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A search with minimal model dependence for physics beyond the Standard Model in events featuring 
three or four charged leptons (3� and 4�, � = e, μ) is presented. The analysis aims to be sensitive to a 
wide range of potential new-physics theories simultaneously. This analysis uses data from pp collisions 
delivered by the Large Hadron Collider at a centre-of-mass energy of 

√
s = 13 TeV and recorded with 

the ATLAS detector, corresponding to the full Run 2 dataset of 139 fb−1. The 3� and 4� phase space is 
divided into 22 event categories according to the number of leptons in the event, the missing transverse 
momentum, the invariant mass of the leptons, and the presence of leptons originating from a Z-boson 
candidate. These event categories are analysed independently for the presence of deviations from the 
Standard Model. No statistically significant deviations from the Standard Model predictions are observed. 
Upper limits for all signal regions are reported in terms of the visible cross-section.

Crown Copyright © 2021 Published by Elsevier B.V. This is an open access article under the CC BY 
license (http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

Despite the success of the Standard Model (SM) [1–4] in de-
scribing the interactions of elementary particles, there remain 
observations that suggest the existence of additional phenom-
ena [5–9]. Many theories of physics beyond the Standard Model 
(BSM theories) have been proposed that feature final states in 
high-energy proton–proton (pp) collisions with exactly three or 
four leptons (3� and 4�, where � = e, μ in this paper). An example 
is supersymmetry (SUSY), where neutralino and chargino produc-
tion [10] yields three leptons and a neutrino through an interme-
diate W Z state, and where di-Higgs production [11] yields four 
or more leptons. Furthermore, enhanced flavour-changing decay 
cross-section of top quarks at the loop level may lead to anoma-
lous production of 3� final states with respect to the SM [12]. Mul-
tiple types of seesaw models can produce multilepton final states 
alongside neutrinos [13–17]. Adding an additional Higgs triplet to 
the SM Lagrangian [18,19] potentially leads to a doubly charged 
Higgs particle [20,21] which can decay into two leptons, leading to 
a four-lepton final state if produced in pairs. Theories predicting 
such a particle include left–right symmetric models [22,23], scalar 
singlet dark matter [24] and the Zee–Babu model [25]. Conclusive 
evidence for any of these BSM theories has thus far been elusive. 
Many dedicated analyses within the LHC experimental collabora-
tions are being performed to search for such evidence. However, 
the vast number of theories means that it would be difficult to per-
form a dedicated analysis for each model. This motivates the desire 

� E-mail address: atlas .publications @cern .ch.

to establish instead a search that does not rely on a specific model 
for its signal description (henceforth called ‘model-independent’), 
which can cover a wide range of signatures to seek indicators of 
exotic physics.

The analysis presented here is committed to investigating a 
large phase space while making few prior assumptions about the 
nature of new-physics processes. As such, it is expected to be sen-
sitive to a large number of signals that could be populating the AT-
LAS data, albeit with a lower sensitivity than a dedicated analysis 
could achieve. Partial overlap with dedicated analyses is expected, 
but since these are typically tuned to specific models they do not 
consider the full phase space. For instance, Ref. [26] also studies 4�

final states, but does not consider events with low four-lepton in-
variant masses and missing transverse momenta. The present anal-
ysis does not attempt to exploit very distinctive features, such as 
e.g. resonances in invariant-mass distributions, and instead entails 
a substantially more inclusive selection than is typical of searches 
for specific BSM theories, Nevertheless, a comparison with a few 
benchmark models indicates that its sensitivity is not greatly re-
duced compared to that of more dedicated searches.

The analysis aims to uncover evidence of BSM physics. Failing 
that, it can provide a set of upper limits on the visible cross-
section, which can be reinterpreted as upper limits on BSM models 
of interest. The upper limits on two benchmark models derived in 
this fashion, a Type-III seesaw model [27] and a doubly-charged 
Higgs model [28] are compared with those obtained using dedi-
cated analyses.

For this analysis, the full pp dataset collected by the ATLAS 
experiment during the 2015–2018 data-taking period is used, cor-

https://doi.org/10.1016/j.physletb.2021.136832
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responding to an integrated luminosity of 139 fb−1 delivered by 
the LHC. Events featuring exactly three or four charged leptons are 
categorised into signal regions based on the invariant mass of the 
leptons, the missing transverse momentum and the presence of a 
lepton pair compatible with originating from a Z -boson decay. The 
observations in such regions are individually used to probe for the 
presence of a BSM signal. Control regions are established to extract 
a normalisation of the most prominent SM backgrounds, which 
are leptonically decaying W Z and Z Z diboson pairs, and for the 
estimation of the contribution from interactions producing lepton 
candidates from heavy-flavor hadrons decays or hadronic particles 
misidentified as leptons. In each region, a SM-only hypothesis is 
compared with a hypothesis assuming the SM plus an additional 
number of BSM events as a free parameter.

A previous general multilepton search with the ATLAS detector 
was performed using 20.3 fb−1 of pp collisions at 

√
s = 8 TeV [29]. 

Compared to that search, the current analysis uses a larger dataset 
collected at 

√
s = 13 TeV and assigns 4� events to multiple sep-

arate regions, but does not consider hadronic τ -lepton decays. 
A strategy for a general search was outlined in Ref. [30] using 
3.2 fb−1 of data at 

√
s = 13 TeV. That search uses fewer data 

events and a coarser background estimation, but offers a broader 
selection of final states, including multilepton final states, and per-
forms tests with additional variables. Furthermore, a similar search, 
also testing multilepton final states, has been performed by the 
CMS Collaboration with 137 fb−1 of pp collisions at 

√
s = 13 

TeV [31].

2. ATLAS detector

The ATLAS experiment [32] at the LHC is a multipurpose par-
ticle detector with a forward–backward symmetric cylindrical ge-
ometry and a near 4π coverage in solid angle.1 It consists of an 
inner tracking detector (ID) surrounded by a thin superconduct-
ing solenoid providing a 2 T axial magnetic field, electromagnetic 
and hadron calorimeters, and a muon spectrometer. The inner 
tracking detector covers the pseudorapidity range |η| < 2.5. It con-
sists of silicon pixel (with the insertable B-layer installed before 
Run 2 [33,34]), silicon microstrip, and transition radiation track-
ing detectors. In the range |η| < 3.2, hermetic lead/liquid-argon 
(LAr) sampling calorimeters provide electromagnetic (EM) energy 
measurements with high granularity. The central region, |η| < 1.8, 
is additionally instrumented with a thin LAr presampling detec-
tor to correct for energy losses in the inactive material in front 
of the detector. A steel/scintillator-tile hadronic calorimeter covers 
the central pseudorapidity range |η| < 1.7. The endcap and for-
ward regions are instrumented with LAr calorimeters for both the 
EM and hadronic energy measurements up to |η| = 4.9. The muon 
spectrometer surrounds the calorimeters. It consists of three large 
superconducting air-core toroidal magnets with eight coils each. 
The field integral of the toroids ranges between 2.0 and 6.0 T m 
across most of the detector. The muon spectrometer includes three 
layers of precision tracking chambers, allowing precise muon mo-
mentum measurements up to |η| = 2.7, and fast detectors for trig-
gering up to |η| = 2.4. A two-level trigger system [35] 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 

1 ATLAS 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, 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). Angular distance is measured in units of 
	R ≡ √

(	η)2 + (	φ)2.

that reduces the accepted event rate to 1 kHz on average depend-
ing on the data-taking conditions.

3. Data and simulated events

This analysis uses pp collision data at a centre-of-mass energy 
of 

√
s = 13 TeV, collected by the ATLAS detector and correspond-

ing to a total integrated luminosity of 139 fb−1. Only data recorded 
during stable beam conditions with all ATLAS detector subsystems 
operational [36] have been included. Dilepton triggers [37,38] cov-
ering all lepton flavour combinations (ee, eμ and μμ) are used. 
The transverse momentum (pT) requirements of these triggers de-
pend on the data-taking period. For the dielectron trigger, these 
requirements are 12 GeV in 2015, 17 GeV in 2016, and 24 GeV
in 2017–18. For the dimuon trigger, they are 18 and 8 GeV in 
2015 and 22 and 8 GeV in 2016–18.2 For the mixed-flavour trig-
ger, the pT requirement is 17 GeV for the electron and 14 GeV for 
the muon. These trigger choices correspond to the dilepton triggers 
with the lowest pT requirements available during each data-taking 
year.

Expected event rates due to SM processes that can result in 3�

and 4� final states were estimated using a combination of Monte 
Carlo (MC) event generation and data-driven techniques. Event 
generators based on MC methods were used to estimate the total 
expected contributions from SM processes producing only prompt 
leptons.3 The dominant SM backgrounds are the production of two 
vector bosons decaying leptonically: W Z for the 3� final states and 
Z Z for the 4� final states. Subleading prompt-lepton backgrounds 
that contribute are triboson production, and processes which in-
clude at least one top quark: tt̄ X (X = W , Z , H), t Z , tt̄W W and 
tt̄tt̄ .

All diboson and triboson (V V and V V V , where V = W , Z ) 
production, including off-shell production, was simulated with the
Sherpa 2.2.2 [39] generator. The NNPDF3.0nnlo set of PDFs was 
used [40], along with the dedicated set of tuned parton-shower 
parameters developed by the Sherpa authors. The matrix element 
calculations were matched and merged with the Sherpa parton 
shower [41] based on Catani–Seymour dipole factorisation [42,43]
using the MEPS@NLO prescription [44–47]. Diboson events were 
generated at next-to-leading-order (NLO) accuracy in QCD for up 
to one additional parton and at leading-order (LO) accuracy for 
two and three additional parton emissions. Electroweak V V jj ( j =
jet) events were generated at LO. This contribution includes Higgs 
boson production through vector-boson fusion (with H → Z Z ). It 
also includes triboson processes where one boson decays hadroni-
cally, including V H → V V V → V V jj. Loop-induced production of 
Z Z events via gluon–gluon fusion was simulated using matrix ele-
ments accurate at LO for up to one additional parton emission for 
both the fully leptonic and semileptonic final states. This contribu-
tion includes gg → H → Z Z .

Triboson events were generated at NLO for the inclusive process 
and at LO for up to two additional parton emissions. The virtual 
QCD corrections were provided by the OpenLoops library [48–50]. 
This process includes only on-shell fully leptonic decays.

The production of tt̄V , tt̄W W , t Zq and tt̄tt̄ events was 
modelled using the MadGraph5_aMC@NLO v2.3 [51] (v2.2 for 
tt̄W W ) generator, while tt̄ H events [52] were modelled using 
the PowhegBox [53–56] v2 generator with the hdamp parame-
ter set to 1.5 mtop [57]. Events were generated at NLO for tt̄V
and tt̄ H . The t Zq, tt̄W W and tt̄tt̄ processes were modelled at LO 
with their cross-sections normalised to NLO predictions [51]. The

2 At least one muon must pass the higher pT requirement and a second muon at 
least the lower pT requirement.

3 A lepton is prompt if none of the particles in its production chain, traced back 
to the interaction point of the pp collision, are hadrons.
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NNPDF3.0nlo [40] PDF was used. The events were interfaced to
PYTHIA8.210 (8.230 for t Zq) [58] using a set of tuned parameters 
called the A14 tune [59] and the NNPDF2.3lo [40] PDF set. Col-
lectively, these events are referred to as the top-quark background.

Additional processes involving Higgs boson production, apart 
from those mentioned above, have been found to yield negligible 
contributions and are not considered explicitly

For model-specific interpretation of the analysis, signal sam-
ples were generated for Type-III seesaw model heavy leptons 
and doubly charged Higgs (H±±) particles decaying leptonically. 
The simplified Type-III seesaw model was included in the Mad-

Graph5_aMC@NLO v2.3.3 generator at LO with an implementation 
using FeynRules [60], described in Ref. [27]. Implementation details 
are described in Ref. [17]. Samples of H±± events were gener-
ated at LO using the left–right-symmetry package of PYTHIA8.186, 
which provides the H±± scenario described in Ref. [28]. Imple-
mentation details are described in Ref. [21]. The parton shower 
was provided by PYTHIA8.230 (PYTHIA8.186) for the Type-III 
seesaw (H±±) model using the NNPDF2.3lo PDF set and the A14 
tune [59]. Cross-sections for both samples were normalised to NLO.

The ATLAS detector simulation [61] employing the Geant4 [62]
framework was used to model the detector response in MC events. 
The effect of pile-up was incorporated into the simulation by 
overlaying additional inelastic pp events onto hard-scatter events. 
These were generated with PYTHIA8 [58] using the A3 tune [63]
and the MSTW2008LO [64] PDF set. Events were simulated with 
discrete values for the expected mean number of interactions and 
then weighted to match the distribution that is observed per 
bunch crossing in data.

4. Object selection

All events in the analysis are required to have a primary vertex, 
defined as the vertex with the highest value of 

∑
p2

T of its asso-
ciated tracks, which must include at least two with pT > 0.5 GeV. 
Electron and muon candidates are required to originate from the 
primary vertex.

Requirements common to both electron and muon candidates 
are pT > 25 GeV and |η| < 2.47. For the purposes of matching 
tracks to the primary vertex, the track impact parameters4 d0
and z0 must satisfy |d0|/σ (d0) < 5 (3) for electrons (muons) and 
|z0 sin θ | < 0.5 mm. Furthermore, electron and muon candidates 
are subjected to identification criteria, for which multiple working 
points are provided [65,66]. The identification is performed using 
quality cuts where each working point offers a different trade-off 
between the rate of false positives and false negatives delivered by 
the algorithm.

Electron candidates are reconstructed using energy clusters 
measured in the EM calorimeter matched to reconstructed tracks 
[65]. The identification for the nominal selection in this analysis is 
based on a combination of detailed tracking and calorimeter infor-
mation combined into a likelihood discriminant. The Tight [65]
working point is used. The range 1.37 < |η| < 1.52 has a signifi-
cant amount of non-sensitive material in front of the calorimeter, 
and is therefore excluded.

Muon candidates are reconstructed by combining measure-
ments in the ID and the muon spectrometer [67]. For this analysis, 
the Medium identification working point is used for most muon 
candidates [66], which requires an ID track matched with multi-
ple muon spectrometer precision hits. For muon candidates with 
pT > 300 GeV, the High-pT working point [66] is used, which 

4 The d0 is the transverse impact parameter: the distance of the track from the 
beam line at the position of closest approach (PCA) in the plane perpendicular to 
the beam line, while σ(d0) is its uncertainty. The z0 is the z coordinate of the PCA 
where |d0|/σ (d0) is measured, relative to that of the primary vertex.

places a tighter requirement on the number of muon spectrometer 
hits, ensuring optimal momentum resolution for highly energetic 
muons.

Both the electron and muon candidates are required to be iso-
lated in the ID. To determine isolation, a cone is placed around 
the object’s track, with an opening angle which is the smaller 
of 	R = 0.2 (0.3) for electrons (muons) and 10 GeV/pT,� . The 
scalar pT sum of all tracks (excluding the lepton itself) within this 
cone, I R , must satisfy I R/pT,� < 0.06. For muon candidates with 
pT > 50 GeV, the opening angle of the isolation cone is always 
	R = 0.2. Electron candidates must also pass a calorimeter-based 
isolation requirement of I R/pT,� < 0.06, this time taking the sum 
of calorimeter energy deposits as I R , within a cone of 	R = 0.2.

The constituents for jet reconstruction are identified by com-
bining measurements from both the ID and the calorimeter us-
ing a particle-flow algorithm [68]. Jet candidates are reconstructed 
from these particle-flow objects using the anti-kt algorithm [69,70]
with a radius parameter R = 0.4. The jet energy scale (JES) and 
resolution (JER) [71] are corrected to particle level using MC sim-
ulation. Jets are furthermore required to have pT > 20 GeV and 
|η| < 2.5. The jet vertex tagger (JVT) [72] is used to test jets that 
have pT < 60 GeV and |η| < 2.4 to suppress those originating from 
pile-up.

Objects found to have very collinear tracks are considered to 
be overlapping. Overlaps are resolved through a sequence of rules. 
This procedure prevents double-counting of particles interacting 
with different parts of the detector, and provides an optimal clas-
sification of these particles. If a muon candidate is found to have 
a shared ID track with an electron candidate, the electron candi-
date is rejected. If two electron candidates have shared ID tracks, 
the one with the lower pT is rejected. Jets are rejected if they are 
within 	R ′ = 0.2 (for overlap removal, the pseudorapidity in 	R
is substituted with the rapidity, defined as y = − ln E+pz

E−pz
) of a lep-

ton candidate, except if the candidate is a muon and three or more 
collinear tracks are found. Subsequently, lepton candidates that are 
within 	R ′ = 0.4 of any remaining jets are removed.

The missing transverse momentum (Emiss
T ) [73] in a given re-

constructed event is computed as a combination of a hard term, 
the magnitude of the negative vector sum of the pT of all re-
constructed leptons and jets, and a soft term, computed from the 
momenta of inner-detector tracks that are not matched to any of 
the selected objects but do originate from the primary vertex.

5. Analysis strategy

Selected events are separated into different categories, referred 
to as regions, to maximise the sensitivity to a relatively broad 
range of potential new phenomena. Signal regions (SRs) are de-
fined as regions to be probed for the presence of such signatures. 
Criteria that separate these SRs are the number of leptons, the 
Emiss

T and the presence of an on-Z lepton pair: a same-flavour 
and oppositely charged (SFOC) lepton pair with a dilepton mass 
within 10 GeV of the Z -boson mass of 91.2 GeV.5 Control regions 
(CRs) are defined so as to be dominated by particular SM processes 
which have been well-studied in the ATLAS experiment [74,75]. 
The full list of regions with their selection criteria, apart from the 
splitting into different invariant-mass ranges, is shown in Table 1. 
All regions are orthogonal to each other, so no event is assigned to 
more than one region. The CRs are used to extract the normalisa-
tion of the main background processes from data and to constrain 
the size of the systematic uncertainties of the analysis. Validation 

5 A lepton that does not form an on-Z lepton pair with any other lepton in the 
event is called off-Z .

3



The ATLAS Collaboration Physics Letters B 824 (2022) 136832

Table 1
Overview of the regions defined for this analysis. The - symbols indicate that no requirements are made on 
the variable for that particular region. Additional requirements on SRs, described in the Other column, veto 
events that are used in the CR/VRs from entering into the SRs. The Z -pairs column denotes the number of 
non-overlapping lepton pairs that are same-flavour and oppositely charged and have a dilepton invariant mass 
within 10 GeV of the Z -boson mass of 91.2 GeV. The off-flavour � is the lepton in the 3� event that has a 
different flavour from the other two leptons; cuts requiring an off-flavour � are not applied if all three leptons 
are of the same flavour.

Region Particles Emiss
T Z-pairs Other

Signal regions

3� 3� < 50 GeV 1 veto event if mT < 80 GeV for off-Z �

3� > 50 GeV 1 veto event if mT < 80 GeV for off-Z �

3� < 50 GeV 0 veto event if mT < 40 GeV for off-flavour �

3� > 50 GeV 0 veto event if mT < 40 GeV for off-flavour �

3� SRs are divided into minv ranges of 0–200, 200–400, 400–600 and >600 GeV.

4� 4� < 50 GeV 1 -
4� > 50 GeV 1 -
4� - 0 -

4� SRs are divided in minv ranges of 0-400 and >400 GeV.

Fake-Factor Estimation Regions

e-fakes 1e < 25 GeV - jets ≥ 1
μ-fakes 1μ < 40 GeV - jets ≥ 2, at least 1 jet pT > 35 GeV, |	φ(μ, j)| > 2.7

Validation regions

3� On-Z eeμ + eμμ - 1 off-flavour �: mT < 40 GeV
3� Off-Z eeμ + eμμ - 0 2 SFOC leptons off-flavour �: mT < 40 GeV

Control regions

W Z 3� - 1 off-Z �: 40 < mT < 80 GeV
Z Z 4� - 2

regions (VRs) are used to confirm that the predictions for SM back-
ground processes are well-modelled.

A large group of BSM models predict the existence of at least 
one additional heavy lepton beyond the SM (e.g. Ref. [27]), either 
charged or neutral. Such theories often feature final states with 
one or more neutrinos, which due to being invisible to the de-
tector translates into a non-zero Emiss

T . This motivates a selection 
of SRs separated by a Emiss

T cut. A threshold of Emiss
T = 50 GeV

was chosen, which splits the phase space into regions where the 
Emiss

T originates mostly from detector resolution effects and regions 
where the Emiss

T is likely to be due to objects invisible to the de-
tector.

SRs are also categorised according to the presence or absence 
of at least one on-Z lepton pair, and are called on-Z and off-Z SRs 
respectively. No selection based on charge and flavour is made for 
these SRs beyond the SFOC pair needed for the on-Z region. Cer-
tain heavy BSM particles are expected to decay into lepton pairs 
without first decaying to an intermediate Z -boson (e.g. Ref. [28]). 
Off-Z SRs are expected to be sensitive to such signals while ex-
cluding the main prompt-lepton background contribution (lepton-
ically decaying W Z and Z Z vector-boson pairs, which are likely 
to be on-Z ). Furthermore, on-Z SRs include the few events where 
three leptons combine into multiple valid on-Z pairs.

SRs are further split according to the distribution of the in-
variant mass (minv) of all leptons in the event. Four divisions are 
established to construct the 3� regions: 0–200 GeV, 200–400 GeV, 
400–600 GeV, and >600 GeV. Two divisions are established for 
the 4� regions: 0–400 GeV and >400 GeV. This leads to 22 SRs in 
total.

Two CRs are defined: a 3� CR for the W Z background and a 
4� CR for the Z Z background. The W Z control region requires an 
on-Z lepton pair and a third off-Z lepton which has a transverse 
mass (mT, defined as mT = [2p�

T Emiss
T (1 −cos(	φ(�, Emiss

T )))]1/2), of 
40 < mT < 80 GeV, which captures leptons originating from a W -
boson decay. The Z Z control region requires four leptons to form 
two on-Z lepton pairs. The SRs are separated from the W Z CR 
through their flavour composition or by requiring mT > 80 GeV, 

and from the Z Z CR by vetoing events with 4 on-Z leptons. Both 
CRs are used to constrain the two normalisation factors of their 
corresponding backgrounds. These normalisation factors are free 
parameters in the statistical analysis.

A data-driven technique is used to estimate backgrounds with 
at least one fake lepton, referred to as the fake-lepton background, 
in the SRs, CRs and VRs. Fake leptons are either non-prompt lep-
tons or hadrons misidentified as leptons by the detector. The pri-
mary sources of such events are the Z + jets and tt̄ processes 
which have two prompt leptons and at least one fake lepton. The 
yield of fake-lepton background events is measured separately for 
electrons and muons using the fake-factor method, which is de-
scribed in Ref. [29]. Dedicated regions containing a single lepton 
candidate are established using data collected by the single-lepton 
triggers. Selection requirements for these regions are imposed to 
ensure a large number of events with fake leptons, in order to re-
duce the statistical uncertainty of this contribution. Requirements 
are based on the Emiss

T of the event (Emiss
T < 25 GeV for electrons, 

Emiss
T < 40 GeV for muons) and on the number of jets in the event 

(≥ 1 for the electron region, ≥ 2 for the muon region). For the 
muon, there must also be at least one jet ( j) with pT > 35 GeV
and 	φ(μ, j) > 2.7, called the tag jet. For each region, an adjacent 
‘anti-ID’ region is established, with orthogonal selection criteria 
of the identification and isolation algorithms. The anti-ID regions 
admit non-isolated electrons and muons, as well as isolated but
Loose [65] electrons, but veto events which satisfy the nominal 
selection criteria. The anti-ID selection is tuned for a large number 
of fake leptons, while the stringent working points of the nom-
inal selection suppress these fake leptons, to ensure the analysis 
is robust against fake-lepton contamination. A ratio is computed 
from the event rates of these two regions. This ratio is called the 
fake factor and is parameterised as a function of the pT and η of 
the lepton. An anti-ID region is also established for each signal, 
control and validation region of the analysis. These anti-ID regions 
use the same selection criteria, except that one or more of their 
leptons passes the alternative identification and isolation require-
ments. Using the fake factor, the yield of fake-lepton background 
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events is extrapolated from each anti-ID region to its nominal 
counterpart. Prompt backgrounds, estimated through MC methods 
and normalised to their theoretical cross sections, are subtracted 
from observed data in the fake-factor estimation regions prior to 
calculation of the fake factor, and in the anti-ID regions prior to 
extrapolation.

Certain subselections of eeμ + eμμ events are designated as 
on-Z and off-Z VRs. These are used to check that the computed 
fake factors transfer correctly from the regions where they are cal-
culated to the regions in which they are applied. The on-Z and 
off-Z VRs consist of different ratios of fake-lepton sources: the 
on-Z VR is more sensitive to Z +jets events than the off-Z region, 
while the reverse is true for tt̄ events. Furthermore, both VRs have 
a substantial W Z contribution which can be validated. In the off-Z
VR the proper modelling of the W Z MC simulation of off-shell Z
decays is confirmed. For this VR, a SFOC pair of off-Z leptons is 
required. Both validation regions target, through a mT requirement 
of mT(�, Emiss

T ) < 40 GeV, a third lepton that is likely to be fake. 
Only mixed-flavour final states are selected for these VRs so that 
the choice of the third lepton, assumed to be the fake lepton (or 
the lepton due to W -boson decay), is unambiguous.

6. Systematic uncertainties

Systematic uncertainties affect the precision of the predicted 
background contributions. Two classes of systematic uncertainties 
are defined: detector-related uncertainties, referred to as ‘experi-
mental’, and uncertainties in MC modelling of the processes, re-
ferred to as ‘theoretical’.

6.1. Experimental uncertainties

Multiple experimental uncertainties have been considered for 
this analysis, although only a small number of them have a sig-
nificant impact on the results. These uncertainties are discussed 
below.

The uncertainty in the combined 2015–2018 integrated lu-
minosity [76] is 1.7%, obtained using the LUCID-2 detector [77]
for the primary luminosity measurements. Uncertainties in the 
reweighting procedure applied to the simulation to bring its pile-
up multiplicity distribution into agreement with that in the data 
are also included, ranging between 0.5% and 1%.

For the leptons, uncertainties due to the measured momentum 
resolution and scale are taken into account [65,78]. Uncertainties 
in the reconstruction, identification and isolation efficiency scale 
factors that are used to correct for the difference between the MC 
simulation and data are also included. The impact of this set of 
uncertainties on the expected yield for the signal regions varies 
between 1% and 2%.

Sets of uncertainties in the jet energy scale and resolution are 
also included. These were derived from information taken from 
test-beam data, LHC collision data and simulation [71,79]. These 
uncertainties are small for all signal regions, with an impact be-
tween 0.2% and 0.9%.

Uncertainties associated with the above objects are propagated 
to an uncertainty in the hard term of the Emiss

T computation. Fur-
ther uncertainties affecting the Emiss

T that are included are un-
certainties in the offset and resolution of the soft term [80]. The 
impact of these ranges between no impact (for the 4�, off-Z re-
gion, which is insensitive to Emiss

T ) and 4% for the 4�, on-Z , 
Emiss

T > 50 GeV region.
Several systematic uncertainties on the fake factors are consid-

ered. First, there is an uncertainty due to limited number of events 
in the single-lepton region where the fake factors are calculated. 
Then, there is an uncertainty in the MC modelling of the dominant 
background contributions in the single-lepton region (the W +jets 

and Z+jets contributions). The fake-lepton background estimate is 
compared with an estimate obtained when using fake factors that 
consider events with and without b-jets [81], with the difference 
between the two estimates taken as an uncertainty. Finally, two 
uncertainties are included to address the bias caused by impos-
ing a Emiss

T upper bound in the fake-lepton estimation regions, and 
by a pT requirement on the tag jet in the fake-muon estimation 
regions. These uncertainties are estimated by varying the require-
ments on these variables upwards and downwards by 10 GeV. The 
impact of the fake-factor uncertainties on the total background 
prediction ranges between 0.1% (for the 4� regions, where there 
are very few fake-lepton events) and 1.6%.

6.2. Theoretical uncertainties

Theoretical uncertainties affect the MC-based background es-
timate of the multiboson and top-quark backgrounds. The main 
theoretical uncertainties considered for this analysis originate from 
the missing higher orders in the perturbative expansion of the par-
tonic cross-section, from PDF uncertainties and the choice of PDF, 
and from the uncertainty in the strong coupling constant (αs). 
The analysis follows the PDF4LHC recommendations [82] for the 
computation of these uncertainties. These uncertainties are uncor-
related between different background contributions. Other uncer-
tainties such as matching and merging uncertainties, hadronisation 
and parton-shower uncertainties are not included as this analysis 
is not directly sensitive to jets.

For the diboson and triboson processes, the contribution of 
missing higher-order diagrams is estimated by observing the dif-
ferences in the cross-section prediction when varying the renor-
malisation scale μr and factorisation scale μf . These scales are 
independently varied upwards and downwards by a factor of 
two [83], leaving out predictions where the terms are scaled in op-
posite directions. This leads to a total of seven scale variations. The 
total uncertainty is taken as the envelope of all variations, picking 
the variation with the largest value in each individual minv bin and 
region.

For the tt̄ X (X = W , Z , H) contributions to the top-quark back-
ground, the uncertainty due to missing higher orders is estimated 
in the same way as for the diboson and triboson uncertainties, us-
ing the envelope of the seven variations of μr and μf , while the 
PDF uncertainty is taken as the standard deviation of 100 replica 
variations. The impact of uncertainties in αs is taken from Ref. [84]. 
Predictions from alternative generators for tt̄W and tt̄ Z processes 
(Sherpa [39] for tt̄W , MadGraph5_aMC@NLO [51] interfaced with
Herwig 7 [85] for tt̄ Z ) are used in assessing an uncertainty due 
to the choice of generator; this uncertainty is found to have no 
impact on the final result. For the rare top-quark processes t Zq, 
tt̄W W and tt̄tt̄ , the scale and PDF uncertainties are taken as those 
associated with the computed NLO cross-section values reported in 
Ref. [51]. A more precise estimation of these uncertainties is con-
sidered unnecessary due to the minute contribution of these rare 
top-quark processes to the total background yield of this analysis.

The impact of the scale uncertainties on the total background 
estimate ranges between 5% and 15%; the SRs with high Emiss

T and 
minv requirements are at the high end of this range as the impact 
of higher-order diagrams is especially large there. The impact of 
the PDF uncertainty is around 2%–3%, with higher values (up to 
6%) in higher minv bins. The impact of the αs uncertainty is 1%–2%.

In general, the dominant sources of systematic uncertainty for 
this analysis are the theoretical uncertainties. Of these, the μr and 
μf scale uncertainty of the diboson backgrounds (W Z for the 3�

SRs, Z Z of the 4� SRs) has the largest effect. However, many SRs 
are still statistically limited. This is the case for the 4� SRs (except 
for the 4�, on-Z SRs with minv < 400 GeV); for the two 3� SRs 
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Fig. 1. Comparison between data and prediction for the minv distribution of the W Z (left) and Z Z (right) control regions after the fit to the data. The rightmost bin is 
inclusive and contains all events with minv > 500 GeV. ‘Fakes’ refers to the fake-lepton background. The hatched grey area shows the combination of all uncertainties in the 
analysis.

Fig. 2. Comparison between data and prediction for the Emiss
T distribution of the W Z (left) and Z Z (right) control regions after the fit to the data. The rightmost bin is 

inclusive and contains all events with Emiss
T > 300 GeV. ‘Fakes’ refers to the fake-lepton background. The hatched grey area shows the combination of all uncertainties in the 

analysis.

where Emiss
T < 50 GeV and minv > 400 GeV; and for the 3�, off-Z , 

Emiss
T > 50 GeV SR with minv > 600 GeV.

7. Statistical analysis and results

Each of the 22 SRs is treated in an individual, together with 
the CRs, cut-and-count experiment, and a statistical analysis is per-
formed independently for each region. For each of these analyses, 
the parameter of interest is the number of signal events in the cor-
responding SR: NS. The same W Z and Z Z control regions are used 
for all statistical analyses as well.

This analysis employs a maximum-likelihood technique, using 
the profile likelihood ratio (see, e.g., Ref. [86]) to estimate NS while 
also accounting for the various systematic uncertainties affecting 
the background predictions, which enter the likelihood expression 
as nuisance parameters (NP) �θ . The likelihood for each SR is the 
product of Poisson probability terms P(n|μ) for the single SR and 

multiple control region bins. The predicted number of events in 
each region is expressed in terms of the W Z and Z Z background 
normalisation factors kW Z and kZ Z , the nuisance parameters and, 
in the case of the SR, NS. For each systematic uncertainty, indexed 
by l, the likelihood formula is multiplied by a constraint term, 
which is a standard Gaussian response function G(0|θl, σl) with 
mean and standard deviation equal to the central value of the nui-
sance parameter and its uncertainty, respectively. The likelihood 
therefore takes the form:

L =P(NSR|NS + kW Z NSR
W Z (�θ) + kZ Z NSR

Z Z (�θ) +
∑

j∈bg

NSR
j (�θ))

×
∏

i∈W Z , Z Z CR bins

P(Ni |kW Z Ni
W Z (�θ) + kZ Z Ni

Z Z (�θ)

+
∑

j∈bg

Ni
j(

�θ)) ×
∏

l∈NP

G(0|θl,σl),
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Fig. 3. Comparison between data and prediction for the minv distribution of the on-Z (left) and off-Z (right) validation regions after the fit to the data. The rightmost bin is 
inclusive and contains all events with minv > 500 GeV. ‘Fakes’ refers to the fake-lepton background. The hatched grey area shows the combination of all uncertainties in the 
analysis.

Fig. 4. Comparison between data and prediction in each signal region of this analysis after the profile likelihood fit has been performed. ‘Fakes’ refers to the fake-lepton 
background. The hatched grey area shows the combination of all uncertainties in the analysis.

where the index j runs over all background contributions other 
than W Z and Z Z . Many sources of uncertainty affect the pre-
dictions in both the SR and the CRs. The correlations between 
predictions in the different regions are accounted for by a common 
dependence on the associated nuisance parameter(s). The impact 
of these may vary between control and signal regions, particularly 
for the dominant systematic uncertainties (which are the diboson 
scale uncertainties).

7.1. Likelihood fit to data

Figs. 1–3 show comparisons between data and predictions for 
CRs and VRs after performing a likelihood fit to the CRs. The values 
of the normalisation factors are obtained from a binned CR-only 
fit (i.e. its likelihood formula does not include a term for any sig-
nal region) to the distributions in Fig. 1. The normalisation factors 

are found to be 0.98 ± 0.07 for the W Z background, consistent 
with the generator cross-section, and 1.05 ± 0.09 for the Z Z back-
ground, which is consistent with previous measurements of the 
event yield of on-shell Z Z decays [75]. Furthermore, the VRs show 
good agreement between data and background, indeed validating 
the off-shell W Z modelling and the understanding of the fake-
lepton background.

Fig. 4 shows all SRs with the observed data and post-fit back-
ground yields. The event yields obtained by comparing the mea-
sured data with the expected background are shown, after per-
forming the fitting procedure, in Table 2 for the 3� signal regions, 
and in Table 3 for the 4� signal regions.

The assumed number of signal events NS is allowed to float 
freely. It is determined independently for each SR and is not re-
quired to be positive. Given that the SR is not binned, it does not 
add further degrees of freedom and hence does not constrain the 
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Table 2
Summary of the event yields for all background contributions to the 3� sig-
nal regions after the combined likelihood fit has been performed. The observed 
data for each signal region are also given. ‘Fakes’ refers to the fake-lepton back-
ground. The ‘Total’ row gives the sum of event counts of all individual Standard 
Model contributions. The ‘Signal’ row gives the remaining discrepancy between 
the sum of backgrounds and observed data. The total uncertainty in the event 
yield is given for each background contribution, for the total Standard Model 
prediction and for the best-fit value of the signal contribution. It should be 
noted that the uncertainty in the total background prediction cannot be ob-
tained as a sum in quadrature of the uncertainties in its contributions, due to 
statistical correlations.

3�, On-Z , Emiss
T < 50 GeV

Sample <200 GeV 200–400 GeV 400–600 GeV >600 GeV

Top 31.1 ± 3.2 22.5 ± 2.8 2.9 ± 0.5 0.53 ± 0.11
Triboson 1.47 ± 0.16 1.58 ± 0.18 0.30 ± 0.05 0.13 ± 0.02
WZ 1168 ± 25 787 ± 19 89.6 ± 3.3 25.8 ± 1.7
ZZ 320 ± 13 230 ± 9 29.4 ± 1.5 9.6 ± 0.9
Fakes 91 ± 9 45 ± 7 9.2 ± 2.5 3.4 ± 0.9

Total 1612 ± 26 1087 ± 19 131 ± 4 39.5 ± 2.1
Data 1604 1061 124 26

Signal -8 ± 48 -26 ± 38 -7 ± 12 -13 ± 5

3�, On-Z , Emiss
T > 50 GeV

Sample <200 GeV 200–400 GeV 400–600 GeV >600 GeV

Top 217 ± 19 174 ± 18 30.2 ± 3.4 8.8 ± 1.2
Triboson 11.2 ± 1.4 10.6 ± 1.4 2.5 ± 0.4 1.21 ± 0.21
WZ 2589 ± 216 1650 ± 162 246 ± 25 84 ± 8
ZZ 295 ± 41 186 ± 24 32 ± 4 12.1 ± 1.5
Fakes 112 ± 16 61 ± 11 14.8 ± 3.3 10.0 ± 1.8

Total 3224 ± 235 2082 ± 172 325 ± 27 116 ± 9
Data 2982 1985 313 95

Signal -242 ± 249 -97 ± 183 -12 ± 33 -21 ± 13

3�, Off-Z , Emiss
T < 50 GeV

Sample <200 GeV 200–400 GeV 400–600 GeV >600 GeV

Top 47 ± 4 50 ± 5 8.1 ± 0.8 2.00 ± 0.27
Triboson 5.4 ± 0.5 9.2 ± 0.9 2.29 ± 0.26 1.08 ± 0.17
WZ 437 ± 9 401 ± 10 73.7 ± 3.0 29.1 ± 1.2
ZZ 222 ± 11 126 ± 7 19.9 ± 1.5 7.0 ± 0.9
Fakes 272 ± 16 92 ± 10 16.1 ± 3.0 6.3 ± 1.4

Total 983 ± 19 679 ± 14 120 ± 4 45.5 ± 2.1
Data 978 689 92 46

Signal -5 ± 37 10 ± 30 -28 ± 10 0 ± 7

3�, Off-Z , Emiss
T > 50 GeV

Sample <200 GeV 200–400 GeV 400–600 GeV >600 GeV

Top 126 ± 11 156 ± 14 38 ± 4 12.6 ± 1.7
Triboson 11.6 ± 1.3 21.4 ± 2.8 7.5 ± 1.1 4.1 ± 0.6
WZ 445 ± 34 439 ± 30 101 ± 6 53 ± 4
ZZ 107 ± 12 59 ± 6 15.6 ± 1.7 6.7 ± 0.8
Fakes 263 ± 19 112 ± 14 24 ± 4 4.9 ± 1.2

Total 953 ± 44 788 ± 38 186 ± 9 81 ± 5
Data 944 813 188 70

Signal -9 ± 55 25 ± 48 2 ± 16 -11 ± 10

backgrounds further; the post-fit background values for every SR 
are therefore always the same as those of the CR-only fit, with 
NS adjusted to make up for the difference between the total back-
ground and the observed data in the SR.

For each SR a fit finds the number of signal events (N̂S) and, 
from the parabolic behaviour of the log-likelihood around its max-
imum, its associated uncertainty (	N̂S). From these values a signif-
icance can be computed, defined as Z = N̂S/	N̂S so that negative 
significance is associated with negative signal yields. The signifi-

cances for all SRs are given in Table 4. In this analysis, all SRs have 
a significance below |Z | < 3.

7.2. Visible cross-section limits

No significant excess was found in any of the signal regions. 
Limits on the number of signal events are set. The CLS method [87]
is used to ascertain upper limits in the signal regions. Assumptions 
made about the test statistic are based on the works of Wilks [88]
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Table 3
Summary of the event yields for all background contributions to the 4� signal regions 
after the combined likelihood fit has been performed. The observed data for each signal 
region are also given. ‘Fakes’ refers to the fake-lepton background. The ‘Total’ row gives 
the sum of event counts of all individual Standard Model contributions. The ‘Signal’ row 
gives the remaining discrepancy between the sum of backgrounds and observed data. The 
total uncertainty in the event yield is given for each background contribution, for the total 
Standard Model prediction and for the best-fit value of the signal contribution. It should 
be noted that the uncertainty in the total background prediction cannot be obtained as a 
sum in quadrature of the uncertainties in its contributions, due to statistical correlations.

4�, On-Z , Emiss
T < 50 GeV

Sample 0–400 GeV >400 GeV

Top 6.0 ± 0.8 2.1 ± 0.4
Triboson 1.56 ± 0.15 1.10 ± 0.12
ZZ 159 ± 8 33.1 ± 1.9
Fakes 1.9 ± 2.1 0.3 ± 0.7

Total 169 ± 8 36.5 ± 2.1
Data 185 39

Signal 16 ± 16 2 ± 7

4�, On-Z , Emiss
T > 50 GeV

Sample 0–400 GeV >400 GeV

Top 20.6 ± 2.2 13.8 ± 1.7
Triboson 3.6 ± 0.5 3.7 ± 0.6
ZZ 31 ± 4 15.6 ± 1.8
Fakes 2.2 ± 1.5 2.5 ± 1.3

Total 57 ± 5 35.5 ± 2.9
Data 75 36

Signal 18 ± 10 0 ± 7

4�, Off-Z

Sample 0–400 GeV >400 GeV

Top 5.9 ± 0.7 3.5 ± 0.5
Triboson 0.51 ± 0.06 0.55 ± 0.08
ZZ 21.3 ± 0.9 7.6 ± 0.4
Fakes 0.7 ± 1.1 1.5 ± 1.0

Total 28.4 ± 1.6 13.2 ± 1.2
Data 29 9

Signal 1 ± 6 -4.2 ± 3.1

Table 4
Local significance of the value of the parameter of interest for each signal region after per-
forming the combined likelihood fit, defined as Z = N̂S/	N̂S .

SR 0–200 GeV 200–400 GeV 400–600 GeV >600 GeV

3�, On-Z , Emiss
T < 50 GeV −0.2 −0.7 −0.6 −2.5

3�, On-Z , Emiss
T > 50 GeV −1.0 −0.5 −0.4 −1.6

3�, Off-Z , Emiss
T < 50 GeV −0.1 0.3 −2.7 0.1

3�, Off-Z , Emiss
T > 50 GeV −0.2 0.5 0.2 −1.2

SR 0–400 GeV >400 GeV

4�, On-Z , Emiss
T < 50 GeV 1.0 0.4

4�, On-Z , Emiss
T > 50 GeV 1.8 0.1

4�, Off-Z 0.1 −1.3

Fig. 5. The expected and observed 95% CL upper limits for each signal region of this analysis expressed in terms of the visible cross-section σvis .
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Table 5
Expected and observed cross-section exclusion limits at 95% CL for representative mass values of the two selected models. 
Also the most sensitive bin, which was used to obtain these limits for each case, is listed, along with the signal acceptance 
times efficiency in this region (denoted by A × ε).

Model Mass [GeV] Best single SR minv A × ε σ 95
exp [fb] σ 95

obs [fb]

Type-III Seesaw 400 3�, Off-Z , Emiss
T > 50 GeV > 600 GeV 0.0036 41 +17−11 27

700 3�, Off-Z , Emiss
T > 50 GeV > 600 GeV 0.012 12 +5−3 8.8

H±± 300 4�, Off-Z > 400 GeV 0.37 0.18 +0.08−0.05 0.12

500 4�, Off-Z > 400 GeV 0.40 0.16 +0.07−0.05 0.11

and Wald [89]. Specifically, it is assumed that the test statistic 
asymptotically approaches a χ2 distribution with one degree of 
freedom for a large number of events [90].

Expected and observed 95% CL upper limits are presented for 
the visible cross-section σvis, which is calculated by dividing the 
upper limit on the total number of events (N95) by the integrated 
luminosity L of the collected data: σvis = N95/L. These limits are 
given for all SRs in Fig. 5. Visible cross-section limits in this figure 
can be reinterpreted as limits on specific physics models as long as 
the selection efficiency and acceptance of the model (including any 
uncertainties in these values) for a specific SR definition used in 
this analysis is known. By dividing the visible cross-section limits 
given here by this efficiency and acceptance, upper limits on the 
cross-section can be derived from this analysis.

7.3. Model-specific limits

The results are interpreted for two particular BSM models pre-
viously studied by dedicated analyses. The purpose of this in-
terpretation is to compare the results obtained by this model-
independent search with those from a dedicated search. Studied 
models are the Type-III seesaw model described in Ref. [17] and 
the search for doubly charged Higgs boson production described 
in Ref. [21]. The chosen parameters of the models studied in this 
section are at parity with the referenced analyses, but only two 
representative particle mass hypotheses are chosen for each mod-
els: 400 GeV and 700 GeV for the heavy lepton in the Type-III 
seesaw model, and 300 GeV and 500 GeV for the H±± particles. 
These masses are chosen to cover a range of masses corresponding 
to the simulated models available and the published limits avail-
able for comparison.

The signal regions and background predictions remain the same 
as described earlier in this Letter. Using these models, all of the 
signal regions in these analyses are studied to find the region with 
the best limit-setting power, judged by the value of the expected 
limit. The best signal region and the corresponding expected and 
observed limits found by this analysis are given in Table 5. To 
convert the limits from the model-independent analysis to limits 
on the cross-section of the signal model considered, only a cor-
rection for acceptance effects and selection efficiency is applied. 
This procedure ignores uncertainties in these quantities; however, 
the experimental uncertainties on the expected signal yields in the 
most sensitive regions are not larger than a few percent.

The Type-III seesaw model analysis [17] presents an expected 
95% CL cross-section upper limit of 22+8.5−6.4 fb for mL = 400 GeV
and 7.5+3.1−1.8 fb for mL = 700 GeV for the full Run 2 dataset with 
an integrated luminosity of 139 fb−1, although it only tests dilep-
ton final states. These limits are more stringent than those derived 
with the analysis presented in this paper that correspond to 41 
and 12 fb, respectively. The doubly-charged Higgs boson analy-
sis [21] presents an expected 95% CL cross-section upper limit for 
the four-lepton final state of 0.16+0.14−0.07 fb for mH±± = 300 GeV and 
0.14+0.13−0.07 fb for mH±± = 500 GeV. These limits are comparable to 
those when using the best limit of a single SR of this analysis. 

However, the upper limits in Ref. [21] are obtained using only 2015 
and 2016 ATLAS data, corresponding to an integrated luminosity of 
36.1 fb−1.

8. Conclusion

In this paper, a model-independent search targeting final states 
with three or four light leptons is presented using 139 fb−1 of √

s = 13 TeV pp collision data collected by the ATLAS detector at 
the LHC from 2015 to 2018. The analysis offers a wide coverage of 
the 3� and 4� phase space. The measured data of 3� and 4� events 
is tested for potential indicators of physics beyond the Standard 
Model. By categorising the targeted phase space according to the 
number of leptons, the missing transverse momentum, the pres-
ence of a lepton pair originating from a Z -boson decay, and the 
invariant mass of the leptons in the event, a total of 22 signal 
regions are defined. Each signal region is analysed independently 
using a profile likelihood fit. Control regions were established to 
extract the normalisations of the primary background processes.

No significant deviations from the Standard Model expectation 
are found in the data. In the absence of a detected signal, upper 
limits at the 95% CL are provided in terms of the visible cross-
sections. The expected upper limits can be interpreted by dedi-
cated analyses as long as the efficiency and acceptance of their 
signal model in a particular signal region is known. The analysis is 
interpreted using simulated signal models for heavy leptons from 
the Type-III seesaw mechanism [17] and a doubly charged Higgs 
boson model [21].
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A. Gongadze 77, F. Gonnella 19, J.L. Gonski 37, S. González de la Hoz 170, S. Gonzalez Fernandez 12, 
R. Gonzalez Lopez 88, C. Gonzalez Renteria 16, R. Gonzalez Suarez 168, S. Gonzalez-Sevilla 52, 
G.R. Gonzalvo Rodriguez 170, R.Y. González Andana 143a, L. Goossens 34, N.A. Gorasia 19, 
P.A. Gorbounov 121, H.A. Gordon 27, B. Gorini 34, E. Gorini 65a,65b, A. Gorišek 89, A.T. Goshaw 47, 
M.I. Gostkin 77, C.A. Gottardo 116, M. Gouighri 33b, V. Goumarre 44, A.G. Goussiou 145, N. Govender 31c, 
C. Goy 4, I. Grabowska-Bold 81a, K. Graham 32, E. Gramstad 130, S. Grancagnolo 17, M. Grandi 153, 
V. Gratchev 134, P.M. Gravila 25f, F.G. Gravili 65a,65b, H.M. Gray 16, C. Grefe 22, I.M. Gregor 44, P. Grenier 150, 
K. Grevtsov 44, C. Grieco 12, N.A. Grieser 125, A.A. Grillo 142, K. Grimm 29,m, S. Grinstein 12,x, J.-F. Grivaz 62, 
S. Groh 97, E. Gross 176, J. Grosse-Knetter 51, Z.J. Grout 92, C. Grud 103, A. Grummer 115, J.C. Grundy 131, 
L. Guan 103, W. Guan 177, C. Gubbels 171, J. Guenther 34, J.G.R. Guerrero Rojas 170, F. Guescini 112, 
D. Guest 17, R. Gugel 97, A. Guida 44, T. Guillemin 4, S. Guindon 34, J. Guo 58c, L. Guo 62, Y. Guo 103, 
R. Gupta 44, S. Gurbuz 22, G. Gustavino 125, M. Guth 50, P. Gutierrez 125, L.F. Gutierrez Zagazeta 133, 
C. Gutschow 92, C. Guyot 141, C. Gwenlan 131, C.B. Gwilliam 88, E.S. Haaland 130, A. Haas 122, 
M. Habedank 17, C. Haber 16, H.K. Hadavand 7, A. Hadef 97, M. Haleem 173, J. Haley 126, J.J. Hall 146, 
G. Halladjian 104, G.D. Hallewell 99, L. Halser 18, K. Hamano 172, H. Hamdaoui 33e, M. Hamer 22, 
G.N. Hamity 48, K. Han 58a, L. Han 13c, L. Han 58a, S. Han 16, Y.F. Han 163, K. Hanagaki 79,v, M. Hance 142, 
M.D. Hank 35, R. Hankache 98, E. Hansen 94, J.B. Hansen 38, J.D. Hansen 38, M.C. Hansen 22, P.H. Hansen 38, 
K. Hara 165, T. Harenberg 178, S. Harkusha 105, Y.T. Harris 131, P.F. Harrison 174, N.M. Hartman 150, 
N.M. Hartmann 111, Y. Hasegawa 147, A. Hasib 48, S. Hassani 141, S. Haug 18, R. Hauser 104, M. Havranek 138, 
C.M. Hawkes 19, R.J. Hawkings 34, S. Hayashida 114, D. Hayden 104, C. Hayes 103, R.L. Hayes 171, 
C.P. Hays 131, J.M. Hays 90, H.S. Hayward 88, S.J. Haywood 140, F. He 58a, Y. He 161, Y. He 132, M.P. Heath 48, 
V. Hedberg 94, A.L. Heggelund 130, N.D. Hehir 90, C. Heidegger 50, K.K. Heidegger 50, W.D. Heidorn 76, 
J. Heilman 32, S. Heim 44, T. Heim 16, B. Heinemann 44,ai, J.G. Heinlein 133, J.J. Heinrich 128, L. Heinrich 34, 
J. Hejbal 137, L. Helary 44, A. Held 122, S. Hellesund 130, C.M. Helling 142, S. Hellman 43a,43b, C. Helsens 34, 
R.C.W. Henderson 87, L. Henkelmann 30, A.M. Henriques Correia 34, H. Herde 150, 
Y. Hernández Jiménez 152, H. Herr 97, M.G. Herrmann 111, T. Herrmann 46, G. Herten 50, 
R. Hertenberger 111, L. Hervas 34, N.P. Hessey 164a, H. Hibi 80, S. Higashino 79, E. Higón-Rodriguez 170, 
K.K. Hill 27, K.H. Hiller 44, S.J. Hillier 19, M. Hils 46, I. Hinchliffe 16, F. Hinterkeuser 22, M. Hirose 129, 
S. Hirose 165, D. Hirschbuehl 178, B. Hiti 89, O. Hladik 137, J. Hobbs 152, R. Hobincu 25e, N. Hod 176, 
M.C. Hodgkinson 146, B.H. Hodkinson 30, A. Hoecker 34, J. Hofer 44, D. Hohn 50, T. Holm 22, T.R. Holmes 35, 
M. Holzbock 112, L.B.A.H. Hommels 30, B.P. Honan 98, T.M. Hong 135, J.C. Honig 50, A. Hönle 112, 
B.H. Hooberman 169, W.H. Hopkins 5, Y. Horii 114, P. Horn 46, L.A. Horyn 35, S. Hou 155, J. Howarth 55, 
J. Hoya 86, M. Hrabovsky 127, A. Hrynevich 106, T. Hryn’ova 4, P.J. Hsu 61, S.-C. Hsu 145, Q. Hu 37, S. Hu 58c, 
Y.F. Hu 13a,13d,am, D.P. Huang 92, X. Huang 13c, Y. Huang 58a, Y. Huang 13a, Z. Hubacek 138, F. Hubaut 99, 

15



The ATLAS Collaboration Physics Letters B 824 (2022) 136832

M. Huebner 22, F. Huegging 22, T.B. Huffman 131, M. Huhtinen 34, R. Hulsken 56, N. Huseynov 77,ab, 
J. Huston 104, J. Huth 57, R. Hyneman 150, S. Hyrych 26a, G. Iacobucci 52, G. Iakovidis 27, I. Ibragimov 148, 
L. Iconomidou-Fayard 62, P. Iengo 34, R. Ignazzi 38, O. Igonkina 117, R. Iguchi 160, T. Iizawa 52, Y. Ikegami 79, 
A. Ilg 18, N. Ilic 163, H. Imam 33a, G. Introzzi 68a,68b, M. Iodice 72a, V. Ippolito 70a,70b, M. Ishino 160, 
W. Islam 126, C. Issever 17,44, S. Istin 11c,an, J.M. Iturbe Ponce 60a, R. Iuppa 73a,73b, A. Ivina 176, J.M. Izen 41, 
V. Izzo 67a, P. Jacka 137, P. Jackson 1, R.M. Jacobs 44, B.P. Jaeger 149, C.S. Jagfeld 111, G. Jäkel 178, 
K.B. Jakobi 97, K. Jakobs 50, T. Jakoubek 176, J. Jamieson 55, K.W. Janas 81a, G. Jarlskog 94, A.E. Jaspan 88, 
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G. Mancini 49, J.P. Mandalia 90, I. Mandić 89, L. Manhaes de Andrade Filho 78a, I.M. Maniatis 159, 
M. Manisha 141, J. Manjarres Ramos 46, K.H. Mankinen 94, A. Mann 111, A. Manousos 74, B. Mansoulie 141, 
I. Manthos 159, S. Manzoni 117, A. Marantis 159,w, L. Marchese 131, G. Marchiori 132, M. Marcisovsky 137, 
L. Marcoccia 71a,71b, C. Marcon 94, M. Marjanovic 125, Z. Marshall 16, S. Marti-Garcia 170, T.A. Martin 174, 
V.J. Martin 48, B. Martin dit Latour 15, L. Martinelli 72a,72b, M. Martinez 12,x, P. Martinez Agullo 170, 
V.I. Martinez Outschoorn 100, S. Martin-Haugh 140, V.S. Martoiu 25b, A.C. Martyniuk 92, A. Marzin 34, 
S.R. Maschek 112, L. Masetti 97, T. Mashimo 160, R. Mashinistov 108, J. Masik 98, A.L. Maslennikov 119b,119a, 
L. Massa 21b, P. Massarotti 67a,67b, P. Mastrandrea 69a,69b, A. Mastroberardino 39b,39a, T. Masubuchi 160, 
D. Matakias 27, T. Mathisen 168, A. Matic 111, N. Matsuzawa 160, J. Maurer 25b, B. Maček 89, 
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