER¥ > 200 GeV, optimised
for the low-mass and high-mass higgsino GGM scenarios, respectively. Two further SRs
that showed an excess in the 13 TeV partial dataset analysis in ref. [18] are also examined
here, and are defined with 4L0T, no requirement on b-tagged jets, with a first- and second-
Z requirement, and with different selections on EXSS: a loose signal region (SRO-ZZ°*,
labelled SROC in ref. [18]) with ERS > 50 GeV, and a tighter signal region (SRO-ZZz'sht,
labelled SROD in ref. [18]) with EXs > 100 GeV. The two newly defined regions, SRO-ZZ1°%¢
and SRO-ZZ®" are subsets of these two regions, SRO-ZZ"** and SRO-ZZ!is"",

For the RPV scenarios, events with 4L0T are used to target the LLE12k models, and
events with 4L0T, 3L17T, and 2L2T are used to target the LLEi33 models. To suppress SM
backgrounds with a Z boson, a Z veto is required, which rejects events where any SFOS
lepton pair combination has an invariant mass close to the Z boson mass, in the range 81.2—
101.2 GeV. The Z veto is extended to three- and four-lepton invariant mass combinations
to suppress events where a photon radiated from a Z — ¢¢ decay converts to a second
SFOS lepton pair; any event with an ¢T¢=¢'* or {T¢=¢'T¢'~ system with invariant mass
in the range 81.2-101.2 GeV is rejected (the flavour of £ and ¢ may be different). A small
number of four-lepton events will satisfy neither the Z requirement described above for the
GGM scenarios nor the Z veto; however, these are assumed to come from Z — ¢T¢~~ and
Z — £T0~ {0 decays, which are not considered to be signal-like.

The gluino and wino RPV models can produce b-quarks (§ — b5)~<(1), or X3 —
>~<(1)h, h — bl_)) and these decay chains are an important component of the signal for high
Am(NLSP, )2?) = m(NLSP) —m()??). A veto on the presence of b-tagged jets is required for
some signal regions to minimise heavy-flavour SM backgrounds, and at least one b-tagged
jet is required for other signal regions to improve sensitivity to high Am(NLSP, )Z(f) gluino
and wino RPV scenarios.

In order to separate the RPV SUSY signal from the SM background, the effective mass
of the event, me, is used, defined as the scalar sum of the EX, the pr of signal leptons
and the pr of all jets with pp > 40GeV. The pp > 40 GeV requirement for jets aims to
suppress contributions from pile-up and the underlying event. A selection using the meg
rather than the EITniSS is particularly effective for the RPV SUSY scenarios, which produce
multiple high-energy leptons (and in some cases jets), but only low to moderate E%liss from
neutrinos in the final state. The chosen meg thresholds are found to be broadly optimal
for the wide range of RPV scenarios with different NLSPs considered in this paper.

Three general signal regions are defined with a Z veto, no b-tagged jets, and meg >
600 GeV: SRO[>¢ with 4L0T, SR11°%° with 3L1T, and SR2}°%° with 2L2T. These signal
regions are non-optimal for the SUSY scenarios considered here and select regions with
low levels of SM background to target new phenomena decaying to four-lepton final states.
Two further signal regions are defined with 4L0T and a Z veto: a high-meg signal region
(SROJE" ) with no b-tagged jets and meg > 1250 GeV, and a signal region (SROp.,) with one
or more b-tagged jets and meg > 1300 GeV, both optimised for RPV LLE12k scenarios.
Similarly, two further signal regions are defined with 3L17T and a Z veto: a high-meg signal

region (SR1;" ) with no b-tagged jets and meg > 1000 GeV, and a signal region (SR1pq)

bveto
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Name Signal Region N (e, u) N (mhaa) N (b-tagged jets) Z boson Selection Target

4LOT SRO-ZZ\%%° >4 >0 =0 require 1st & 2nd EX5 > 100 GeV higgsino GGM
SRO-ZZ/E" >4 >0 =0 require 1st & 2nd ER* > 200 GeV higgsino GGM
SRO-ZZ'9%%¢ >4 >0 >0 require 1st & 2nd F2is > 50GeV  Excess from ref. (18]
SRO-Zz'eht >4 >0 >0 require 1st & 2nd ER5 > 100 GeV Excess from ref. (18]
SRORS® > >0 =0 veto Mmeg > 600 GeV General
SROL‘VE:;; >4 >0 =0 veto mes > 1250GeV  RPV LLE12k
SRObreq >4 >0 >1 veto meg > 1300GeV  RPV LLE12k

3L1T SR =3 >1 =0 veto Megr > 600 GeV General
SR = >1 =0 veto meg > 1000GeV  RPV LLEi33
SR1breq = >1 >1 veto mes > 1300GeV  RPV LLEi33

2L2T SR2°%° =2 >2 = veto meg > 600 GeV General
SR2UEM =2 >2 =0 veto meg > 1000GeV ~ RPV LLEi33
SR2hreq =2 >2 >1 veto mesr > 1100GeV  RPV LLEi33

5L0T SR5L >5 >0 >0 — - General

Table 4. Signal region definitions. The Z boson column refers to the Z veto or selection of a first
and second Z candidate as described in the text.

with one or more b-tagged jets and meg > 1300 GeV, both optimised for RPV LLEi33 sce-
narios. Finally, two signal regions are defined with 2L27 and a Z veto: a high-m.g signal re-
gion (SR2{%" ) with no b-tagged jets and meg > 1000 GeV, and a signal region (SR2jeq) with
one or more b-tagged jets and meg > 1100 GeV, both optimised for RPV LLEi33 scenarios.

A general signal region, SR5L, with at least five light leptons is also defined, with no

further selection applied.

7 Background determination

The SM background is composed of processes that can give rise to four real or fake/non-
prompt leptons and these are classified into two categories:

Irreducible background: hard-scattering processes giving rise to events with four or
more real leptons, ZZ, ttZ, ttWW , ttZZ, ttW Z, tWH, ttHH, tWZ,VV Z (ZZZ,
WZZ, WWZ), Higgs (H via ggF, WH, ZH, H via VBF, ttH), tttt, tittW.

Reducible background: processes leading to events with at least one fake/non-prompt
lepton, tt, Z+jets, WZ, WW, WWW, ttW, ttt. Processes listed under irreducible
that do not undergo a decay to four real leptons (e.g. ZZ — qqll) are also included
in the reducible background.

Backgrounds with three or more fake/non-prompt leptons (e.g. W+jets) are found to be
< 1% of the total SM background in four-lepton regions using the method outlined in
section 7.2 and are neglected. The systematic uncertainty of the reducible background is
increased to cover any effect from neglected backgrounds (discussed in section 8).
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In the four-lepton signal regions, the main irreducible backgrounds are ZZ, and ttZ,
while the reducible background is dominated by the two-fake/non-prompt-lepton back-
grounds tt and Z+jets. The ZZ and ttZ backgrounds are estimated using MC simulation
normalised to data in control regions (CR), while the other irreducible backgrounds are
estimated from MC simulation. The reducible backgrounds are derived from data using
a fake-factor method. Signal regions with 4L0T are dominated by irreducible background
processes, whereas the reducible background processes dominate the 3L1T and 2L2T re-
gions. The predictions for irreducible and reducible backgrounds are tested in validation
regions (section 9).

For SR5L, the main irreducible background processes are VZZ and Higgs, followed by
small contributions from ZZ — 6£ and ttZ — 5¢, where virtual photons convert into lep-
ton pairs (internal conversions). However, reducible background processes are the leading
source of events in the 5L0T signal region, and are dominated by ZZ — 4¢ and ttZ — 4.

The HISTFITTER [120] software framework is used when constraining the ZZ and ttZ
background normalisations and a ‘background-only fit” of observations in the CRs is used to
estimate the expected background in the SRs, without considering any CR signal contami-
nation. A likelihood function is built as a product of Poisson probability functions, describ-
ing the observed and expected number of events in the CRs and SRs. The observed numbers
of events in various CRs and SRs are used in a combined profile likelihood fit to determine
the expected SM background yields in each of the SRs. The systematic uncertainties in the
expected SM background yields described in section 8 are included as nuisance parameters,
constrained to be Gaussian with a width determined by the size of the uncertainty. Com-
mon nuisance parameters take into account the correlations between CRs and SRs, and
background processes. The fit parameters are determined by maximising the product of
the Poisson probability functions and the Gaussian constraints on the nuisance parameters.

7.1 Irreducible background determination

The irreducible background processes ZZ and ttZ are estimated using MC simulation
normalised to data yields in CRs which are orthogonal to the SRs and minimise potential
signal contamination. By normalising the MC simulation to data, the estimation of ZZ
and ttZ is improved in the SRs. A simultaneous fit to the CRs and SRs (see in section 10)
provides the final estimate of the yields and their uncertainties.

The ZZ and ttZ control region definitions are shown in table 5. The ZZ CR, CRZZ, is
defined with at least four light leptons, no b-tagged jets, a first- and second-Z requirement,
and ER < 50GeV, while the ttZ CR, CRttZ, is defined with 4L0T, at least one b-
tagged jet, only one Z boson candidate, and E%nss > 100 GeV. The background-only fit is
used to obtain normalisation factors for the ZZ and ttZ MC simulation in their CRs of
1.15 £ 0.09 and 1.06 + 0.24, respectively. The uncertainties quoted for the normalisation
factors include the statistical uncertainty of the data and MC simulation in the CR, as well
as the experimental and theory uncertainties from the subtraction of contaminating SM
processes (see section 8). The meg distributions for CRZZ and CRttZ after the simultaneous
fit is performed are shown in figure 3.
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Region N(e,pu) N(Thaa) N(b-tagged jets) Z boson Selection
CRZZ >4 >0 =0 require 1st & 2nd Effniss < 50GeV
CRttZ >4 >0 >1 require 1st & veto 2nd E%liss > 100 GeV

Table 5. Irreducible background control region definitions. Both CRZZ and CRttZ are restricted
to N(e, ) = 4 when considering SR5L. The Z boson column refers to the Z veto or selection of a
first/second Z candidate as described in the text.
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Figure 3. The meg distributions for data and the SM backgrounds in CRZZ and CRttZ after the
background-only fit. “Other” is the sum of the tWZ, tWW, ttZZ, tW Z, tWH, ttHH, tttW,
and tttt backgrounds. The last bin includes the overflow. The lower panel shows the ratio of the
observed data to the expected SM background yield in each bin. Both the statistical and systematic
uncertainties in the SM background are included in the shaded band.

Since the regions CRZZ and CRttZ include five-light-lepton events, they are both re-
stricted to exactly four light leptons when estimating the backgrounds for SR5L. In these
restricted CRs, normalisation factors of 1.14 £ 0.09 and 1.07 &+ 0.25 are obtained for the
Z7Z and ttZ backgrounds, respectively.

7.2 Reducible background determination

The number of reducible background events in a given region is estimated from data with a
hybrid fake-factor method that uses a combination of data and MC simulation. Preselected
leptons surviving overlap removal are classified as ‘signal’ or ‘loose’ depending on whether
they pass or fail the signal lepton requirements, respectively. A very loose selection on the
identification RNN of > 0.05 is also applied to the preselected .4, as those with very
low RNN scores are typically gluon-induced jets and jets arising from pile-up, which is not
the case for the signal m,,q candidates. Probabilities for a fake/non-prompt lepton to be
identified as a signal or loose lepton are calculated from simulation and corrected to data
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Reducible bkg. Control Region N(e,u) N(e,p) N(Thaa) N(Thad)
estimation for signal loose signal loose
4L0T CR1_LLL1 =3 >1 >0 >0
CR2_LL11 =2 >2 >0 >0
3L1T CR1_LLLt -3 -0 -0 >1
CR1_LLT1 =2 =1 >1 >0
CR2_LL1t =2 =1 =0 >1
2L2T CR1_LLTt =2 =0 =1 >1
CR2_LLtt =2 =0 =0 > 2
5L0T CR1_LLLL1 =4 >1 >0 >0

Table 6. Reducible background control region definitions where “L” and “T” denote signal light
leptons and 7,54, while “1” and “t” denote loose light leptons and 7,,q. Loose leptons are preselected
leptons surviving overlap removal that do not pass signal lepton requirements. Additional selections

miss

for b-tagged jets, Z veto/requirement, ER™ and meg are applied to match a given signal or
validation region.

where possible. The ratio F = f/f for fake/non-prompt leptons is then defined as the
“fake factor”, where f (f) is the probability that a fake/non-prompt lepton is identified as
a signal (loose) lepton.

The reducible background prediction is extracted by applying fake factors to control
regions in data. The CR definition only differs from that of the associated SR in the
quality of the required leptons; here exactly one (CR1) or two (CR2) of the four leptons
must be identified as a loose lepton, as shown in table 6. In 3L17T and 5L0T events, the
contribution from events with two fake/non-prompt light leptons is negligible, as is the
contribution from one and two fake/non-prompt light leptons in 2L27T events.

The fake factors depend on the lepton flavour, the source of the fake/non-prompt lep-
ton, and the production process. Fake factors are calculated separately for each fake/non-
prompt-lepton flavour (e, i, Thaq) and source (light-flavour jets, heavy-flavour jets, gluon-
initiated jets for m,,q only, and photon conversions for electrons and 7,4 only), where these
categories are referred to as fake/non-prompt-lepton ‘types’. The fake factor per fake/non-
prompt-lepton type for each production process (tt and Z-+jets, or ZZ for 5L) is binned
in lepton pr, 1, proximity to other leptons (AR) for electrons and muons, and number of
prongs for m,,4. The statistical uncertainties on the fake factors for the dominant types of
fake /non-prompt-lepton are very small. To correctly account for the relative abundances
of fake/non-prompt-lepton types and production processes, a weighted average F,, of fake
factors is computed in each CR, as

Fy =3 (F7x R xs').
i?-j
The term F% is the corresponding fake factor for fake/non-prompt leptons of type i from

process j calculated using MC simulation. The fake factors are weighted by the ‘process
fractions’, R, that describe the fraction of fake/non-prompt leptons of type i from process
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j in that region. The process fractions are determined from MC simulation in the corre-
sponding CR2, and are similar to the process fractions obtained in the signal regions from
MC simulation, which suffer from having few events. For the five lepton regions, no corre-
sponding CR2 is used for the reducible estimation and the process fractions are determined
from MC simulation in the corresponding CR1. To account for possible differences between
data and MC simulation, the fake factors obtained from simulation are corrected to data
using ‘scale factors’, s'. The scale factors are assumed to be independent of the physical
process (e.g. tt, Z+jets) and depend on the fake/non-prompt-lepton type only. They are
determined from data in regions enriched in objects of a given fake/non-prompt-lepton
type, where MC simulation is used to remove any small contamination from leptons not
from the fake/non-prompt-lepton type under study.

For fake/non-prompt leptons from heavy-flavour jets, the scale factor is measured in
a tt-dominated control sample. The heavy-flavour scale factors are seen to have a modest
pr-dependence, decreasing for electrons from 1.18 & 0.10 to 1.08 & 0.08 as the electron pr
increases from 7 GeV to 20 GeV. For muons, the heavy-flavour scale factor is seen to be less
dependent on pr, changing from 1.00 4 0.04 to 0.94 + 0.10 as the muon pr increases from
5GeV to 20 GeV. For 1-prong (3-prong) Thad, the heavy-flavour scale factor decreases from
1.26 £0.07 to 0.93 £ 0.11 (1.15 £ 0.06 to 0.97 +0.12) as the T,,q pr increases from 20 GeV
to 50 GeV. Uncertainties quoted for the scale factors include the statistical uncertainties
of the data and MC simulation.

The scale factor for fake/non-prompt 7,4 originating from light-flavour jets is mea-
sured separately for one- and three-prong m,,q in a control sample dominated by Z-jets
events. The scale factors are seen to be pp-dependent, decreasing from 1.115 £ 0.009 to
0.919+0.017 (1.340 £0.023 to 1.04 +0.05) as the 1-prong (3-prong) Thaq pr increases from
20 GeV to 50 GeV. The scale factor for m,,q originating from gluon-initiated jets is assumed
to be the same as the one obtained from light-flavour jets. The scale factor for fake/non-
prompt electrons originating from light-flavour jets is measured in a W+jets-dominated
control sample, where the light-flavour scale factor increases from 1.05+0.29 to 1.38 +0.09
as the electron pr increases from 7 GeV to 20 GeV. The contribution to the signal regions
from fake/non-prompt muons originating from light-flavour jets or leptons from photon
conversions is very small and the scale factor cannot be measured reliably using data.
Therefore, values of 1.00 & 0.10 are used instead, motivated by similar uncertainties in the
other scale factor measurements.

The final estimate of the number N5% of background events with one or two fake/non-
prompt leptons in each SR is determined from the number of events in data in the corre-
sponding CRs, N{R! and N{R2, according to

Ny = [Naata = Nit''] % Fux = [N — Nig®) x Fu % Fug, (7.1)

irr irr
where F,1 and F, o are the two weighted fake factors constructed using the highest-
and second-highest-pT loose leptons in the CRs, respectively. Only the first term is used to
estimate the reducible background for five lepton events. The small contributions from irre-
ducible background processes in the CRs, Ni?rRl’CRQ

subtracted from the corresponding number of events seen in data. The second term removes

, are evaluated using MC simulation and
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the double-counting of events with two fake/non-prompt leptons in the first term. Processes
with one fake/non-prompt-lepton are included in the reducible background estimation, but
have very low contributions to CR1 and CR2 because of their small cross-sections e.g. WZ
and ttW. Both CR1 and CR2 are dominated by the two-fake/non-prompt-lepton processes
tt and Z-+jets, so the first term is roughly twice the second term. Higher-order terms in F,,
describing three- and four-fake /non-prompt-lepton backgrounds are neglected, as are some
terms with a very small contribution; e.g. in 3L1T events, the contribution from events
with two fake/non-prompt light leptons is negligible. A systematic uncertainty is applied
to account for these neglected terms, as described in the following section.

8 Systematic uncertainties

The uncertainties affecting the SM and signal simulation-based estimates can be divided
into three components: statistical uncertainty of the MC simulation, experimental uncer-
tainty in event reconstruction (e, p, Thaq and jets, E%liss), and theoretical uncertainty. The
reducible background estimation is affected by different sources of uncertainty associated
with data counts in control regions and uncertainties in the weighted fake factors. The
leading SM background in the signal regions targeting the higgsino GGM models (SRO-ZZ)

is generally ZZ production, and the jet experimental and theoretical uncertainties are

tight
bveto?

seen to dominate the total uncertainty. The exception is SRO-ZZ where the reducible
background and its associated uncertainties are the leading contribution to the total SM
background and its uncertainty. The reducible background is also the leading component
of the SM background in most of the high-m.g signal regions targeting the RPV models,
as well as the five-lepton signal region, and the uncertainty in the reducible background
dominates the total uncertainty. The exceptions to this are SRO% and SROj.,, where
the irreducible processes and theory uncertainties also contribute significantly to the total
SM background and uncertainty. The primary sources of systematic uncertainty, described
below, are summarised in figure 4.

The statistical uncertainty of the MC simulation-based background estimate is small
and typically less than 5% of the total background estimate in the signal regions. However,
this rises to 10-15% in SROpyeq, SRQEfehti), and SR2;,., where tight selections on meg are made.
The experimental uncertainties include the uncertainties associated with electrons, muons,
Thad, jets, and E%liss, as well as the uncertainty associated with the simulation of pile-up,
and uncertainty in the luminosity. The uncertainty in the combined 2015-2018 integrated
luminosity is 1.7% [7], obtained using the LUCID-2 detector [121] for the primary luminos-
ity measurements. The uncertainties associated with pile-up and luminosity are included
in the total uncertainty in figure 4. The experimental uncertainties pertaining to electrons,
muons and Ty,q include the uncertainties due to the lepton identification efficiencies, lepton
energy scale and energy resolution, and isolation and trigger efficiencies. Systematic uncer-
tainties from electron, muon, and 7,,q sources are generally small in all signal regions, at a
few percent relative to the total expected background. The uncertainties associated with
jets are due to the jet energy scale, jet energy resolution, jet vertex tagging, and b-tagging.

The jet energy resolution is the dominant source of uncertainty for jets in the signal re-
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Figure 4. Breakdown of the dominant systematic uncertainties in the background estimates for
the signal regions. Theoretical uncertainties in the simulation-based estimates, including those in
the acceptance for events in ZZ and ttZ simulations, are grouped under the “Theoretical” category,
while the “Normalisation” category includes the statistical uncertainties of the data counts in CRZZ
and CRttZ and the uncertainty from the fitted normalisation factors. For simplicity, the individual
uncertainties are added in quadrature for each category, without accounting for correlations. The
total background uncertainty is taken from the background-only fit where correlations of individual

uncertainties are accounted for.

gions. Uncertainties in the object momenta are propagated to the ErT]rliss measurement,

and additional uncertainties in E%ﬁss arising from energy deposits not associated with any
reconstructed objects are also considered. The jet and E%ﬁss uncertainties are generally
of the order of a few percent in the signal regions, but approach 10-20% in SRO-ZZ!°*¢,

SRO-ZZ'" and SRO-ZZI°%¢ | where selections on EXSS are made.

Theoretical uncertainties in the simulation-based estimates include the theoretical
cross-section uncertainties due to the choice of renormalisation and factorisation scales
and PDFs, the acceptance uncertainty due to PDF and scale variations, and the choice of
MC generator. The theoretical cross-section uncertainties for the irreducible backgrounds
used in this analysis are 20% for VV'V [83], 10% for ttH [122], 5% for H via ggF [122], and
20% for ttWZ/WW/WH/HH, tWZ, and Higgs via VBF/V H, where the order of each
cross-section calculation is shown in table 3.

Uncertainties in the acceptance are evaluated for the irreducible processes ZZ, ttZ,
VVV, ttH and Higgs, where for each background the uncertainties are correlated across
all regions. The uncertainty in the acceptance from varying the strong coupling constant
ag within its uncertainty is included for the ZZ, VVV, Higgs, and ttH backgrounds. Un-
certainties arising from varying the renormalisation and factorisation scales (p, and pf) by
factors of 2 and 1/2 are considered — the p, and py variations are taken as uncorrelated
and the additional coherent up/down variation of p, and py is also considered. Resumma-
tion and merging-scale variations are also considered for the ZZ sample. The uncertainty
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related to the choice of CKKW merging scale (20 GeV) was evaluated by considering al-
ternative values of 15 GeV and 30 GeV. The uncertainty related to the resummation scale
tq (2GeV, the upper cut-off in perturbative calculations of parton shower evolution), was
evaluated by varying the scale by factors of 1/4 and 4. Finally, for SHERPA ZZ samples the
impact of using an alternative recoil scheme for single-particle emission in the SHERPA par-
ton shower is studied by comparing the nominal samples with alternative ones in which the
CSS scheme is used (CSSKIN) [123]. The theoretical uncertainties in the ZZ acceptance
dominate the total uncertainties in signal regions where the irreducible backgrounds are a
large fraction of the total SM background: SRO-ZZ""  SR0-ZZ1°%¢  SROI%C | and SROyeq-

The uncertainty in the reducible background is dominated by the statistical uncertainty
of the data events in the corresponding CR1 and CR2, which is the leading source of
uncertainty in many of the signal regions where the reducible background is a large fraction
of the total SM background, as seen in figure 4. The uncertainty in the weighted fake
factors includes the statistical uncertainty of the MC simulation in the process fractions,
the uncertainty in the fake/non-prompt-lepton scale factors, and the statistical uncertainty
from the fake factors determined from simulation. The uncertainties in the fake factors
from each fake/non-prompt-lepton type are treated as correlated across processes. Thus,
since both CR1 and CR2 are dominated by two-fake /non-prompt-lepton processes with the
same source of fake/non-prompt lepton, correlations in the fake factors applied to CR1 and
CR2 cause the uncertainties from the weighted fake factors to largely cancel out between
the first and second terms in eq. (7.1). Finally, a conservative uncertainty is applied to
account for the neglected terms in eq. (7.1). For example, for 4L0T events the three- and
four-fake /non-prompt-lepton terms are neglected. Weighted fake factors are applied to
data events with one signal light lepton and three loose light leptons to estimate an upper
limit on this neglected contribution for each 4L0T region. The calculated upper limit plus
its 1o statistical uncertainty is then added to the reducible background uncertainty, adding
an absolute uncertainty of 0.17 events in SR0}°>¢. This is repeated for the 3L1T and 2L2T
regions, accounting for the neglected terms with one or two fake/non-prompt light leptons
as necessary, adding an absolute uncertainty of 0.59 events in SR11°%¢  and 2.5 events in
SR2°  Finally, for SR5L, the neglected terms with two or three fake/non-prompt light
leptons are evaluated in the same way, adding an absolute uncertainty of 0.5 events.

Systematic uncertainties in the SUSY signal yields from experimental sources are typ-
ically of the order of 10%, while typical uncertainties in the signal acceptance and distri-
bution shapes due to scale and parton shower variations are found to range from ~ 5%
in 4L0T regions to ~ 20% in 2L2T regions. The systematic uncertainty in the signal
cross-section is described in section 4.

9 Background modelling validation

To validate the modelling of the SM backgrounds, the yields and shapes of key kinematic
variable distributions are compared with data in validation regions (VR). The VRs are
defined to be close to, yet disjoint from the SRs and CRs, and be dominated by the back-
ground process under consideration, as shown in table 7. The ZZ®*) modelling is validated
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Name Validation N (e, pt) N (7Thaa) N (b-jets) Z boson Selection Target
Region
ALOT VRZZ >4 =0 =0 require 1st & veto 2nd — AAS
VRttZ >4 =0 >1 veto 400 < mes < 1300 GeV ttz™
VRO-noZ >4 =0 =0 veto Mo < 600GeV  tF, Z+jets, 2 2™
3L1T VR1-noZ =3 >1 =0 veto meg < 600 GeV tt, Z+jets
VR1-Z =3 >1 =0 require 1st — Z+jets
2L2T VR2-noZ =2 > 2 =0 veto Met < 600 GeV tt, Z+jets
VR2-Z =2 >2 =0 require 1st — Z+jets

Table 7. Validation region definitions. The Z boson column refers to the Z veto or selection of a
first/second Z candidate as described in the text.

VRZZ VRttZ VRO-noZ VR1-noZ VR1-Z VR2-noZ VR2-Z
Observed 874 42 216 192 620 156 505
Total SM 929733 40+5 230+ 12 199419 624148 164 + 30 479 4 20
z27Z 737420 277190 160£7 368423 20019, 23.3%12 119+ 7
ttZ 52713 1644 20+05 09404 23712  036+£0.1 0.14+0.04
Higgs 773 55408 31759 24405 136430 1874031 88418
VvV 26+5 0431019 54+1.1 28408 8731 1234026 1.52+0.33
Other 22702 31404 0457510 02470930 0.9+£0.5 0.154+0.04 0.08270050
Reducible 81719 121732 59+9 156 +£19  397+45 137430 350 & 19

Table 8. Expected and observed yields for 139 fb~! in the validation regions after the background-
only fit. “Other” is the sum of the tWZ, ttWW, ttZZ, tWZ, tWH, ttHH, tttW, and tttt
backgrounds. Both the statistical and systematic uncertainties in the SM background are included
in the uncertainties shown.

in a region (VRZZ) defined with 40T, no b-tagged jets, and only one Z boson candidate,
while the t¢Z modelling is validated in a region (VRttZ) with 4L0T, a Z veto, at least one
b-tagged jet, and high m.g. For signal regions that veto Z boson candidates, three general
VRs are defined by reversing the meg requirement: VRO-noZ, VR1-noZ, and VR2-noZ. Two
further VRs with 3L1T and 2L2T are defined with one Z boson requirement to check the
reducible background modelling across the full range of meg: VR1-Z and VR2-Z. The back-
ground model adopted in the VRs is the same as in the SRs, with the ZZ and tt backgrounds
obtained from MC simulation normalised to data, the other irreducible processes from MC
simulation, and the reducible background estimated from data using the fake-factor method
with process fractions and loose lepton control regions corresponding to the VRs. The sys-
tematic uncertainties of the SM backgrounds in the VRs are evaluated as in section 8.

Observed and expected event yields in the VRs are shown in table 8, where good
agreement is seen in general within statistical and systematic uncertainties. No significant
deviations from SM expectations are observed in any VR.
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Figure 5. The distributions for data and the estimated SM backgrounds in the validation regions
after the background-only fit, for the EX in (a) VRZZ and (b) in VRttZ, and the meg in (c) VR1-Z
and in (d) VR2-Z. “Other” is the sum of the tWZ, tWW, ttZZ, ttWZ, ttWH, ttHH, tttW,
and tttt backgrounds. The last bin includes the overflow. The lower panel shows the ratio of the
observed data to the expected SM background yield in each bin. Both the statistical and systematic
uncertainties in the SM background are included in the shaded band.

The E%iss, meg, and lepton pr distributions in the VRs are shown in figure 5 and
figure 6. The meg distributions in VRO-noZ, VR1-noZ, VR2-noZ, and VRttZ can be seen in
the lower meg bins in figure 9a, figure 9b, figure 9¢, and figure 10a, respectively.
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Figure 6. The distributions for data and the estimated SM backgrounds in the validation regions
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SRO-ZZ"°°  SR0O-ZZ"#" SRO-ZZP%¢  SRO-ZZUEh SROI%C SRO}EM SRObreq
Observed 157 17 5 1 11 1 3
Total SM 161755  18.47%§ 73735 1.1+£04 115739 3.5729 1.1979:38
ZZ 125749 45126 371322 0.05%0 04 7.6718 0.64%032%  0.19%015
ttZ 1544 74418 0.87+024 0.1275% 0.77915 0.02+501 0,494 0.13
Higgs 0.794+0.1 0.294+0.05 0.097352% 0.004675951%  0.24+0.04  0.0275957  0.1679-02
17474% 79739 24406 22405 0444012 1.6+04 021+£0.06 0.083%5 %27
Other 3.3£0.7  1.74£04 032+0.09 0.0470017  0.142700%0  0.0327005  0.271008
Reducible ~ 9.17%% 2.0712  0.1570%% 0.4+04 1.2123 26755 0.00%9 40

SR1lo%e SR1E" SR1breq SR2p0%e SR2/E" SR2breq SR5L

Observed 7 2 2 5 2 1 21
Total SM  7.771% L6758 22407 3.4738 0.35%0:13 0.52+9%0 124423
Z7 20705 0397915 0.0440.04 1.54753 0.23799%  0.06 +0.06 0.49 4 0.04
ttZ 0.19+£0.1 0.029%5937 0.2240.06 0.05815952 0.04+0.0 0.19+0.07 0.034 +0.009
Higgs 0.2440.07 0.0337300  0.14%5%  0240.04  0.0337599  0.240.07 0.964+0.14
VvV 0.667915  0.16750: 0.021+£0.008 0.3879%7  0.0847002  0.024798%  3.000%
Other  0.009 £ 0.005 0.0273-91%  0.18379-939 0.005 4 0.005 0.0014 4 0.0012 0.05473:512  0.22 +£0.19
Reducible 4.74+1.7 10406 1.640.7 1.2728 0.0755 0.079:3 T7+2.1

Table 9. Expected and observed yields for 139 fb~! in the signal regions after the background-
only fit. “Other” is the sum of the tWZ, ttWW, ttZZ, tWZ, ttWH, ttHH, tttW, and tttt
backgrounds. Both the statistical and systematic uncertainties in the SM background are included
in the uncertainties shown.

10 Results

The observed number of events in each signal region is reported in table 9 and figure 7, along

with the background expectations and uncertainties. The FEss

and meg distributions for
all events passing signal region requirements, except the EIT]rliSS Or Meg requirement itself,
are shown in figures 8-10.

The HISTFITTER software framework is used for the statistical interpretation of the
results. In order to quantify the probability for the background-only hypothesis to fluctuate
to the observed number of events or higher, a one-sided pg-value is calculated using pseudo-
experiments, where the profile likelihood ratio is used as a test statistic [125] to exclude the
signal-plus-background hypothesis. Signal contamination in the CRs is assumed to be zero
in this model-independent fit. The observations are consistent with the SM expectations,
with SR5L giving rise to the highest local significance of 1.90.

A signal model can be excluded at 95% confidence level (CL) if the CLg [126] of the
signal-plus-background hypothesis is below 0.05. For each signal region, the expected and
observed upper limits at 95% CL on the number of beyond-the-SM events (S92 and S%.)

exp
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Figure 7. Expected and observed yields in the signal regions after the background-only fit. “Other”
is the sum of the tWZ, tWW, ttZZ, tW Z, tW H, ttHH, tttW, and tttt backgrounds. Both the
statistical and systematic uncertainties in the SM background are included in the uncertainties
shown. The significance of any difference between observed and expected yields is shown in the
bottom panel, calculated with the profile likelihood method from ref. [124].

are calculated using the model-independent signal fit. The 95% CL upper limits on the

signal cross-section times efficiency ((eo)2.) also calculated for each signal region and
shown in table 10.

Exclusion limits at 95% CL are calculated for the SUSY models and shown in figure 11.
A statistical combination is performed using the results from a number of disjoint signal
regions targeting the SUSY model, and signal contamination in the CRs used to constrain
ZZ7Z and ttZ background is accounted for. Where two (or more) signal regions overlap,
the signal region with the better (best) expected exclusion is used in the combination:
specifically either SRO-ZZ"*¢ or SRO-ZZ"#" or SRO-ZZ°*° or SRO-ZZ! =" and either SROMo

bveto bveto? bveto

or SRO/E" " and either SR11°%¢ or SR1/€" and either SR21°%¢ or SR2{" = The four-lepton
signal regions are more sensitive than SR5L in all signal models considered and so SR5L

is not used to calculate model-dependent exclusion limits.

For the exclusion limits, the observed and expected 95% CL limits take into account the
theoretical and experimental uncertainties in the SM background and the experimental un-
certainties in the signal. For all expected and observed exclusion limit contours, the £1oey,
uncertainty band shows the impact on the expected limit of the systematic and statistical
uncertainties included in the fit. The :l:latslggrg uncertainty lines around the observed limit
illustrate the change in the observed limit as the nominal signal cross-section is scaled up
and down by the theoretical cross-section uncertainty. Experimental uncertainties affecting
irreducible backgrounds and signal are treated as correlated between regions and processes,

while uncertainties associated with the estimate of the reducible background are correlated
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Figure 8. The EX'* distribution in (a) SRO-ZZ"°** and SRO-ZZ"¢", (b) SRO-ZZ%%¢ and SRO-ZZ#"' |
and (c) SR5L for events passing the signal region requirements except the E‘T]ﬂiss requirement. Dis-
tributions for data, the estimated SM backgrounds after the background-only fit, and an example
SUSY scenario are shown. “Other” is the sum of the tWZ, tWW, ttZZ, tWZ, tWH, ttHH,
tttW, and tttt backgrounds. The last bin captures the overflow events. The lower panel shows the
ratio of the observed data to the expected SM background yield in each bin. Both the statistical and
systematic uncertainties in the SM background are included in the shaded band. The red arrows

indicate the EMsS selections in the signal regions.
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Figure 9. The meg distribution in (a) SROP%C and SROJ®™ = (b) SR19%%¢ and SR1[2" = and (c)
SR21%¢ and SR2/E" for events passing the signal region requirements except the meg requirement.
Distributions for data, the estimated SM backgrounds after the background-only fit, and an example
SUSY scenario are shown. “Other” is the sum of the tWZ, tWW, ttZZ, tWZ, tWH, ttHH,
tttW, and tttt backgrounds. The last bin captures the overflow events. The lower panel shows the
ratio of the observed data to the expected SM background yield in each bin. Both the statistical and
systematic uncertainties in the SM background are included in the shaded band. The red arrows

indicate the meg selections in the signal and validation regions.
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Figure 10. The meg distribution in (a) SROyeq, (b) SR1peq, and (c) SR2y., for events passing the
signal region requirements except the meg requirement. Distributions for data, the estimated SM
backgrounds after the background-only fit, and an example SUSY scenario are shown. “Other” is
the sum of the tWZ, tWW, ttZZ, tWZ, ttWH, ttHH, tttW, and tttt backgrounds. The last
bin captures the overflow events. The lower panel shows the ratio of the observed data to the
expected SM background yield in each bin. Both the statistical and systematic uncertainties in the
SM background are included in the shaded band. The red arrows indicate the meg selections in the
signal and validation regions.
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(eo)ons D] S35 e
SRO-ZZ'™ 0481  66.86  67.4312013
SRO-Zz'eht 0.081 1128 1152155}
SRO-ZZi,  0.043 6.01  7.1072%2
SRO-ZZ, 0028 3.87  3.637T4H
SROI, 0.070 9.79 82833
SRO} et 0.028 387 4.207150
SROpeq 0.046 6.33  3.78+5%
SR, 0.046 6.37  7.467292
SEH 0.032 447 42214103
SR1preq 0.033 4.56 459177
SR, 0.061 845 7457236
SR2,%, 0.041 5.63 3537500
SR2preq 0.030 4.17 3.161 5750
SRSL 0.129 17.88 9.8875%%

Table 10. The model-independent limits calculated from the signal region observations; 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 (S?;:’p,
ations of the expected number) calculated by performing pseudo-experiments for each signal region.

+10 vari-

between regions only. Theoretical uncertainties in the irreducible background and signal are
treated as correlated between regions, while statistical uncertainties from MC simulation
and data in the CR are treated as uncorrelated between regions and processes.

The exclusion contours for the higgsino GGM models are shown in figure 11a, where
SRO-ZZ°%¢ and SRO-ZZ}®" dominate the exclusion for low and high higgsino masses, respec-
tively. The analysis is more sensitive to scenarios with higher B()Z(f — Z+ CNr’) as they pro-
duce more four-lepton events. For scenarios with B(f((f — h+G) = 100%, final states with
lower lepton multiplicity are more sensitive [127]. Higgsino masses up to 540 GeV are ex-
cluded for B(X] — Z+G) = 100%, while the exclusion is weaker for scenarios with B(X] —
Z+G) < 100%. These results significantly improve upon limits in ref. [18] by around 200

260 GeV, and in particular, set stronger limits for scenarios with B(f(? — 7+ G) < 100%.

Figure 11 also shows the exclusion contours for the RPV models considered here, where
the limits extend to high NLSP masses due to the high lepton multiplicity in these scenarios
()2(1) — v with 100% branching ratio) and the high efficiency of the meg selections. The
exclusion in the LLE12k models is dominated by the combination of SROEV%O and SROpyeq
while the combination of SR1}%" and SR2{®" is important for the LLEi33 models. The
sensitivity is reduced for large mass splittings between the NLSP and the 32(1), where the
decay products are strongly boosted. These results improve on the limits set in similar

models in ref. [18] by around 100-350 GeV.
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Figure 11. Expected (dashed) and observed (solid) 95% CL exclusion limits on (a) the higgsino
CGGM models, and (b) wino NLSP, (c) f1,/# NLSP, and (d) gluino NLSP pair production with RPV
>~<(1J decays via Ajog, or \;33 where i,k € 1,2. The limits are set using a statistical combination of
disjoint signal regions. Where two (or more) signal regions overlap, the signal region contributing
its observed CLg value to the combination is the one with the better (best) expected CLg value.

The exclusion contours for the RPV wino NLSP LLE12k models are shown in fig-
ure 11b, where )~(1i/>~(3 masses up to ~ 1.6 TeV are excluded for m(X?) > 800 GeV. Fig-
ure 11b also shows exclusion contours for the RPV wino NLSP LLFEi33 models, where
X?/)ZS masses up to ~ 1.13TeV are excluded for 500GeV < m(X1) < 700GeV. Fig-
ure 11c shows exclusion contours for the RPV /1, /U NLSP model, where left-handed slep-
ton/sneutrino masses are excluded up to ~ 1.2TeV for m(ﬁ)) ~ 800 GeV for LLE12k
models, and up to 0.87 TeV for m(f((f) ~ 500 GeV for LLFEi33 models. Finally, the exclu-
sion contours for the RPV § NLSP model are shown in figure 11d, where gluino masses are
excluded up to ~ 2.45 TeV for m(f((f) > 1TeV for LLE12k models, increasing to ~ 2.55 TeV
for m(>~<(1)) > 2.4TeV. For LLEi33 models, gluino masses are excluded up to ~ 1.78 TeV
for m(X1) > 500 GeV, increasing to ~ 1.97 TeV for m(X7) > 1.8 TeV.
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11 Conclusion

A search for new physics in final states with four or more leptons (electrons, muons or
hadronically decaying 7-leptons) is presented, using 139fb~! of /s = 13TeV pp collision
data collected by the ATLAS detector at the LHC from 2015 to 2018. No significant
excess over the expected background is observed. Observed 95% CL limits on the visible
cross-section are placed in each signal region, and the null result is interpreted in simplified
higgsino GGM models, where higgsino )ﬁc / X5 / X! masses up to 540 GeV are excluded in
scenarios with a 100% branching ratio for X1 decay into a Z boson and a gravitino. This
significantly improves upon previous GGM higgsino mass limits by around 200-260 GeV.
The results are also interpreted in simplified models of NLSP pair production with RPV
LSP decays, where wino 5&/%8, @L/ﬁ, and § masses up to 1.6 TeV, 1.2TeV, and 2.5 TeV
are excluded, respectively, improving upon previous limits set in similar models by around
100-350 GeV.
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