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Abstract

Results from a search for supersymmetry in events with four or more leptons (electrons and
muons) are presented. The analysis uses a data sample corresponding to 13.3 fb−1 of proton–
proton collisions delivered by the Large Hadron Collider at

√
s = 13 TeV and recorded by the

ATLAS detector. No significant deviations from Standard Model predictions are observed
in data and results are used to set upper limits on the event yields from processes beyond the
Standard Model. Exclusion limits are set at the 95% confidence level in a simplified model
of chargino production with indirect RPV decays.
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1 Introduction

Supersymmetry (SUSY) [1–6] is a space-time symmetry that postulates the existence of new particles with
spin differing by one half-unit with respect to their Standard Model (SM) partners. In supersymmetric
extensions of the SM, each SM fermion (boson) is associated with a SUSY boson (fermion), having the
same quantum numbers as its partner except for spin. The introduction of these new SUSY particles
provides a potential solution to the hierarchy problem [7–10].

The charginos and neutralinos are mixtures of the bino, winos and higgsinos, which are superpartners of
the U(1) and SU(2) gauge bosons, and the Higgs bosons, respectively. Their mass eigenstates are referred
to as charginos χ̃±i (i = 1, 2) and neutralinos χ̃0

j ( j = 1, 2, 3, 4), in order of increasing mass. The direct
production of charginos and neutralinos could be the most abundant mode of SUSY production at the
Large Hadron Collider (LHC) if the masses of the gluinos and squarks are large.

In generic SUSY models with minimal particle content, the superpotential includes terms that violate
conservation of lepton (L) and baryon (B) number [11, 12]:

1
2
λi jkLiL j Ēk + λ

′
i jkLiQ j D̄k +

1
2
λ ′′i jkŪi D̄ j D̄k + κiLiH2, (1)

where Li and Qi indicate the lepton and quark SU(2)-doublet superfields, respectively, and Ēi, Ūi and D̄i

are the corresponding singlet superfields. Quark and lepton generations are 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 H2. The λi jk , λ ′i jk and λ

′′
i jk

parameters are nine newYukawa couplings satisfying λ jik = −λi jk ,
while the κi parameters have dimensions of mass and vanish at the unification scale.

In the absence of a protective symmetry, L- and B-violating terms could allow for proton decay at a rate
that is in conflict with the tight experimental constraints on the proton lifetime [13]. This conflict can
be avoided by imposing the conservation of R-parity [14], defined as (−1)3(B−L)+2S , where S is spin,
or by explicitly conserving either B or L in the Lagrangian in R-parity-violating (RPV) scenarios. In
RPV models, the lightest SUSY particle (LSP) is unstable and decays to SM particles, including charged
leptons and neutrinos when at least one of the λi jk parameters (violating L, but not B) is non-zero.
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.

A search is presented for new physics in final states with at least four isolated leptons (electrons and
muons). A total of 13.3 fb−1 of proton-proton collision data delivered by the LHC at 13 TeV in 2015 and
2016 are analysed. The search itself is model-independent, and results are presented in terms of the visible
cross-section for new physics processes with this signature. The results are also interpreted in terms of a
SUSY model of chargino production with indirect RPV decays, where the chargino decay to the LSP is
R-parity-conserving (RPC), and the LSP undergoes an RPV decay.

This analysis closely follows the 7 TeV [15] and 8 TeV analyses [16]. Previous searches for SUSY particles
using signatures with three or more leptons have been carried out at the Tevatron collider [17–22], and at
the LHC by the ATLAS experiment [15, 16, 23–25] and the CMS experiment [26–30].
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Figure 1: Diagram of the benchmark SUSY model of chargino production with indirect RPV decays.

2 SUSY scenarios

In the benchmark model considered for this analysis, wino-like charginos are pair-produced, and the LSP
is a bino-like neutralino. The χ̃±1 decays to the LSP while emitting a W boson, as shown in Figure 1.
The subsequent χ̃0

1 decay is mediated by the 1
2λi jkLiL j Ēk term in Eq. 1, allowing each LSP to undergo a

lepton-number-violating RPV decay:
χ̃0

1 → `±k `
∓
i/jνj/i, (2)

with the allowed lepton flavours depending on the indices of the associated λi jk couplings. Thus, every
signal event contains a minimum of four charged leptons, and potentially up to six if both W bosons decay
leptonically.

In principle, the nine λi jk RPV couplings allow the χ̃0
1 to decay to every possible combination of charged

lepton pairs. The scenarios considered here include decays to electrons and muons only, with a branching
fraction of 1/3 each for χ̃0

1 → e+e−ν, χ̃0
1 → e±µ∓ν and χ̃0

1 → µ+µ−ν. Terms with non-zero values
of the λ121 and λ122 couplings can give rise to these χ̃0

1 decays, and in the following we refer to these
SUSY scenarios as LLĒ12k (k = 1, 2). However, the χ̃0

1 branching fractions cannot be reproduced by a
single non-zero LLĒ coupling. Instead, interpretations in “pure” coupling scenarios can be obtained by
appropriate reweighting of the simulated events, analogous to the procedures used in Ref. [31].

Chargino masses of 500 − 1200 GeV are studied for the LLĒ12k scenarios, where the LSP masses range
from 10 GeV ≤ m( χ̃0

1) ≤ m( χ̃±1 ) − 10 GeV to ensure both the RPC cascade and the RPV LSP decay are
prompt. Over this chargino mass range, the χ̃+1 χ̃

−
1 production cross-section varies from about 22 fb to

about 0.2 fb [32, 33].

3 The ATLAS detector

The ATLAS detector [34] is a multipurpose particle physics detector with forward-backward symmetric
cylindrical geometry1. The inner tracking detector (ID) covers |η | < 2.5 and consists of a silicon pixel

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the center of the
detector and the z-axis along the beam pipe. The x-axis points from the IP to the center of the LHC ring, and the y-
axis points upward. Cylindrical coordinates (r, φ) are used in the transverse plane, φ being the azimuthal angle around
the z-axis. The pseudorapidity is defined in terms of the polar angle θ as η = − ln tan(θ/2). Rapidity is defined as
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detector, a semiconductor microstrip detector, and a transition radiation tracker. The innermost pixel layer,
the insertable B-layer [35], was added between Run 1 and Run 2 of the LHC. The ID is surrounded by a
thin superconducting solenoid providing a 2 T axial magnetic field. A high-granularity lead/liquid-argon
sampling calorimeter measures the energy and the position of electromagnetic showers within |η | < 3.2.
Sampling calorimeters with liquid argon as the active medium are also used to measure hadronic showers
in the endcap (1.5 < |η | < 3.2) and forward (3.1 < |η | < 4.9) regions, while a steel/scintillator tile
calorimeter measures hadronic showers in the central region (|η | < 1.7). The muon spectrometer (MS)
surrounds the calorimeters and consists of three large superconducting air-core toroid magnets, each with
eight coils, a system of precision tracking chambers (|η | < 2.7), and fast trigger chambers (|η | < 2.4). A
two-level trigger system [36] selects events to be recorded for offline analysis.

4 Monte Carlo simulation

Monte Carlo (MC) generators are used to simulate SM processes and new physics signals. The SM
processes considered are those that can lead to signatures with four reconstructed leptons. Details of the
signal and background MC simulation samples used in this note, as well as the order of cross-section
calculations in perturbative QCD used for yield normalization, are shown in Table 1.

For all MC simulation samples, the propagation of particles through the ATLAS detector is modelled
with Geant 4 [37] using the full ATLAS detector simulation [38] (“Fullsim”), or a fast simulation using
a parametrization of the response of the electromagnetic and hadronic calorimeters [38] and Geant 4
elsewhere (“AF-II”). The effect of multiple proton–proton collisions in the same or nearby bunch crossings
(in-time and out-of-time pileup) is incorporated into the simulation by overlaying additional minimum-
bias events generated with Pythia 8 onto hard-scatter events. Simulated events are weighted to match the
distribution of the mean number of interactions per bunch crossing in data, and are reconstructed in the
same manner as data. The simulated MC samples are corrected to account for differences with respect to
the data in the lepton efficiencies, and the energy and momentum measurements of leptons and jets.

5 Event selection

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 > 400 MeV associated with it. The primary
vertex of an event is identified as the vertex with the highest Σp2

T of associated tracks. After the
application of beam, detector and data-quality requirements, the total luminosity considered in this
analysis corresponds to 13.3 fb−1.

Electron candidates are required to have |η | < 2.47 and pT > 7 GeV, where the pT and η are determined
from the calibrated clustered energy deposits in the electromagnetic calorimeter and the matched ID
track, respectively. Electrons must satisfy “very loose” likelihood-based identification criteria, defined in
Ref. [46]. Muon candidates are reconstructed by combining tracks in the ID and tracks in the MS [47], and
are required to have |η | < 2.7 and pT > 5 GeV. Muons must satisfy “medium” identification requirements

y = 0.5 ln
[
(E + pz )/(E − pz )

]
where E denotes the energy and pz is the component of the momentum along the beam

direction.
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Process Generator(s) Full/fast sim Cross-section UE tune PDF set
calculation

t t̄Z, t t̄W , t t̄WW MadGraph 5_aMC@NLO [39] Fullsim NLO A14 NNPDF23LO
+ Pythia 8 [40]

t t̄Z† Sherpa [41] AF-II NLO Default CT10

tWZ aMC@NLO [42] + Pythia 8 Fullsim NLO A14 NNPDF23LO

ZZ ,WZ,WW Powheg [43] + Pythia 8 Fullsim NLO AZNLO CTEQ6L1
ZZ† Sherpa AF-II NLO Default CT10

t t̄ Powheg + Pythia 6 [44] Fullsim NNLO+NNLL Perugia2012 CT10

Z+jets,W+jets MadGraph 5_aMC@NLO Fullsim NNLO A14 NNPDF23LO
+ Pythia 8

Higgs (ggF ,VH , VBF H) Powheg + Pythia 8 Fullsim NNLO+NNLL Perugia2012 CT10
t t̄H aMC@NLO + Pythia 8 Fullsim NLO UE EE5 CTEQ6L1 (CT10ME)

VVV Sherpa Fullsim NLO Default CT10

tt t̄, t t̄t t̄ MadGraph 5_aMC@NLO Fullsim NLO A14 NNPDF23LO
+ Pythia 8

bb̄, cc̄ Pythia 8 Fullsim NLO A14 NNPDF23LO

SUSY signal MadGraph 5 [45] AF-II NLO A14 NNPDF23LO
+ Pythia 8

Table 1: Summary of the simulated SM background samples used in this analysis, where V = W, Z . Samples
marked with a † are used for a cross-check of yields and systematic studies.

based on the number of hits in the different ID and MS subsystems, and the significance of the charge-to-
momentum ratio, defined in Ref. [47]. Events containing one or more muons that have a transverse impact
parameter with respect to the primary vertex |d0 | > 0.2mm or a longitudinal impact parameter with
respect to the primary vertex |z0 | > 1mm are rejected to suppress the cosmic-ray muon background.

Jets are reconstructed with the anti-kt algorithm [48] with a radius parameter of R = 0.4. Three-
dimensional calorimeter energy clusters are used as input to the jet reconstruction, and jets are calibrated
following Ref. [49]. Jets must have |η | < 2.8 and pT > 20 GeV. To reduce pile-up effects, jets with
pT < 60 GeV and |η | < 2.4must have a significant fraction of the tracks associatedwith each jet originating
from the primary vertex [50]. Events containing jets failing to satisfy the quality criteria described in
Ref. [51] are rejected to suppress events with large calorimeter noise and noncollision backgrounds.

The missing transverse momentum, Emiss
T , is the magnitude of the negative vector sum of the transverse

momenta of all identified physics objects (electrons, photons, muons and jets) and an additional soft
term [52]. The soft term is constructed from the tracks associated to the primary vertex, but not associated
with physics objects, which allows the soft term to be nearly independent of pile-up.

To avoid potential ambiguities among physics objects, candidate leptons and jets must survive “overlap
removal”, applied in the following order:

1. Any electron sharing an ID track with a muon is removed.
2. Jets within ∆R =

√
(∆y)2 + (∆φ)2 = 0.2 of an electron candidate are discarded.

3. Electrons within ∆R = 0.4 of a jet candidate are discarded, to suppress electrons from semileptonic
decays of c- and b-hadrons.

4. Jets with fewer than two associated tracks or with a nearby muon with a significant fraction of the
jet pT (pµT > 0.5pjet

T and pµT > 0.7
∑

pjet tracks
T , where pµT , pjet

T and pjet tracks
T are the pT of the muon,
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jet and jet tracks, respectively) are discarded either if the candidate muon is within ∆R = 0.2 or if
the muon can be matched to a track associated with the jet.

5. Muons within ∆R = 0.4 of a jet candidate are discarded to suppress muons from semileptonic
decays of c- and b-hadrons.

Finally, to suppress low-mass decays, if surviving electrons and muons form an opposite-sign (OS) pair
with mOS < 4 GeV, or form a same-flavour, opposite-sign (SFOS) pair close to the Υ resonances mass
range 8.4 < mSFOS < 10.4 GeV, both leptons are discarded.

“Signal” leptons are candidate leptons surviving overlap removal and matching additional identification
criteria. Signal electrons and muons must pass pT-dependent isolation requirements, to reduce the
contributions from semileptonic decays of hadrons and jets misidentified as prompt leptons. The isolation
requirements use calorimeter- and track-based information to obtain 95% efficiency for leptons with
pT = 25 GeV in Z → e+e−, µ+µ− events, rising to 99% efficiency at pT = 60 GeV. To further suppress
electrons and muons originating from secondary vertices, |z0 sin θ | is required to be less than 0.5mm, and
the d0 normalized to its uncertainty is required to be small, with |d0 |/σd0 < 5(3) for electrons (muons).
Signal electrons must also satisfy “medium” likelihood-based identification criteria [46].

Events are selected using a combination (logical OR) of single lepton, dilepton and trilepton triggers,
and leptons must satisfy the corresponding offline pT-threshold requirements shown in Table 2. Trigger
thresholds for data recorded in 2016 are in some cases higher than in 2015 due to increases in beam
luminosity.

Trigger Offline pT threshold [ GeV]
2015 2016

Single isolated e 25 25
Single non-isolated e 61 61
Single isolated µ 21 25
Single non-isolated µ 51 41 or 51

Double e 14,14 16,16

Double µ 11,11 11,11 or 15,15
19,9 21,9

Triple e 18,10,10 18,10,10

Triple µ 19,5,5 21,5,5
7,7,7 7,7,7

Combined eµ 18(e),15(µ) 18(e),15(µ)
25(e),9(µ) 25(e),9(µ)
8(e),25(µ) 8(e),25(µ)
13(e),13(e),11(µ) 13(e),13(e),11(µ)
13(e),11(µ),11(µ) 13(e),11(µ),11(µ)

Table 2: The triggers used in the analysis in 2015 and 2016 and the offline pT threshold used ensuring that the
lepton(s) triggering the event are in the plateau region of the trigger efficiency. Thresholds on triggers for data
recorded in 2016 are higher than in 2015 due to the increase in beam luminosity, and “or” denotes a move to a higher
threshold trigger during data taking. Events are used if any of the triggers is passed. Muons are triggered within a
range of |η | < 2.4.
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Events with four or more signal leptons (e, µ) are selected and those consistent with containing a leptonic
Z-boson decay are vetoed. This Z veto 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. To suppress radiative Z-boson
decays, the Z veto also considers combinations of any SFOS pair with an additional lepton (SFOS+`), or
with a second SFOS pair (SFOS+SFOS), and rejects events where either the SFOS+` or the SFOS+SFOS
invariant mass lies in the range 81.2 − 101.2 GeV.

The effective mass of the event, meff , is used to separate the SM background from SUSY signal, where
meff is defined as the scalar sum of the Emiss

T , the pT of signal leptons and the pT of jets with pT > 40 GeV.
The pT > 40 GeV threshold on jets aims to suppress contributions from pile-up and the underlying event.
Two signal regions (SR) are defined: a general signal region (SRA) with meff > 600 GeV, and a tighter
signal region (SRB) with meff > 900 GeV, optimised for the LLĒ12k models considered here. The signal
region definitions can be seen in Table 3, along with the definitions for the control regions (CR) and
validation regions (VR) discussed in Section 6.

Sample N (e, µ) signal N (e, µ) loose Z boson meff [GeV]

SRA >= 4 >= 0 veto > 600
CR-SRA = 2 >= 2 veto > 600

SRB >= 4 >= 0 veto > 900
CR-SRB = 2 >= 2 veto > 900

VR >= 4 >= 0 veto < 600
CR-VR = 2 >= 2 veto < 600

Table 3: Signal region, control region, and validation region definitions. Loose leptons are candidate leptons
surviving overlap removal that do not pass signal lepton criteria.

6 Background determination

Several SM processes can result in signatures appearing like SUSY signals with four reconstructed
leptons, including both “real” and “fake” lepton contributions. Here, a real lepton is a prompt and
genuinely isolated lepton, while a fake lepton is a non-prompt or non-isolated lepton that could originate
either from semi-leptonic decays of b and c hadrons, or from mis-identification of light flavour jets, or
from photon conversions. The SM processes are classified into two categories:

Irreducible background: processes leading to events with four or more real leptons.
Z Z , tt̄ Z , tt̄WW , tW Z , VV Z (Z Z Z , W Z Z , WW Z), Higgs (gluon fusion H , associated production
V H , vector boson fusion H , tt̄H), tt̄tt̄, tt̄tW .

Reducible background: processes leading to events with at least one fake lepton. Processes listed under
irreducible that do not undergo a decay to four real leptons are also included in the reducible
background.

1 fake lepton: W Z , WWW , tt̄W .

2 fake leptons: tt̄, Z+jets.

7



Backgrounds with three or more fake leptons (e.g. W+jets) are found to be negligible for this analysis.

In the signal regions, the irreducible background is dominated by tt̄ Z , VV Z (V = W, Z), and Z Z , while
the reducible background is dominated by the 2-fake lepton background tt̄. The irreducible and 1-fake
lepton backgrounds are estimated fromMC simulation, while the 2-fake lepton backgrounds are measured
in data with the “fake factor method”. The predictions for irreducible and reducible backgrounds are
tested in validation regions (Section 6.2).

In the fake factor method, the number of 2-fake lepton background events in a given region is estimated
from data using MC-based probabilities for a fake lepton to pass or fail the signal lepton selection. The
ratio F = f / f̄ for fake leptons is the “fake factor”, where f ( f̄ ) is the probability that a fake lepton is
misidentified as a signal (loose) lepton. Loose leptons are candidate leptons surviving overlap removal
that do not pass signal lepton criteria. A control region in data is used for the extraction of the 2-fake lepton
predictions. The CR definition only differs from that of the associated SR in the quality of the required
leptons; exactly two signal leptons and at least two loose leptons are required, as shown in Table 3.

Fake factors are calculated separately for light-flavour jets, heavy-flavour jets and photon conversions
(electrons only). These categories are referred to as fake lepton “types”. The dependence of the fake
factor on the lepton pT and η is taken into account; however, the small dependence of the fake factor on
the hard process (tt̄, Z+jets) is neglected, since tt̄ dominates the 2-fake lepton background in the signal
regions.

To account correctly for the relative abundances of fake lepton types and production processes, a weighted
average Fw of fake factors is computed in each CR, as:

Fw =
∑
i

(
Ri × Fi

)
. (3)

The factor Ri is a “process fraction” that depends on the fraction of fake leptons of type i determined
from MC simulation in the control region, while Fi is the corresponding fake factor calculated using MC
simulation. For each fake lepton type, the fake factor from MC simulation is assumed to describe data
within 25%, and this systematic uncertainty is validated by comparing leptons from heavy flavour jets in
MC simulation and data. The comparison is made in a bb̄-dominated control sample, which selects events
with only one b-tagged jet containing a muon, and an additional signal or loose lepton.

The number NSR
red of background events with two fake leptons from reducible sources in each SR can be

determined from the number of events in data in the corresponding CR, NCR
data, according to:

NSR
red = [NCR

data − NCR
irr,1-fake] × Fw,1 × Fw,2, (4)

where Fw,1 and Fw,2 are the two weighted fake factors that can be constructed using the first and second
loose leptons in the CR, respectively. The small contribution from irreducible and 1-fake lepton back-
ground processes in the CR, NCR

irr,1-fake, is subtracted from the corresponding number of events seen in
data.

6.1 Systematic uncertainties

Several sources of systematic uncertainties are considered for the SM background estimates and signal
yield predictions. The primary sources of systematic uncertainty, described below, are summarized in
Table 4.
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Experimental (% of total SM) Theoretical (% of each process)

e efficiency 3.9% σ: tt̄ Z 12%
µ efficiency 1.9–2.8% σ: tt̄W 13%
Jet energy scale 3.0–3.4% σ: Z Z ,W Z 6%
Luminosity 2.9% σ: VVV /tW Z 20%
MC statistics 2.7–2.5% Aε : Z Z 56–80%
CR statistics 4.5–6.4% Aε : tt̄ Z 9–12%

σAε : V H/VBF H 20%
σAε : ggF H/ tt̄H 100%

Table 4: Principal experimental and theoretical systematic uncertainties for the SM background estimation in the
signal regions. For theoretical uncertainties, σ indicates an uncertainty on the production cross-section, while Aε
indicates an uncertainty on the product of acceptance and efficiency.

The systematic uncertainties affecting 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 PDFs, the choice of MC generator, the uncertainty on the luminosity (following
a methodology similar to that detailed in Ref. [53]), the uncertainty due to the jet energy scale, jet
energy resolution, jet vertex tagger, lepton energy scale, lepton energy resolution and lepton identification
efficiency, and the uncertainty on the Emiss

T from energy deposits not associated with reconstructed objects.
The systematic uncertainty associated with the simulation of pile-up is also taken into account.

The theoretical cross-section uncertainties for the irreducible and 1-fake lepton backgrounds used in this
analysis are 12% for tt̄ Z , 13% for tt̄W , 6% for Z Z and W Z , and 20% for the triboson samples, as
summarized in Table 4. For the Higgs boson samples, an uncertainty of 20% is used for V H and vector-
boson-fusion production, while an uncertainty of 100% is assigned to tt̄H and Higgs boson production
via gluon fusion [54]. The uncertainties on tt̄H and Higgs boson production via gluon fusion are assumed
to be large to account for uncertainties on the acceptance, while the inclusive cross-sections are known
to better precision. Uncertainties arising from the choice of generator are determined by comparing the
Powheg and Sherpa generators for Z Z , and the MadGraph and Sherpa generators for tt̄ Z . The choice
of generator dominates the uncertainty on Z Z in the signal regions. The uncertainty on the Z Z and tt̄ Z
acceptance due to PDF and scale variations is also studied.

The uncertainty on the 2-fake lepton reducible background is dominated by the statistical uncertainty on
the data events in the CR, and also includes the MC statistical uncertainty on the process fractions, the
uncertainty on the fake lepton scale factors, and the statistical uncertainty from the fake factors measured
in simulation.

Systematic uncertainties on the SUSY signal yields from experimental sources typically lie in the 5–20%
range, while theoretical uncertainties on signal cross-sections are typically of the order of 10%.

6.2 Background modelling validation

The general modelling of both the irreducible and reducible backgrounds is tested in a low-meff validation
region that is defined to be adjacent to, yet disjoint from, the signal regions, as shown in Table 3. The
background model adopted in the VR is the same as in the SRs, with the irreducible and 1-fake lepton
backgrounds obtained from MC simulation and the reducible background estimated from data using the
fake factor method. The SM background in the VR is dominated by Z Z , tt̄ and Z+jets.
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Observed and expected event yields in the VR are shown in Table 5, where good agreement is seen within
statistical and systematic uncertainties. The electron and muon pT distributions in the VR are shown in
Figure 2, while the meff distribution in the VR can be seen in the lower meff bins in Figure 3(a).
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Figure 2: For VR events, (a) the electron pT and (b) the muon pT distributions for data and the estimated SM
backgrounds. The irreducible and 1-fake lepton backgrounds are estimated from MC simulation while the 2-fake
lepton background is estimated from data. “Others” is the sum of the tW Z , tt̄WW , tt̄tt̄, ttt̄, and tt̄W backgrounds.
Both the statistical and systematic uncertainties are included in the shaded band.

7 Results

The expected and observed yields in each signal region are reported in Table 5, together with the statistical
and systematic uncertainties on the background predictions. Two events are observed in SRA in the
13.3 fb−1 dataset, while no events are observed in SRB; the observations are consistent with the SM
expectation. The meff and Emiss

T distributions for all events with four or more leptons that pass the Z boson
veto are shown in Figure 3.

The HistFitter [55] 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 p0-value is calculated using pseudoexperiments, where the profile likelihood ratio
is used as a test statistic [56] to exclude the signal-plus-background hypothesis. A signal model can be
excluded at 95% confidence level (CL) if the CLs [57] of the signal plus background hypothesis is <0.05.
For each signal region, the expected and observed upper limits at 95%CL on the number of beyond-the-SM
events (S95

exp and S95
obs) are calculated using the model-independent signal fit. The 95% CL upper limits on

the signal cross-section times efficiency (〈εσ〉95
obs) and the CLb value for the background-only hypothesis

are also calculated for each signal region.

To set exclusion limits in the LLĒ12k models, the signal region with the best expected exclusion is
used. All experimental uncertainties are treated as correlated between regions and processes, with the
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Sample VR SRA SRB

Irreducible
Z Z 29 ± 5 0.6 ± 0.4 0.20 ± 0.19
tt̄ Z 2.05 ± 0.24 1.43 ± 0.23 0.47 ± 0.09
Higgs 1.7 ± 1.4 0.4 ± 0.4 0.11 ± 0.11
VV Z 0.72 ± 0.14 0.31 ± 0.06 0.123 ± 0.027
Others 0.28 ± 0.07 0.32 ± 0.04 0.181 ± 0.022

1-fake ` reducible 1.14 ± 0.07 0.168 ± 0.018 0.069 ± 0.014

2-fake ` reducible 16 ± 6 0.48 ± 0.24 0.11 ± 0.05

Σ SM 51 ± 6 3.6 ± 0.6 1.26 ± 0.26

Data 53 2 0

p0 — 0.64 0.80
S95

obs — 4.3 3.0
S95

exp — 5.4+1.6
−1.3 3.8+1.3

−0.8
〈εσ〉95

obs [fb] — 0.32 0.22
CLb — 0.21 0.15

Table 5: Expected and observed yields for 13.3 fb−1 in the 4L validation and signal regions. “Others” is the sum
of the tW Z , tt̄WW , tt̄tt̄ and ttt̄ backgrounds. Statistical and systematic uncertainties are included. Also shown are
the model-independent limits calculated from the signal region observations: a one-sided p0-value; the expected
and observed upper limit at 95% CL on the number of beyond-the-SM events (S95

exp and S95
obs) for each signal region,

calculated using pseudoexperiments and the CLs prescription; the observed 95% CL upper limit on the signal
cross-section times efficiency (〈εσ〉95

obs); and the CLb value for the background-only hypothesis.

exception of the experimental uncertainties on data-driven backgrounds, which are correlated between
regions only. Theoretical uncertainties on 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. For the exclusion limits, the observed and expected 95%
CL limits are calculated using the Asimov dataset for each SUSY model point, taking into account the
theoretical and experimental uncertainties on the SM background and the experimental uncertainties on
the signal. The impact of the theoretical uncertainties on the signal cross-section is shown for the observed
mass limit; where quoted in the text, the mass limits refer to the observed limit without considering signal
cross-section uncertainties.

Figure 4 shows the exclusion contour of the LLĒ12k model, where χ̃±1 with masses up to 1.14 TeV are
excluded for m( χ̃0

1) > 500 GeV. The sensitivity is reduced where the decay products are boosted for large
mass splittings between the χ̃±1 and the χ̃0

1, and χ̃
±
1 masses up to 1.07 TeV are excluded. This extends the

limits set in Ref. [16] by around 400 GeV.

8 Conclusion

Results are reported from a search for new physics in the final state with four or more leptons (electrons
or muons), no Z boson candidates, and large effective mass. The analysis is based on 13.3 fb−1 of proton-
proton collision data delivered by the LHC at

√
s = 13 TeV in 2015 and 2016. No significant excess of
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Figure 3: For events with four or more leptons that pass the Z veto requirement, (a) the meff and (b) the Emiss
T

distributions for data, the estimated SM backgrounds, and an example SUSY scenario. The irreducible and 1-
fake lepton backgrounds are estimated from MC simulation while the 2-fake lepton background is estimated from
data. “Others” is the sum of the tW Z , tt̄WW , tt̄tt̄, ttt̄, and tt̄W backgrounds. Both the statistical and systematic
uncertainties are included in the shaded band. The red arrows indicate the meff selections in the signal regions. The
region with meff < 600 GeV is used to validate the SM background modelling.

events is found in data. The null result is interpreted in a simplified model of chargino pair production
with indirect RPV decays, where chargino masses up to 1.14 TeV are excluded for large LSP masses.
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Appendix

Cleaning Requirement Efficiency

GRL Requirement 0.938
LAr Error Rejection 0.937
Trigger Requirement 0.834
Primary Vertex 0.834
Bad Jet Cleaning 0.831
Cosmic Muon Rejection 0.753
Bad Muon Rejection 0.753

Table 6: The selection efficiency of cleaning requirements, where the denominator is the number of data events with
at least two leptons with pT > 9 GeV.

m( χ̃±1 , χ̃
0
1) [ GeV] 1000, 800 1000, 400 1000, 10

Initial 7.7 (4996) 7.7 (4996) 7.3 (26529)
Trigger 7.6 (4990) 7.7 (4993) 7.0 (25490)

Event cleaning 7.4 (4844) 7.5 (4860) 6.9 (24788)
N` ≥ 1 7.4 (4839) 7.5 (4852) 5.8 (20804)
N` ≥ 2 7.4 (4820) 7.5 (4829) 4.7 (17099)
N` ≥ 3 7.1 (4648) 7.1 (4557) 2.7 (9502)
N` ≥ 4 5.6 (3599) 5.4 (3472) 1.2 (4182)
Z veto 5.3 (3389) 4.8 (3093) 1.1 (3739)

meff > 600 GeV 5.3 (3388) 4.8 (3087) 1.1 (3711)
meff > 900 GeV 5.3 (3351) 4.7 (3008) 0.96 (3546)

m( χ̃±1 , χ̃
0
1) [ GeV] 500, 490 500, 200 500, 10

Initial 274 (4985) 271 (4988) 259 (9122)
Trigger 274 (4981) 271 (4979) 248 (8765)

Event cleaning 268 (4863) 264 (4829) 242 (8526)
N` ≥ 1 267 (4850) 261 (4785) 194 (6869)
N` ≥ 2 266 (4827) 258 (4738) 160 (5641)
N` ≥ 3 251 (4527) 233 (4272) 90 (3225)
N` ≥ 4 178 (3143) 162 (2968) 38 (1375)
Z veto 160 (2845) 109 (2012) 30 (1020)

meff > 600 GeV 150 (2667) 97 (1808) 26 (901)
meff > 900 GeV 89 (1514) 54 (952) 14 (484)

Table 7: Cutflows for different SUSY signals with m( χ̃±1 ) = 1000 GeV or m( χ̃±1 ) = 500 GeV. The table lists the
expected yields for 13.3 fb−1 taken from MC directly. The numbers in brackets represent the actual number of MC
events that passed the specific cut. The event cleaning includes the requirement of a reconstructed vertex, the veto
of misreconstructed jets and muon, as well as the veto of the cosmic muons.
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