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Abstract A search for pair production of doubly charged
Higgs bosons (H*%), each decaying into a pair of prompt,
isolated, and highly energetic leptons with the same electric
charge, is presented. The search uses a proton—proton colli-
sion data sample at a centre-of-mass energy of 13 TeV cor-
responding to an integrated luminosity of 139 fb~! recorded
by the ATLAS detector during Run 2 of the Large Hadron
Collider (LHC). This analysis focuses on same-charge lep-
tonic decays, H¥* — (*¢'* where ¢,¢' = e, pu, 1, in
two-, three-, and four-lepton channels, but only considers
final states which include electrons or muons. No evidence
of a signal is observed. Corresponding upper limits on the
production cross-section of a doubly charged Higgs boson
are derived, as a function of its mass m (H idE), at 95% confi-
dence level. Assuming that the branching ratios to each of the
possible leptonic final states are equal, B(H** — e*e®) =
B(Hii N €iﬂi) — B(Hii — Miﬂi) — B(Hii N
ettty = B(HT - ptet) = B(HT — t%¢%) = 1/6,
the observed (expected) lower limit on the mass of a doubly
charged Higgs bosonis 1080 GeV (1065 GeV) within the left-
right symmetric type-II seesaw model, which is the strongest
limit to date produced by the ATLAS Collaboration. Addi-
tionally, this paper provides the first direct test of the Zee—
Babu neutrino mass model at the LHC, yielding an observed
(expected) lower limit of m(H*%) = 900 GeV (880 GeV).
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1 Introduction

In the Standard Model (SM), no doubly charged bosons
are present. However, various theories beyond the Stan-
dard Model (BSM theories), namely type-II seesaw mod-
els [1-6], left-right symmetric models (LRSMs) [7-12],
the Zee—Babu neutrino mass model [13-15], 3-3-1 mod-
els [16], and the Georgi—Machacek model [17], predict the
existence of doubly charged bosons decaying into same-
charge lepton pairs. In left-right symmetric models based
on the SUQ2)p x SUR)g x U(1)p_p symmetry, Higgs
multiplets Ay and A transforming, respectively, as triplets
under SU(2)r and SU (2) g gauge symmetries, contain dou-
bly charged Higgs bosons, termed H Lii and Hf;i. Doubly
charged Higgs particles can therefore couple to either left-
handed or right-handed leptons. The cross-section for the
Drell-Yan production of H L+ *H 1 is afactor of about two
larger than for the H; " Hy ™ production, due to the differ-
ent couplings to the Z boson [18]. Since the Hfi particle is
common to LRSMs and the canonical type-II seesaw model,
the results can be directly interpreted in both. In the Zee—
Babu case, two complex scalar SU(2)y singlets are pro-
posed within the SM gauge group, where one of them is
doubly charged and is usually denoted by k**. As it has
the same quantum numbers as the H Ij{i from LRSMs, their
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Fig. 1 Feynman diagram of the pair production process pp —
H**+ H~~. While the analysis allows for H** decays into all lepton
flavour combinations, it only studies electrons and muons in the final
states

electroweak production is the same.! It was recently shown
that for the Drell-Yan production mechanism studied in this
analysis, cross-sections and differential scalar distributions
in the Zee—-Babu and type-II seesaw models differ at most
by a normalisation factor when all theoretical inputs are the
same [19]. If not stated explicitly, H** represents any of the
H fi, H];—Li, or k** particles throughout the paper.

The Feynman diagram of the Drell-Yan pair production
mechanism considered in this analysis is shown in Fig. 1.

At the LHC, other mechanisms such as vector-boson
fusion, gluon—gluon fusion, and photon-initiated [20] pro-
cesses are less important than Drell-Yan production [18] in
the mass range of interest for this paper, which is 400 GeV
to 1300 GeV.

The ATLAS Collaboration previously analysed data cor-
responding to an integrated luminosity of 36.1fb~! from
/s = 13 TeV pp collisions at the LHC during the 2015 and
2016 data-taking periods. Masses of doubly charged Higgs
bosons were excluded up to 870 GeV for Hfi and up to
760 GeV for Hiz* at 95% confidence level (CL) [21].
The CMS Collaboration performed a similar search using
/s =7 TeV pp collisions collected during Run 1 [22], estab-
lishing lower bounds on the H** mass between 204 GeV
and 459 GeV in the 100% branching fraction scenarios,
depending on the flavour content of the two-lepton final
states. A complementary analysis from the ATLAS Collab-
oration searched for doubly charged Higgs bosons in the
H** — W*W%* decay channel using the whole 139 fb!
dataset from Run 2 of the LHC and excluded H** masses
up to 350 GeV [23].

The doubly charged Higgs boson can decay to W W or
20 (£, ¢ =e, u, 1),depending on the vacuum expectation
value of the Ay Higgs triplet, va [5]. In this paper, it is
assumed that v is smaller than 1078 GeV. Therefore, only

! In principle, the H;ti also couples to a Z’ boson, which makes their
production cross-sections distinguishable. However, the Z’ boson is
assumed to have a mass that is well beyond the energy reach of the
LHC, thus making its effects negligible.

@ Springer

leptonic decays of doubly charged Higgs bosons, H*+ —
0E 0%, are relevant.

A measurement of same-charge lepton pairs is sensitive
to the same-charge partial decay width of H** given by:

h,
D(H* — 50%) = k%m(Hii), (1)

with k = 2 if the two leptons have the same flavour and
k = 1 if their flavours are different. The factor &y has an
upper bound that depends on the flavour combination [24,25]
but it is set to an allowed value h,pr = 0.02 for all flavour
combinations in this analysis. This choice corresponds to
prompt decays of the H** bosons and, according to Eq. (1),
results in a mean proper decay length ct ~ 10 fm across the
whole H** mass range considered in this search. In general,
there is no preference for decays into heavier leptons, as the
coupling is not proportional to the lepton mass as it is for
the SM Higgs boson. Therefore, the couplings of H*™ to all
three SM charged leptons (e, u, t) were assumed to be the
same.

It is worth stressing that lepton-flavour-violating decays
such as H¥+ — eiui, H** — ,uiti or H¥t — ¢*¢*
are also allowed by the model. This fact connects high-energy
searches at LHC with low-energy neutrinoless double beta
decay searches [26].

The analysis presented in this paper searches for leptonic
decays H** — ¢*¢'* of doubly charged Higgs boson pairs,
resulting in same-charge lepton pairs in final states with two,
three or four leptons. Since these events are produced very
rarely in proton—proton (pp ) collisions by SM processes,
same-charge lepton pairs represent a striking signature for
BSM physics. The analysis only considers light leptons (e
and ) in the two-, three- and four-lepton final states, thereby
including leptonic 7 decays, using the whole 139 fb~! dataset
from Run 2 of the LHC. The assumption that the branching
ratios to each of the possible leptonic final states are equal,
B(H* — e*et) = B(H* — e¢tut) = B(H** —
ui,ui) — B(H:I:i N ej:.[:l:) — B(Hj::l: — M:I:.,_,:t) —
BH* — t*r%) = 1/6, is made. To estimate the com-
patibility of the data with the SM expectations, as well as to
extract upper limits on the H** mass at 95% CL, a binned
maximum-likelihood fit to data is performed in all control
and signal regions, described in Sect. 4. A simultaneous fit to
the distribution of the invariant mass of the two same-charge
leptons with the highest pr in the event is implemented in
the two- and three-lepton regions, while a single-bin event
yield is used in the four-lepton regions, merging two-lepton
channels to obtain the best sensitivity.

This paper is organised as follows. The ATLAS detector is
described in Sect. 2, the data and simulated events used in the
analysis are outlined in Sect. 3, and the event reconstruction
procedure and the analysis strategy are detailed in Sect. 4. The
background estimation is presented in Sect.5, and the sys-
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tematic uncertainties are described in Sect. 6. Finally, results
and their statistical interpretation are presented in Sect.7,
followed by the conclusions in Sect. 8.

2 ATLAS detector

The ATLAS detector [27] is a multipurpose particle detector
covering nearly 47 in solid angle in one of the pp interac-
tion regions of the LHC. It consists of several subdetectors
assembled with a cylindrical symmetry coaxial with the beam
axis.? The inner detector (ID) surrounding the beam pipe is
immersed in a 2 T solenoidal magnetic field and provides
charged-particle tracking in the range || < 2.5. Starting
from the beam pipe and going outwards, the ID is com-
posed of a high-granularity silicon pixel detector that typ-
ically provides four measurements per track, the first hit nor-
mally being in the insertable B-layer installed before Run 2
[28,29], a silicon microstrip tracker, and a transition radia-
tion tracker (TRT) that covers the region up to || = 2.0.
The TRT also provides electron identification information
based on the fraction of hits (typically 30 in total) above a
higher energy-deposit threshold corresponding to transition
radiation.

Outside the thin superconducting solenoid, the calorimeter
system covers the pseudorapidity range |n| < 4.9. Within the
region |n| < 3.2, electromagnetic calorimetry is provided by
barrel and endcap high-granularity lead/liquid-argon (LAr)
calorimeters, with an additional thin LAr presampler cover-
ing |n| < 1.8 to correct for energy loss in material upstream
of the calorimeters. Hadron calorimetry is provided by the
steel/scintillator-tile calorimeter, segmented into three barrel
structures within || < 1.7 and two copper/LAr hadron end-
cap calorimeters. The solid angle coverage is completed with
forward copper/LAr and tungsten/LAr calorimeter modules
optimised for electromagnetic and hadronic energy measure-
ments respectively.

In the outer part of the ATLAS detector, the muon spec-
trometer (MS) covers the region |n| < 2.7 with three layers
of precision tracking chambers. These consist of monitored
drift tubes except in the innermost layer at 2.0 < |n| < 2.7,
where cathode-strip chambers are used to cope with the much
higher rate of background particles. The muon trigger system
covers the range |n| < 2.4 with resistive-plate chambers in
the barrel, and thin-gap chambers in the endcap regions. The

2 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, @) 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 = /(A2 + (A¢)2.

MS is immersed in a magnetic field produced by three large
superconducting air-core toroidal magnets with eight coils
each. The field integral of the toroids ranges between 2.0 and
6.0 Tm across most of the detector.

A two-level trigger system selects events that are of inter-
est for the ATLAS physics programme [30]. The first-level
trigger is implemented in hardware and reduces the event rate
to below 100 kHz. A software-based trigger further reduces
this to a recorded event rate of approximately 1 kHz.

An extensive software suite [31]is used in data simulation,
in the reconstruction and analysis of real and simulated data,
in detector operations, and in the trigger and data acquisition
systems of the experiment.

3 Dataset and simulated event samples

This analysis uses data from pp collisions occurring every
25 ns at /s = 13 TeV, collected during Run 2 of the
LHC from 2015 to 2018. Events selected for analysis are
required to pass standard data-quality requirements [32] and
they amount to a total integrated luminosity of 139 fb~!. The
uncertainty in the combined 2015-2018 integrated luminos-
ity is 1.7% [33], obtained using the LUCID-2 detector [34]
for the primary luminosity measurements. Events were col-
lected using two-lepton triggers that select pairs of electrons
[35] or muons [36] or electron—muon combinations [35]. The
transverse momentum (pt) thresholds of the unprescaled
two-lepton triggers were raised during Run 2 because of the
increasing luminosity of the colliding beams but were never
higher than 24 GeV (24 GeV) for the (sub-)leading electron
or 22 GeV (14 GeV) for the (sub-)leading muon.

Monte Carlo (MC) methods were used to model signal
and background events. The GEANT4 toolkit [37] was used
to simulate the response of the ATLAS detector [38]. Sim-
ulated events were reconstructed with the same algorithms
as those applied to data [31] and were corrected with cal-
ibration factors to better match the performance measured
in data. The various tools and set-ups used to simulate the
different processes are summarised in Table 1. To minimise
the impact of the theoretical uncertainties on the final result,
the normalisation of the MC samples that model the domi-
nant backgrounds is considered a free parameter in the final
likelihood fit, described in Sect. 7.

Signal events were generated at leading order (LO) with
the LRSM package in PYTHIA 8.212 [39], which implements
the H** scenario described in Ref. [40]. All samples contain
a mixture of H fi and Hf\,ti particles. A set of tuned param-
eters called the A14 tune [41] and the NNPDF2.3L0 parton
distribution function (PDF) set [42] were used. The value of
hge in Eq. (1) was set to 0.02 for each leptonic decay mode to
obtain a H** decay width that is negligible compared to the
detector resolution. Consequently, the branching ratios are

@ Springer
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assumed to be equal for all possible leptonic final states. Only
Drell-Yan production of the H** particles was simulated.
The H Lii pair production cross-sections at /s = 13TeV
were calculated to leading-order and next-to-leading-order
(NLO) accuracies [18]. The resulting NLO-to-LO K -factor
was then applied to the H,j;i LO production cross-section,
ako. The cross-sections for the Zee—Babu model were cal-
culated using the same simulation set-up at NLO accuracy
[19] and agree well with the K x crl%o value, as expected.
Eleven samples were simulated with different masses of the
H** particle decaying into light leptons, and an additional
11 samples with at least one t-lepton in the final state were
produced. Signal mass points considered in the analysis range
from 400 GeV to 1300 GeV in steps of 100 GeV.

Drell-Yan £7¢~ production was modelled with the
SHERPA2.2.1 generator [43] and the NNPDF3.0NNLO set
of PDFs [44], using NLO matrix elements for up to two
partons, and LO matrix elements for up to four partons,
calculated with the Comix [45] and OPENLOOPS [46-48]
libraries. They were matched with the SHERPA parton shower
[49] using the MEPS@NLO prescription [50-53]. The par-
ton shower used the set of tuned parameters developed by
the SHERPA authors, and the samples were normalised to a
next-to-next-to-leading-order (NNLO) prediction [54]. Sim-
ilar methods were used to simulate W + jets processes that
contribute to the fake-lepton background, which is estimated
in Sect. 5.

Samples of diboson (V'V) and multiboson (V' V' V) final
states were simulated with the SHERPA [43] generator, using
version 2.2.1 or 2.2.2, depending on the process. Where
appropriate, off-shell effects and Higgs boson contributions
were included. Fully leptonic final states and semileptonic
final states, where one boson decays leptonically and the
other hadronically, were generated using matrix elements at
NLO accuracy in QCD for up to one additional parton and
at LO accuracy for up to three additional parton emissions.
Samples for the loop-induced processes, gg — VV, were
generated using LO-accurate matrix elements for up to one
additional parton emission for both the fully leptonic and
semileptonic final states. The matrix element calculations
were matched and merged with the SHERPA parton showers,
using Catani—Seymour dipole factorisation [45,49] with the
MEPS @NLO prescription [50-53]. The virtual QCD correc-
tions were provided by the OPENLOOPS library [46—48]. The
NNPDF 3.0NNLO set of PDFs was used [44], along with the
dedicated set of tuned parton-shower parameters developed
by the SHERPA authors.

The NLO POWHEG BOx V2 [55-58] generator was used
with the NNPDF3.0NLO [44] PDF set to model the pro-
duction of t7and single-top-quark Wi-channel events; the
top-quark mass was set to 172.5 GeV and the /gamp parame-

Parton shower tune
Al4 [41]

SHERPA default
SHERPA default
SHERPA default
Al4

Al4

Al4

Al4

PYTHIA 8.212 and EVTGEN 1.6.0

Parton shower
PyTHIA 8.230
PyTHIA 8.230
PYTHIA 8.186
PYTHIA8.210

SHERPA
SHERPA
SHERPA

Cross-section normalisation
NNLO + NNLL

NLO
NNLO
NLO
NLO
NLO
LO
NLO

NNPDF 3.0NNLO [44]

NNPDF 3.0NLO
NNPDF2.3L0
NNPDF 3.0NLO

NNPDF 3.0NNLO
NNPDF 3.0NLO

NNPDF2.3L0 [42]
NNPDF 3.0NNLO

PDF set

[59]

MADGRAPH5_AMC@NLO2.3.3

Event generator

PYTHIA 8.212 [39]

SHERPA 2.2.1 [43]

SHERPA2.2.1 and 2.2.2
SHERPA2.2.1 and 2.2.2

POWHEG BOX V2 [55-58]
POWHEG BOX V2 [56-58]
MADGRAPH5_AMC@NLO2.2.2

Table 1 Simulated signal and background event samples: the corresponding event generator, PDF set used for the matrix element, cross-section normalisation, set of tuned parameters and parton

shower are shown for each sample. The generator cross-section is used where not specifically stated otherwise

Z[y*—>e et /ptp /e

WWW, WWZ,WZZ,ZZZ

Top-quark processes

Physics process
Signal

H:l::l:
Drell-Yan
Diboson
ZZ,WZ,WW
Multiboson
Single ¢

3t, 4t
tt+W/Z/H

tt

@ Springer
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ter® was set to 1.5 Mmop [60]. For the Wt-channel single-top
events, the diagram removal scheme [61] was used to remove
interference and overlap with 77 production. The events were
interfaced to PYTHIA 8.230 [39] to model the parton shower,
hadronisation, and underlying event, with parameters set
according to the A14 tune [41] and using the NNPDF2.3L0
set of PDFs [42]. The decays of bottom and charm hadrons
were performed by EVTGEN1.6.0 [62]. Additionally, top-
quark spin correlations are preserved through the use of
MADSPIN [63]. The predicted ¢ production cross-section,
calculated with ToP++2.0 [64] to NNLO in perturbative
QCD and including soft-gluon resummation to next-to-next-
to-leading-log order, is 830139 (scale) % 35 (PDF + as) pb.

The MADGRAPH5_AMC@NLO2.3.3 [59] generator was
used with the NNPDF3.0NLO [44] PDF set to model the
production of tf + W/Z/H events. The events were inter-
faced to PYTHIA 8.210 [39] using the A14 tune [41] and the
NNPDF2.3L.0 [44] PDF set. The production of 3¢ and 4¢
events was modelled using the MADGRAPHS_AMC@NLO
2.2.2 [59] generator at LO with the NNPDF2.31.0 [44] PDF
set. The events were interfaced with PYTHIA 8.186 [65] using
the A14 tune [41] and the NNPDF2.3L0 [44] PDF set. The
decays of bottom and charm hadrons were simulated using
the EVTGEN 1.2.0 program [62].

Top-quark processes (tf, single-top-quark, 3¢, 4r and
tf + W/Z/H) and multiboson processes (WWW, WWZ,
WZZ and ZZZ ) are grouped together and form the ‘Other’
background category. Pile-up events from additional inter-
actions in the same or neighbouring bunch crossings were
simulated with PYTHIA 8.186 [65] using the NNPDF2.3L.0
PDFs and the A3 tune [66] and overlaid on the simulated
hard-scatter events, which were then reweighted to match
the pile-up distribution observed in data.

4 Event reconstruction and selection

To reduce non-collision backgrounds originating from beam-
halo events and cosmic rays, events are required to have at
least one reconstructed primary vertex with at least two asso-
ciated tracks, each having pr greater than 500 MeV. Among
all the vertices in the event, the one with the highest sum of
squared pt of the associated tracks is identified as the pri-
mary vertex. Events that contain jets must also satisfy the
quality criteria described in Ref. [67].

3 The hdamp parameter is a resummation damping factor and one of the
parameters that controls the matching of POWHEG matrix elements to
the parton shower and thus effectively regulates the high- p radiation
against which the ¢ system recoils.

4.1 Event reconstruction

This analysis classifies leptons into two exclusive categories
called tight and loose, defined specifically for each lepton
flavour as described in Sect. 5. Leptons selected in the tight
category are mostly prompt leptons that are estimated using
Monte Carlo samples and originate from decays of Z, W, H
bosons, or from prompt leptonic t decays, while loose lep-
tons are mostly non-prompt and misidentified leptons used
for the estimation of reducible background. Lepton defi-
nitions described in the following three paragraphs corre-
spond to the tight category and the corresponding selection
is referred to as baseline event selection.

Electron candidates are reconstructed by using electro-
magnetic calorimeter and ID information to match an iso-
lated calorimeter energy deposit to a charged-particle track.
They are required to stay within the fiducial volume of the
inner detector, || < 2.47, and to have transverse momenta
pt > 40 GeV. Moreover, electrons must pass at least the
LHTight identification level, based on a multivariate likeli-
hood discriminant [68,69]. The discriminant relies on track
and calorimeter energy cluster information. Electron can-
didates within the transition region between the barrel and
endcap electromagnetic calorimeters (1.37 < |n| < 1.52)
are vetoed due to limitations in their reconstruction quality.
The track associated with the electron candidate must have
a transverse impact parameter dy that, evaluated at the point
of closest approach of the track to the beam axis in the trans-
verse plane, satisfies |dp|/o(dy) < 5, where o (dp) is the
uncertainty on dp. In addition, the longitudinal distance zg
from the primary vertex to the point where dj is measured
must satisfy |zg sin(0)| < 0.5 mm, where 6 is the polar angle
of the track. The combined identification and reconstruction
efficiency for LHTight electrons varies from 58% to 88%
over the transverse energy range from 4.5 GeV to 100 GeV.
Electron candidates must also satisfy the FCLoose isolation
requirement, which uses calorimeter-based and track-based
isolation criteria that reach an efficiency of about 99%. Elec-
tron candidates are discarded if their angular distance from
ajet satisfies 0.2 < AR < 0.4.If AR(e, j) < 0.2, the jet is
discarded. Both the reconstruction and isolation performance
are evaluated in Z — ee decay measurements described in
Ref. [68].

A dedicated machine-learning algorithm (BDT) is applied
to reject electrons with incorrectly identified charge [68]. A
selection requirement on the BDT output is chosen to achieve
a rejection factor that is between 7 and 10 for electrons hav-
ing a wrong charge assignment while selecting properly mea-
sured electrons with an efficiency of 97%.

Muon candidates are reconstructed by matching a track
from the muon spectrometer with an inner-detector track.
The candidates must have pt > 40 GeV and |n| < 2.5, and
satisfy the impact parameter requirements |dg|/o (dy) < 3

@ Springer
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and |zpsin(A)] < O0.5mm. If a muon candidate has
a pr higher than 300 GeV, it must satisfy a special
HighPt muon quality requirement. If its pr is less than
300 GeV, the Medium quality requirement is used. The
criteria associated with these selections are described in
Ref. [70]. The muon candidates must also meet the track-
based FixedCutTightTrackOnly isolation require-
ment. The full set of selections results in a reconstruc-
tion and identification efficiency of over 95% in the entire
phase space, as measured in Z — puu events [71]. If
a muon and a jet featuring more than three tracks lie
AR < 0.4 apart and the muon’s transverse momentum
is less than half of the jet’s pr, the muon is discarded.
Furthermore, a muon candidate that deposits a sufficiently
large fraction of its energy in the calorimeter is rejected
if it also shares a reconstructed ID track with an elec-
tron.

Jets are reconstructed using particle-flow objects that com-
bine tracking and calorimetric information [72]. The anti-
k; algorithm [73], implemented in FASTJET [74], is applied
with a radius parameter R = 0.4. The measurements of jet
pr are calibrated to the particle level [75]. To help reject
additional jets produced by pile-up, a ‘jet vertex tagger’
(JVT) algorithm [76] is used for jets with pr < 60 GeV and
[n| < 2.4. It employs a multivariate technique that relies on
jet energy and tracking variables to determine the likelihood
that the jet originates from the primary vertex. The medium
JVT working point is used, which has an average efficiency
of 92%.

Jets considered in this analysis are required to have
pr > 20GeV and |n| < 2.5. Jets within AR = 0.2
of an electron are discarded. Jets within AR = 0.2 of
a muon and featuring fewer than three tracks or having
pr()/pr(et) > 0.5 are also discarded. Events containing
jets identified as originating from b-quarks are vetoed. They
are identified with a multivariate algorithm [75] which uses
information about the impact parameters of inner-detector
tracks matched to the jet, the presence of displaced sec-
ondary vertices, and the reconstructed flight paths of - and
c-hadrons inside the jet [77-79]. The algorithm is used at a
working point that provides a b-tagging efficiency of 77%,
as determined in a sample of simulated ¢7 events. The work-
ing point provides rejection factors of approximately 134, 6,
and 22 for light-quark and gluon jets, c-jets, and hadronically
decaying t-leptons, respectively.

The missing transverse momentum is defined as the neg-
ative vector sum of the transverse momenta of fully recon-
structed particles and its magnitude is denoted by Efrniss. If
an event has tracks that are not assigned to any of the physics
objects but are matched to the primary vertex, an additional
‘soft term’ is added. In a high pile-up environment, this term
improves the reconstruction of E%‘iss [80].
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Correction factors are applied to the selected electrons,
muons, and jets. For electrons and muons, these factors
account for identification and selection efficiency differences
between data and simulation [68,70], while for jets, they cor-
rect the jet energy scale and jet energy resolution [75].

4.2 Event selection

The baseline event selection requires at least two light lep-
tons to be identified as fight. For this search, three distinct
types of regions are defined: control regions (CR), valida-
tion regions (VR), and signal regions (SR). The normali-
sation factors of the dominant backgrounds are treated as
free parameters in the likelihood fit and are constrained by
the control regions. Validation regions are used to cross-
check the fit results but are not included in the fit itself.
Both the control regions and validation regions are intended
to be close to the kinematic region of the expected signal
but must be constructed in a way to allow only negligible
signal contamination. The CRs and VRs are defined using
selections that are orthogonal to the SRs. The analysis is
sensitive to final states with three different lepton multi-
plicities. The regions are optimised to search for one same-
charge lepton pair in the case of regions requiring two or
three leptons, while four-lepton events are required to fea-
ture two same-charge pairs with zero total charge. The main
variable used to distinguish between control, validation and
signal regions is the invariant mass of the two same-charge
leptons with the highest pr in the event, m(ﬂi, Z/i)lead,
where £, ¢ = e, w. This variable is also used in the final
fit to data in the two- and three-lepton regions, while a
single-bin event yield is used in the four-lepton regions.
The selection criteria for each region are summarised in
Table 2.

Events with at least one b-tagged jet are vetoed in all
regions to suppress background events arising from top-
quark decays. In regions with more than two leptons, the
so-called Z -veto condition is required, i.e. events contain-
ing same-flavour lepton pairs having invariant masses within
20 GeV of the Z-boson mass (71.2 GeV < m(¢,¢) <
111.2 GeV) are rejected in order to suppress events featur-
ing a Zboson in the final state. The Z -veto is not applied
in four-lepton control and validation regions — this increases
the available number of simulated diboson events.

4.2.1 Signal regions

The signal regions, independently of the lepton multiplic-
ity and flavour combination, require invariant masses of
the same-charge leading lepton pair to be above 300 GeV.
To maximise the sensitivity, additional requirements are
imposed on same-charge lepton pairs, regardless of the
flavour. These exploit both the boosted decay topology of the
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Table 2 Summary of regions defined in the analysis. The table is split
into four horizontal blocks: the upper block indicates the final states
for each region, the second block lists the lepton multiplicity of the
region, the third block indicates the mass range of the corresponding
final state, and the lower block indicates the event selection criteria for
the region. The application of a selection requirement is indicated by

I Control regions |

a check-mark (v'), or by inverted when it is inverted. The three- and
four-lepton regions include all light-lepton flavour combinations. No
selection is applied when a dash is present in the corresponding cell.
A selection on the average invariant mass of the two same-charge lep-
ton pairs, m = (mg+g+ + myg-p-)/2, is used to increase the signal
significance in the four-lepton signal region

Signal regions I Validation regions

| DYCR | DBCR2L | DBCR3L | (CR4L | SR2L | SR3L | SR4L | VR2L | VRL | VR4L
ete | ete* CECECT | e | etet | CEOECT | 00Tl | etet =407 Ialaiats
Channel e*u* e*u* e*u*
wEpE wEpE wEpE
Number of leptons | 2 | 2 | 3 | 4 | 2 | 3 4 | 2 | 3 | 4
m(L*, €' )eaa [GeV] | = 300 - - - - - - - - -
m(€*, €"*)1eaq [GeV] - [200, 300) >300 | [100, 200) [ =300 | =300 | =300 > 300 [100, 300) | [200, 300)
Pr(€E, £F)1eaq [GeV] - - - - >300 | > 300 - [200, 300) - -
AR(E%, € 1caa - - - - <35 - - <35 - -
7 [GeV] - - - - - - > 300 - - -
EMiss [GeV] - > 30 - - - - - - > 30 - - -
In(e, €] - <30 - - - - - - <30 - - -
Z-veto - - inverted - - v v - v -

H** resonance and the high energy of the decay products.

The same-charge lepton angular separation in the two-lepton
signal region (SR2L) is required to be AR({*, ¢ ) < 3.5.
Furthermore, the vector sum of the two leading leptons’ trans-
verse momenta, pT(Ei, %) jead, must exceed 300 GeV in
both the two-lepton and three-lepton (SR3L) signal regions.
In the four-lepton signal region (SR4L), the signal signifi-
cance is increased by requiring the average invariant mass of
the two same-charge lepton pairs to satisfy m = (mg+p+ +
me-p-)/2 > 300 GeV.

The efficiency for signal events to pass the signal region
selections depends on the signal mass and on the flavour com-
bination of the leptons in the final states. For the benchmark
H** masses, the efficiencies range between 10% and 20% in
the two-lepton signal regions, while the typical efficiencies
in the three- and four-lepton signal regions vary from 30% to
40%. Generally, the efficiencies increase with the H *+ mass.
Focusing on two-lepton regions, the efficiencies are highest
for the eu channel, lower for the ee channel and lowest for
the wu channel, which is an effect of the two-lepton triggers
used in the search.

The following control and validation regions either span
a lower m(ﬂi, 4 jE)1ead interval or require other orthogonal
selections if the same m (%, £/ )1¢aq window as in the signal
regions is used.

4.2.2 Control regions

Firstly, the two-lepton diboson control region (DBCR2L) is
used to constrain the dominant diboson contribution in the
two-lepton final states and spans a
m*, 0 ) e € [200, 300) GeV range. A significant

Drell-Yan event yield was observed in the ee channel, so
additional selections on E%‘iss and the pseudorapidity of the
same-charge lepton pair, [ (£*, ¢/F)|, are required to specif-
ically suppress the Drell-Yan background. The Drell-Yan
background is further constrained by the opposite-charge
Drell-Yan control region (DYCR), where exactly two elec-
trons with opposite charges are required. Since it is designed
to target only opposite-charge electron pairs, the invariant
mass of the opposite-charge electron pair is required to be
m(ei, eT)iead > 300 GeV and is also used as the fit variable.
Then, the three-lepton diboson control region (DBCR3L) is
used to constrain the diboson background yield, indepen-
dently of the flavour combination. Since the m(ﬁi, 4 jE)md
requirement is the same as it is in the corresponding three-
lepton signal region, at least one Z-boson candidate is
required in order to achieve orthogonality. Finally, the four-
lepton control region (CR4L) is used to constrain the yield
of the dominant diboson background in four-lepton regions,
where m (Ei, 4 i)mld isrestricted to be between 100 GeV and
200 GeV. The signal contamination in all control regions is
negligible.

4.2.3 Validation regions

The two-lepton validation region (VR2L) is used to vali-
date the data-driven fake-lepton background estimation and
to assess the diboson modelling in the two-lepton channel.
The m (€%, £/F)1eaq selection is the same as in the SR2L, thus
requiring an inverted pt (Ei, 4 i)1ead cut with respect to the
corresponding signal region. Similarly to the DBCR2L, addi-
tional requirements on E’T‘fliSS and |n(¢*, ¢*F)| are imposed
only in the ee channel. The three-lepton validation region
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(VR3L) is used to validate the diboson background and fake-
lepton background with three reconstructed leptons in the
final states. The m (€%, £/F)jeqq value is required to be within
the interval of [100, 300) GeV. Additionally, a Z -veto con-
dition is applied. The four-lepton validation region (VR4L)
is used to validate the diboson modelling in the four-lepton
region and is defined by the 200 GeV < m({*, £/F)jeaq <
300 GeV requirement. The signal yield does not exceed
a few per cent of the background yield in any validation
region.

5 Background composition and estimation

In this section, background estimation techniques are des-
cribed. Different lepton multiplicity and flavour channels
in the analysis have different background compositions and
thus require different treatments. Backgrounds can be cate-
gorised into irreducible and reducible types, which can be
identified by their source. The former category is derived
from MC simulation and the latter with data-driven meth-
ods.

Irreducible background sources are SM processes produc-
ing the same prompt final-state lepton pairs as the signal,
with the dominant contributions in this analysis coming from
diboson production. Irreducible prompt SM backgrounds in
all regions are estimated using the simulated samples listed
in Sect. 3.

Reducible background sources are processes where recon-
structed leptons originate from misreconstructed objects such
as jets, or from light- or heavy-quark decays or, in the elec-
tron case, from photon conversions. These types of events
thus contain at least one non-prompt lepton. Events con-
taining leptons whose charges were incorrectly assigned
also enter the reducible background category. An example
of this type of background is the Drell-Yan background,
where the contribution is normalised to the DYCR, then
reweighted for the charge misidentification probability and
finally used to predict yields in the same-charge selec-
tions.

To avoid overlap between the irreducible backgrounds
estimated using MC simulation and the data-driven, reducible
backgrounds, events from the MC background samples are
considered only if reconstructed leptons can be matched to
their prompt generator-level counterparts. Electrons are the
only significant source of charge misidentification.

5.1 Electron charge misidentification
Electron charge misidentification is caused mainly by
bremsstrahlung emission from the electrons as they prop-

agate through the detector material. The emitted photon can
either convert to an electron—positron pair or traverse the
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inner detector without creating any track. In the first case,
the calorimeter energy cluster corresponding to the initial
electron can be matched to the wrong-charge track. In the
case of photon emission without subsequent pair production,
the electron track usually has only very few hits in the sili-
con pixel layers, while other hits are from unknown sources.
This can lead to the wrong charge assignment from the track
curvature, but a correct estimate of the electron energy, since
its estimation relies mostly on the calorimeter.

The reducible background due to charge misidentification
is estimated in same-charge analysis channels that contain
electrons. The modelling of charge misidentification in the
GEANT4 simulations deviates from data because of the com-
plex processes involved, which depend sensitively on the
arrangement of the material in the detector. Consequently,
charge reconstruction correction factors are derived by com-
paring the charge misidentification probability measured in
Z — eedatawith the one in simulation. The charge misiden-
tification probability is extracted by performing a likelihood
fit to a dedicated Z — ee data sample, as described in
Ref. [68]. These scale factors are then applied to the sim-
ulated background events to compensate for the differences.

5.2 Fake/non-prompt lepton background

The non-prompt lepton background refers to a reducible
background that originates from secondary decays of light-
or heavy-flavour mesons into light leptons that are usually
surrounded by jets. Another source of reducible background
(fakes) arises from other physics objects misidentified as
electrons or muons. Collectively, such events are referred
to as the fake/non-prompt (FNP) background. The b-jet veto
significantly reduces the number of FNP leptons from heavy-
flavour decays. Most of the FNP leptons still passing the anal-
ysis selection originate fromin-flight decays of mesons inside
jets, jets misreconstructed as electrons, and conversions of
initial- and final-state radiation photons. MC samples are not
used to estimate these background sources because the simu-
lation of jet production and hadronisation has large intrinsic
uncertainties. It is estimated with a data-driven approach,
the so-called fake factor method described in Ref. [81]. This
method relies on determining the probability, or fake factor
(Fp), for a FNP lepton to be identified as a prompt lepton, cor-
responding to the default lepton selection. Electrons that pass
the LHLoose identification requirements [68,69] but fail
either the LHTight identification or the isolation require-
ments are referred to as loose. Muons, on the other hand, must
pass the LHMed 1 um identification requirements [70] but fail
isolation to enter the loose category. Electron and muon fake
factors, Fy, are then defined as the ratio of the number of right
leptons to the number of loose leptons and are parameterised
as functions of pr, ErT“iss, and 1. The FNP lepton background
(containing at least one fake lepton) is estimated in the SR
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Table 3 Selection criteria defining the FNP lepton regions used to mea-
sure the ratio of the numbers of tight and loose leptons, the so-called
fake factor, for the electron and muon channels. The fake factors are
parameterised with a variable binning in pr, which ensures that the
statistical uncertainty stays below a fixed threshold

Muon channel Electron channel

pr variable binning
b-jet veto
Single-muon trigger Single-electron trigger
Exactly one muon Exactly one electron
Five n bins, two E%‘iss bins Four 7 bins, two E-‘rniSS bins
pr(jet) > 35 GeV
Ap(u, jet) > 2.7

ENiSS < 40 GeV

by applying F; as a normalisation correction to relevant dis-
tributions in a region which has the same selection criteria
as the SR, except that at least one of the two leptons must
pass the loose selection but fail the tight one. The fake fac-
tor is measured in dedicated fake-enriched regions, reported
in Table 3, where events must pass prescaled support single-
lepton triggers without isolation criteria, contain no b-jets and
have exactly one reconstructed lepton that satisfies either the
tight selection criteria or a relaxed loose selection. No addi-
tional requirements are used in the electron channel. Exactly
one jet with a pr > 35 GeV and one reconstructed muon
have to be back-to-back in the muon fake-enriched region.
This is achieved by requiring A¢ (u, jet) > 2.7. In addition,
W — nv events are rejected by requiring ErTniSS < 40 GeV.
Most of the selected events are dijet events, while the major-
ity of prompt leptons originate from the W + jets process.

The fake-factor method relies on the assumption that no
prompt leptons appear in the fake-enriched samples, which
is not fully correct given the imposed selections. Therefore,
the number of residual prompt leptons in the fake-enriched
regions is estimated using the Monte Carlo samples described
in Sect. 3 and subtracted from the numbers of tight and loose
leptons used to measure the fake factors.

Dedicated two-, three-, and four-lepton validation regions,
defined in Table 2, are used to validate both the data-driven
FNP lepton estimation and the modelling of the dominant
diboson background in regions as similar to the signal regions
as possible. Figures2 and 3 present the m (£%, £/F)jeaq dis-
tributions (¢, £’ = e, w) in the validation regions, which are
sensitive to different background sources. A simultaneous
background-only fit to data in all CRs was performed with
diboson and Drell-Yan background normalisations consid-
ered as free parameters and with nuisance parameters cor-
responding to systematics listed in Sect.6 included. Good
background modelling is observed in all these regions.

6 Systematic uncertainties

Several sources of systematic uncertainty are accounted for
in the analysis. These correspond to experimental and theo-
retical sources affecting both the background and signal pre-
dictions. All considered sources of systematic uncertainty
affect the total event yield, and all, except the luminosity and
cross-section uncertainties, also affect the distributions of the
variables used in the fit (Sect. 7).

The cross-sections used to normalise the simulated sam-
ples are varied to account for the scale and PDF uncertain-
ties in the cross-section calculation. The variation is 6% for
diboson production [82], 13% for tW production, 12% for
ttZ production, and 8% for ¢z H production [83]. Since the
yield of the diboson background is derived from the likeli-
hood fit to the data, these systematic variations contribute
by changing the shapes and the relative normalization of the
background predictions used in the likelihood fit in the CRs
and SRs. The theoretical uncertainty in the Drell-Yan back-
ground is estimated by PDF eigenvector variations of the
nominal PDF set, and variations of the PDF scale, «s, elec-
troweak corrections, and photon-induced corrections. For
SHERPA -simulated processes (Drell-Yan, diboson and multi-
boson processes as listed in Table 1), uncertainties from miss-
ing higher orders were evaluated [84] using seven variations
of the QCD factorisation and renormalisation scales in the
matrix elements by factors of 0.5 and 2, avoiding variations
in opposite directions. The effect of the PDF choice is consid-
ered using the PDFALHC prescription [85]. Uncertainties in
the nominal PDF set were evaluated using 100 replica varia-
tions. Additionally, the results were cross-checked using the
central values of the CT 14NNLO [86] and MMHT2014 NNLO
[87] PDF sets. The effect of the uncertainty in the strong
coupling constant, o, was assessed by variations of +0.001.
For 7 and single-top-quark samples, the uncertainties in the
cross-section due to the PDF and o were calculated using the
PDFALHC 15 prescription [85] with the MSTW2008 NNLO
[88,89], CT 10NNLO [90,91] and NNPDF2.3L0 [42] PDF
sets in the five-flavour scheme, and were added in quadra-
ture to the effect of the factorisation scale uncertainty. For
¢tV production and processes producing three or more top
quarks, the uncertainty due to initial-state radiation (ISR) was
estimated by comparing the nominal event sample with two
samples where the up/down variations of the A14 tune were
employed. The theoretical uncertainty of the NLO cross-
section for pp — H'TTH ™~ isreported to range from a few
per cent at low H** masses to approximately 25% [18,19]
for the highest signal mass points studied in the analysis. It is
notincluded in a fit as a nuisance parameter but is drawn as an
uncertainty band around the theoretical curves in the exclu-
sion limit plots in Figs. 8 and 9. The uncertainty on signal
cross-section includes the renormalisation and factorisation
scale dependence and the uncertainty in the parton densi-
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Fig. 2 Distributions of
two-lepton mass m (€%, £'F)jcad
for data and SM background
predictions in validation
regions: a the electron—electron,
b the electron—muon, and ¢ the
muon—muon two-lepton
validation regions. Backgrounds
from top-quark and multiboson
processes are merged, forming
the ‘Other’ category. The
hatched bands include all
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{s=13TeV, 139 fb' %%Total SM []FNP

systematic uncertainties after a
background-only fit to data
(post-fit), with the correlations

Data / Pred.

between various sources taken
into account. The last bin also
includes any overflow entries.
The error bars show statistical
uncertainties. The lower panels
show the ratio of the observed
data to the estimated SM
background. The red arrows
indicate points that are outside
the vertical range of the figure
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Fig. 3 aDistribution of two-lepton mass m (£*, £'F)caq, Where £, £/ =
e, p for data and SM background predictions in three-lepton validation
regions and b event yield in the four-lepton validation region. Back-
grounds from top-quark and multiboson processes are merged, forming
the ‘Other’ category. The hatched bands include all systematic uncer-
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estimated SM background
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Fig. 4 Relative contributions of different sources of statistical and
systematic uncertainty in the total background yield estimation after
the background-only fit. Systematic uncertainties are calculated in an
uncorrelated way by shifting in turn only one nuisance parameter from
the post-fit value by one standard deviation, keeping all the other param-
eters at their post-fit values, and comparing the resulting event yield with
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the nominal yield. Validation regions do not constrain the normalisation
factors or nuisance parameters. Individual uncertainties can be treated
as correlated across the regions. Some backgrounds are constrained
by the CR data and have strong anti-correlations as a result. The total
background uncertainty is indicated by ‘Total uncertainty’
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Fig. 5 The numbers of observed and expected events in the control,
validation, and signal regions for all channels, split by lepton flavour
and electric charge combination. The symbol £ only stands for light
leptons (£, £’ = e, ). The background expectation is the result of the
background-only fit described in the text. The hatched bands include
all post-fit systematic uncertainties with the correlations between var-

ties. The theoretical uncertainty in the pp — HYTH™~
simulation is assessed by varying the A14 parameter set in
PYTHIA 8.186 and choosing CTEQ6L1 and CTO9MC1 [92]
as alternative PDFs. The impact on signal acceptance is found
to be negligible. These theoretical uncertainties are consid-
ered fully correlated across the various analysis regions.
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ious sources taken into account. The error bars show statistical uncer-
tainties. FNP refers to the fake/non-prompt lepton background. Back-
grounds from top-quark and multiboson processes are merged, forming
the ‘Other’ category. The lower panel shows the ratio of the observed
data to the estimated SM background

A significant contribution to the total uncertainty arises
from the statistical uncertainty of the MC samples in all
analysis regions. Analysis regions have very restrictive selec-
tions, and only a small fraction of the initially generated MC
events remains after applying all requirements. The statisti-
cal uncertainty varies from 5 to 40% depending on the signal
region.

Experimental systematic uncertainties due to differences
between data and Monte Carlo for lepton reconstruction,
identification, isolation, and trigger efficiencies are estimated
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Table4 The number of predicted background events in control regions
after the background-only fit, compared with the number of events
observed in data. Uncertainties correspond to the uncertainties in the
predicted event yields and their total is smaller than the sum of the com-
ponents in quadrature due to correlations between these components.

Due to rounding, the totals can differ from the sums of components. FNP
refers to the fake/non-prompt lepton background. Backgrounds from
top-quark and multiboson processes are merged, forming the ‘Other’
category. Background processes with a negligible yield are marked with
a dash (-)

DYCR DBCR2L DBCR2L DBCR2L DBCR3L CR4L

eteT ete* etu* utpE rEeEpF LR T T
Observed events 46116 570 1437 805 677 119
Total background 46120 £ 220 571 + 24 1400 + 40 798 £ 28 675 + 26 119 £ 11
Diboson 3200 + 600 410 £ 70 1170 £ 70 686 + 33 595 + 31 116 =11
FNP lepton 660 + 150 130 + 70 220 + 60 100 £+ 17 69 £+ 15 05+04
Drell-Yan 39100 £ 600 - 1.7+ 2.0 - - -
Other 3230 £ 220 32+7 45+9 11.9+ 0.9 109 +£ 0.6 1.76 £ 0.13

Table 5 The number of predicted background events in validation
regions after the background-only fit, compared with the number of
events observed in data. Uncertainties correspond to the uncertainties
in the predicted event yields and their total is smaller than the sum of
the components in quadrature due to correlations between these com-

ponents. Due to rounding, the totals can differ from the sums of com-
ponents. FNP refers to the fake/non-prompt lepton background. Back-
grounds from top-quark and multiboson processes are merged, forming
the *Other’ category. Background processes with a negligible yield are
marked with a dash (-)

VR2L VR2L VR2L VR3L VR4L

e:(:e:l: ed:“d: H:EM:(: Ej:z:l:gq: eigie;gq:
Observed events 40 60 31 662 67
Total background 37+4 57+5 30.5+3.2 680 £ 40 56 +£5
Diboson 22.0+2.5 45+5 284 +32 472 + 30 55+5
FENP lepton 9.24+0.8 87+£13 0.79 £ 0.20 186 + 29 -
Drell-Yan 36+23 - 0.251 £ 0.028 0.92 +£0.29 -
Other 25+0.6 27405 0.98 £ 0.09 21.0£ 1.5 1.30 £ 0.09

by varying the corresponding scale factors. The impact of
scale-factor systematic variations on the background yield
estimation is at most 3% and is less significant than the other
systematic uncertainties and MC statistical uncertainties. The
same is true for the lepton energy or momentum calibration.

Experimental systematic uncertainties due to different
reconstruction and b-tagging efficiencies for reconstructed
jets in data and simulation are taken into account. Uncertain-
ties in the absolute jet energy scale and resolution, measured
in multi-jet, Z + jets, and y+jet events, are considered and
are estimated to be less than 2% across the range of pr(jet)
of interest [75,80]. b-tagging efficiencies are measured in
two-lepton ¢7 events and are estimated to range from 8% at
low momentum to 1% at high momentum [77]. Furthermore,
the E%ﬁss measurement uncertainties are estimated by com-
paring data to simulation in Z — pu events without jets, as
described in Ref. [80]. The uncertainty in the pile-up simu-
lation, derived from a comparison of data with simulation, is
also taken into account [76].

The experimental uncertainty related to electron charge
misidentification arises from the statistical uncertainty of
both the data and the simulated sample of Z /y* — ee events
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used to measure this probability. The charge misidentification
probability increases from ~ 10~ to ~ 0.1 with increasing
electron pr and |n|. The systematic effects obtained by alter-
ing the selection requirements imposed on the invariant mass
used to select Z /y* — ee events are found to be negligible
compared to the statistical uncertainty.

The experimental systematic uncertainty in the data-
driven estimate of the FNP lepton background is evaluated
by varying the nominal fake factor to account for different
effects. The EITniss requirement is altered to consider varia-
tions in the W + jets composition. The flavour composition
of the fakes is investigated by requiring an additional recoil-
ing jet in the electron channel and changing the definition of
the recoiling jet in the muon channel. Furthermore, the trans-
verse impact parameter criterion for fight muons (defined in
Sect.4.1) is varied by one standard deviation. Finally, in the
fake-enriched regions, the normalisation of the subtracted
prompt-lepton contribution is altered within its uncertain-
ties. This variation accounts for uncertainties related to the
luminosity, the cross-section, and the corrections applied to
simulation-based predictions. The FNP systematic uncertain-
ties are correlated across all the different regions and bins,



Eur. Phys. J. C (2023) 83:605

Page 130f32 605

Table 6 The number of predicted background events in signal regions
after the background-only fit, compared with the number of events
observed in data. Uncertainties correspond to the uncertainties in the
predicted event yields and their total is smaller than the sum of the com-

Due to rounding, the totals can differ from the sums of components. FNP
refers to the fake/non-prompt lepton background. Backgrounds from
top-quark and multiboson processes are merged, forming the ’Other’
category. Background processes with a negligible yield are marked with

ponents in quadrature due to correlations between these components. adash (-)

SR2L SR2L SR2L SR3L SR4L

e:Ee:l: eiui M:{:M:I: K:EE:I:ZZF Eie:{:g:}:e:}:
Observed events 41 41 8 12 0
Total background 40+5 37.1 £3.1 148 £ 1.6 146+1.3 0.62 £0.23
Diboson 21 +4 30.5+3.3 142+ 1.6 127+1.2 0.44 +£0.17
FNP lepton 7.8 £1.1 48+ 1.1 0.158 +0.034 1.2+0.5 0.11 £ 0.05
Drell-Yan 9.7+35 0.15 £ 0.07 - - -
Other 1.56 £ 0.29 1.63 £ 0.25 0.52 £ 0.05 0.58 £ 0.06 0.067 £ 0.025
Fig. 6 Distributions of o 35 T ) ATLAS T

+ £ . . - c ¢ Data Drell-Yan c ¢ Data Drell-Yan

m(£=, £ )1ead in signal regions, @ 3oE (s=13TeV, 139 fb" #%Total SM [T]FNP g Vs=13TeV, 139 fo' #%Total SM [[]FNP
namely a the electron—electron i SR2L (e*e?), post-fit @ Diboson m SR2L (), postfit [ Diboson
two-lepton signal region 25 ["Other [“Other

(SR2L), b the electron—muon
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and ¢ the muon—muon 15
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background-only fit described in
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clearly visible in the plots. The
error bars show statistical
uncertainties. Backgrounds from
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entries. The lower panels show
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The binning presented in the
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Fig. 7 a Distribution of m(£*, £'%)1caq, where €, ¢ = e, w in three-
lepton signal region (SR3L) and b event yield in the four-lepton signal
region (SR4L), where no events are observed. The background expec-
tation is the result of the background-only fit described in the text. The
hatched bands include all systematic uncertainties post-fit with the cor-
relations between various sources taken into account. The solid coloured
lines correspond to signal samples, normalised using the theory cross-

R AR

10 L ATLAS ----Expected 95% CL limit ]

(s =13 TeV, 139 fb™ Expected limit + 1o
Expected limit + 26

— Observed 95% CL limit

— Doubly charged Higgs

=o(pp - H'H)

o(pp = Hg Hg ork™k")

5, B(H™ - F1%) = 100%

-

Total cross-section [fb]
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m(H=) [GeV]

Fig. 8 Observed (solid line) and expected (dashed line) 95% CL
upper limits on the H** pair production cross-section as a function
of m(H*%) resulting from the combination of all analysis channels,
assuming Y, B(H** — ¢*¢'F) = 100%, where £, ¢ = e, i1, 7.
The surrounding green and yellow bands correspond to the £1 and
+2 standard deviation (1o and £20) uncertainty around the com-
bined expected limit, respectively, as estimated using the frequentist
approach, where toy experiments based on both the background-only
and signal+background hypotheses are generated for this purpose. The
theoretical signal cross-section predictions, given by the NLO calcula-
tion [18,19], are shown as blue, orange and red lines for the left-handed
HLii ,right-handed H %i (which is the same as the Zee—Babu k*+), and
a sum of the two LRSM chiralities, respectively, with the corresponding
uncertainty bands

while the statistical uncertainties in each bin are uncorre-
lated. The statistical uncertainty of the fake factors is added
in quadrature to the total systematic uncertainty. The total
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(b)
section, with the H¥* mass marked in the legend. The error bars show
statistical uncertainties. Backgrounds from top-quark and multiboson
processes are merged, forming the ‘Other’ category. The lower panels
show the ratio of the observed data to the estimated SM background.
The binning presented in the figures is used in the fit. a The red arrow
indicates a point that is outside the vertical range of the figure. The last
bin also includes any overflow entries

I N
10_ATLAS — combined . stat. only _|

Vs =13 TeV, 139 fp™! ----two-lepton - -‘three»IePtoné
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= o(pp > H'H)
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Fig. 9 Observed 95% CL upper limits on the H** pair production
cross-section as a function of m(H*%) assuming Y ,p B(H** —
0E¢'%) = 100%, where ¢, ¢ = e, u, . The dashed blue, green, and
purple lines indicate the observed limit using the two-, three-, and four-
lepton exclusive final states, respectively. The limit obtained from the
four-lepton final state is the strongest and drives the combined result.
The black lines show the combined observed limit obtained using the
frequentist approach for a fit with only statistical uncertainties (dotted)
and a fit with statistical and systematic uncertainties (solid). The grey
line shows the limit using the asymptotic approximation [95], and the
cyan dashed line shows the combined observed limit obtained analysing
the first 36.1fb~! of Run 2 [21]. The theoretical signal cross-section
predictions, given by the NLO calculation [18,19], are shown as blue,
orange and red lines for the left-handed HLii ,right-handed HRii (which
is the same as the Zee-Babu k*¥), and a sum of the two LRSM chiral-
ities, respectively, with the corresponding uncertainty bands

uncertainty of the FNP background yield varies between 10%
and 20%.
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The total relative background systematic uncertainty after
the background-only fit (Sect.7), and its breakdown into
components, is presented in Fig. 4.

7 Statistical analysis and results

The HISTFITTER [93] statistical analysis package is used
to implement a maximum-likelihood fit. The fit consid-
ers the leading lepton pair’s invariant mass distribution
m(E, €'F)jeaq, Where £, = e, u, in all two- and three-
lepton control and signal regions. In the four-lepton CRs and
SRs, the single-bin event yield is used to obtain the num-
bers of signal and background events. The binning is cho-
sen to optimise the expected sensitivity to the signal model,
while also keeping low statistical uncertainties in each bin.
The likelihood is the product of a Poisson probability density
function describing the observed number of events and Gaus-
sian distributions to constrain the nuisance parameters asso-
ciated with the systematic uncertainties. The widths of the
Gaussian distributions correspond to the magnitudes of these
uncertainties, whereas Poisson distributions are used for MC
simulation statistical uncertainties. Furthermore, additional
free parameters are introduced for the Drell-Yan and diboson
background contributions to fit the yields in the correspond-
ing control regions. These free parameters are then used to
normalise relevant backgrounds in the signal regions. Fitting
the yields of the largest backgrounds reduces the system-
atic uncertainty in the predicted yield from SM sources. The
fitted normalisations are compatible with their SM predic-
tions, within the uncertainties. The diboson yield is described
by three free parameters, one each for the two-, three- and
four-lepton multiplicity channels. For the scenario in which
the H** particle decays into the different possible lepton-
flavour combinations with equal probability, a 95% CL upper
limit was set on the pp — H'TTH ™™ cross-section using
the CLg method [94].

7.1 Fit results

The observed and expected yields in all control, validation,
and signal regions used in the analysis are presented in Fig. 5
and summarised in Tables 4, 5 and 6. Here ‘pre-fit’ denotes
the nominal simulated MC yields and ‘post-fit’ denotes the
simulated yields scaled with the normalisation parameters
obtained from the likelihood fit to the two-, three-, and four-
lepton control and signal regions. In general, good agree-
ment, within statistical and systematic uncertainties, between
data and SM predictions is observed in the various regions,
demonstrating the validity of the background estimation pro-
cedure. No significant excess is observed in any of the signal
regions. Correlations between various sources of uncertainty
are evaluated and used to estimate the total uncertainty in

the SM background prediction. Some of the uncertainties,
particularly those connected with the normalisation of the
background contributions and the FNP background, are anti-
correlated. The m(£*, £/F)jeaq distributions (€, ¢ = e, )
of the two-lepton signal regions are presented in Fig. 6, and
those of the three- and four-lepton signal regions are pre-
sented in Fig. 7. In the four-lepton signal region, no data event
is observed, which is within the expected yield.

The signal regions were designed to fully exploit the pair
production of the H** boson and its boosted topology by
applying selections that target same-charge high-pr leptons.
After a background-only likelihood fit, the Drell-Yan nor-
malisation factor is found to be 1.13 + 0.04 and the two-,
three- and four-lepton channel diboson normalisation fac-
tors are 1.10 £ 0.06, 0.92 + 0.05, and 1.08 £ 0.11, respec-
tively. Figure 8 shows the upper limit on the cross-section as
a function of the HE* boson mass, where decays into each
leptonic final state are equally probable. Since the yields in
some regions are very small, the asymptotic approximation
[95] cannot be used reliably, so 10 pseudo-experiments were
run instead to obtain the final limits.

The observed lower limits on the H** mass within
LRSMs (the Zee—Babu model) vary from 520 to 1050 GeV
(410to 880 GeV), depending on the lepton multiplicity chan-
nel, with 3", B(HTE — ¢*¢'*) = 100%. The observed
lower limit on the mass reaches 1080 GeV and 900 GeV
when combining all three channels for LRSMs and the Zee—
Babu model, respectively. The expected exclusion limit is
106513 GeV for LRSMs and 88030 GeV for the Zee-Babu
model, where the uncertainties of the limit are extracted from
the =10 band. The limit obtained from the four-lepton final
state is the strongest and drives the combined result. A com-
parison between the various limits obtained from this mea-
surement is presented in Fig.9.

8 Conclusion

The ATLAS detector at the Large Hadron Collider was used
to search for doubly charged Higgs bosons in the same-
charge two-lepton invariant mass spectrum, using ete™,
eTu® and put ™ final states as well as final states with three
or four leptons (electrons and/or muons). The search was
performed with 139 fb~! of data from proton—proton colli-
sions at /s = 13 TeV, recorded during the Run 2 data-taking
period lasting from 2015 to 2018. No significant excess above
the Standard Model prediction was found. Lower limits are
set on the mass of doubly charged Higgs bosons in the con-
text of the left-right symmetric type-II seesaw and Zee—Babu
models. These vary between 520 GeV and 1050 GeV for
LRSMs and between 410 GeV and 880 GeV for the Zee—
Babu model, depending on the lepton multiplicity channel,
assuming that Y, B(HT* — (%) = 100% and that
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decaystoeachoftheee, ey, uu, et, ut, 7 final states are
equally probable. The observed combined lower limit on the
H** mass is 1080 GeV within LRSMs and 900 GeV within
the Zee—Babu model. These limits are consistent with the
expected limits of 1065*3) GeV and 880730 GeV for LRSM
and Zee—Babu doubly charged Higgs bosons, respectively.
The lower limits on the LRSM H** masses are 300 GeV
higher than those from the previous ATLAS result. More-
over, this search provides the first direct test of the Zee—Babu
model at the LHC.
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