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Search for heavy right-handed Majorana neutrinos in the decay
of top quarks produced in proton-proton collisions
at \/s=13 TeV with the ATLAS detector

G. Aad er al.”
(ATLAS Collaboration)

® (Received 12 August 2024; accepted 18 September 2024; published 2 December 2024)

A search for heavy right-handed Majorana neutrinos is performed with the ATLAS detector at the CERN
Large Hadron Collider, using the 140 fb~! of proton—proton collision data at /s = 13 TeV collected
during Run 2. This search targets ¢7 production, in which both top quarks decay into a bottom quark and a
W boson, where one of the W bosons decays hadronically and the other decays into an electron or muon
and a heavy neutral lepton. The heavy neutral lepton is identified through a decay into an electron or muon
and another W boson, resulting in a pair of same-charge same-flavor leptons in the final state. This paper
presents the first search for heavy neutral leptons in the mass range of 15-75 GeV using 7 events. No
significant excess is observed over the background expectation, and upper limits are placed on the signal
cross sections. Assuming a benchmark scenario of the phenomenological type-I seesaw model, these cross
section limits are then translated into upper limits on the mixing parameters of the heavy Majorana neutrino

with Standard Model neutrinos.

DOI: 10.1103/PhysRevD.110.112004

I. INTRODUCTION

The observation of flavor oscillations in neutrinos pro-
duced in the sun, the earth atmosphere, reactors and accel-
erators implies that neutrinos have nonzero masses [1—4].
Over the past decades, there were several important develop-
ments at the theoretical and experimental frontiers addressing
the question of neutrino-mass generation, the simplest
among them being the type-I seesaw mechanism [5] that
defines three heavy neutral lepton (HNL) candidates, which
are heavy right-handed Majorana neutrinos. These heavy
neutrinos are their own antiparticles, and processes involving
such a particle can violate lepton number (L) conservation
with |AL| = 2.

Before the Large Hadron Collider (LHC) [6], the best
direct constraints in the HNL mass range 2-75 GeV came
from an analysis of the data collected by the DELPHI
Collaboration at the LEP collider using 3.3 x 10° hadronic
Z boson decays [7]. At the LHC, the most stringent limits
on the HNL production cross section come from searches
for an HNL in W boson decays. The CMS Collaboration
explored the mass range 50 GeV-25 TeV using 138 fb~! of
\/s = 13 TeV proton—proton (pp) collision data in the
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same-charge dimuon final state, which provides the most
stringent upper limits for the mass range above
650 GeV [8]. The CMS Collaboration also searched for
the decay products of long-lived HNLs as hadronic and
electromagnetic showers detected in the muon chambers of
the CMS detector [9], a distinctive signature to probe
for HNLs with masses lower than 4 GeV and proper decay
lengths of a few meters. This signature is sensitive to
HNL couplings to all three generations of leptons, and
the analysis set the most stringent limits to date on the
strength of HNL mixing with electron (muon) neutrinos in
the mass range of 2.1-3.0 (1.9-3.3) GeV. In another
analysis, the CMS Collaboration searched for both,
Dirac and Majorana HNLs in the mass range of
10 GeV-1.5 TeV using three lepton final states [10].
This produced more stringent upper limits than the
previously achieved experimental constraints for a wide
range of HNL masses, and set limits on the strength of
HNL mixing with z-neutrinos above the W boson mass for
the first time.

A previous result from the ATLAS Collaboration using
36.1 fb~! of \/s = 13 TeV pp collision data constrained the
HNL mixing to muon and electron neutrinos in the mass range
of 4.5-50 GeV [11]. The ATLAS Collaboration recently
searched for HNLs in W boson decays using a dilepton
displaced vertex, in the mass range of 3-15 GeV [12].
The latest ATLAS analyses searched for Majorana neutri-
nos in same-charge WW scattering events through their
coupling with electrons and muons in the HNL mass range
50 GeV-20 TeV [13,14].

© 2024 CERN, for the ATLAS Collaboration
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FIG. 1. Example Feynman diagram of the signal process. The
heavy neutral lepton is denoted by the symbol N. The charge-
conjugate of this diagram is also a valid signal process. The off
shell W boson is marked with an asterisk.

This is the first search for HNLs using #7 events [15],
where one top quark decays into a bottom quark and a W
boson, with the W boson further decaying into an electron
or muon and a heavy neutral lepton. The heavy neutral
lepton decays promptly into another charged lepton and a
W boson, yielding a final state characterized by a pair of
same-charge same-flavor leptons. The other top quark
decays hadronically according to the Standard Model
(SM), as illustrated in Fig. 1. A detailed description of
the signal model considered is provided in Sec. IIT A.

Compared with the previous efforts in which HNLs are
searched for in the decay of W bosons originating directly
from the proton—proton collisions, the advantage of using a
W boson from a 7 event is the possibility of identifying one
of the top quarks through its decay according to the SM,
while utilizing the decay of the other top quark to search for
HNLSs. Although the same signal model is expected to lead
to fewer events in this channel, the background is also
expected to be much smaller because of the state-of-the-art
b-tagging algorithms. Because of the very different final
states, this analysis provides complementary sensitivity to
the previous searches.

Final states that have two same-charge electrons (ee
channel) or muons (uu channel) are targeted. A multivariate
analysis is performed in combination with a statistical
inference to extract the signal. No significant excess is
observed over the background expectation, and upper limits
on the strength of the HNL mixing with electron and
muon neutrinos are set in the mass range of 15 GeV <
mpn < 75 GeV, using 140 fb=! of pp collision data
collected by the ATLAS detector at /s = 13 TeV. The
ee and pu channels are also used to constrain the strength of
HNL mixing with z-neutrinos, considering purely leptonic
decays of 7-leptons. While calculating the upper limits on one
mixing parameter, the other two are assumed to be zero.

The paper is structured as follows. Section II provides a
brief overview of the ATLAS detector used to collect the

data. Section III describes the signal model, the background
processes, the detector simulation, and the theoretical
predictions considered. The objects used for the analysis,
the event selection, and the event reconstruction are
described in Sec. IV. The signal and control regions are
defined in Sec. V, which also describes the multivariate
analysis used for the signal extraction. Systematic uncer-
tainties are described in Sec. VI. Finally, Sec. VII describes
the statistical method used to analyze the experimental data,
and presents the final results, while Sec. VIII presents the
conclusion.

II. ATLAS DETECTOR

The ATLAS detector [16] at the LHC covers nearly the
entire solid angle around the collision point.1 It consists of
an inner tracking detector surrounded by a thin super-
conducting solenoid, electromagnetic and hadronic calo-
rimeters, and a muon spectrometer incorporating three large
superconducting air-core toroidal magnets.

The inner-detector system (ID) is immersed in a 2 T axial
magnetic field and provides charged-particle tracking in the
range || < 2.5. The high-granularity silicon pixel detector
covers the vertex region and typically provides four
measurements per track, the first hit generally being in
the insertable B-layer (IBL) installed before Run 2 [17,18].
It is followed by the semiconductor tracker (SCT), which
usually provides eight measurements per track. These
silicon detectors are complemented by the transition
radiation tracker (TRT), which enables radially extended
track reconstruction 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.

The calorimeter system covers the pseudorapidity range
In| <4.9. Within the region || < 3.2, electromagnetic
calorimetry is provided by barrel and endcap high-granu-
larity lead/liquid-argon (LAr) calorimeters, with an addi-
tional thin LAr presampler covering || < 1.8 to correct for
energy loss in material upstream of the calorimeters.
Hadronic calorimetry is provided by the steel/scintillator-
tile calorimeter, segmented into three-barrel structures
within |5| = 1.7, and two copper/LAr hadronic endcap
calorimeters. The solid angle coverage is completed with
forward copper/LAr and tungsten/LAr calorimeter modules

'ATLAS uses a right-handed coordinate system with its origin at
the nominal interaction point (IP) in the center of the detector and
the z-axis along the beam pipe. The x-axis points from the IP to the
center of the LHC ring, and the y-axis points upwards. Polar
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 @ as 7 = —Intan(0/2) and is equal to the

rapidity y = %ln(?_r}’j ﬁ) in the relativistic limit. Angular distance is

measured in units of AR = /(Ay)? + (A¢)?.
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optimized for electromagnetic and hadronic energy mea-
surements, respectively.

The muon spectrometer (MS) has separate trigger and
high-precision tracking chambers measuring the deflection
of muons in a magnetic field generated by the super-
conducting air-core toroidal magnets. The field integral of
the toroids ranges between 2.0 Tm and 6.0 Tm across most
of the detector. Three layers of precision chambers, each
consisting of layers of monitored drift tubes, cover the
region || < 2.7, complemented by cathode-strip chambers
in the forward region, where the background is highest. The
muon trigger system covers the range |7| < 2.4 with
resistive-plate chambers in the barrel, and thin-gap cham-
bers in the endcap regions.

The luminosity is measured mainly by the LUCID-2 [19]
detector that records Cherenkov light produced in the quartz
windows of photomultipliers located close to the beam pipe.

Events are selected by the first-level trigger system
implemented in custom hardware, followed by selections
made by algorithms implemented in software in the high-
level trigger [20]. The first-level trigger accepts events from
the 40 MHz bunch crossings at a rate below 100 kHz,
which the high-level trigger further reduces to record
complete events to disk at about 1 kHz.

A software suite [21] 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.

ITII. DATA AND SIMULATED EVENT SAMPLES

The search uses LHC pp collision data at /s = 13 TeV
collected with the ATLAS detector. Data quality require-
ments are applied to ensure that all detector components are
fully operational [22]. The resulting data sample corre-
sponds to an integrated luminosity of 140 fb~!, obtained
using the LUCID-2 detector [19] for the primary luminosity
measurements, complemented by measurements using the
inner detector and calorimeters [23].

Simulated Monte Carlo (MC) events are used to model
the signal and the SM backgrounds. The effects of the
detector are incorporated using a simulation of the ATLAS
detector [24] obtained with the GEANT4 program [25] or
with a faster approach employing parametrized showers in
the calorimeter. The effects of the additional pp collisions
in the same or a nearby bunch crossing (pileup) are
modeled by overlaying minimum bias events simulated
using PYTHIAS.1 [26] with the A3 set of tuned parameters
(tune) on events from hard-scatter processes [27]. The MC
events are weighted to reproduce the distribution of the
average number of interactions per bunch crossing
observed in the data. All samples simulated with
POWHEG BOX [28-31], and MADGRAPH5_AMC®@NLO [32]
are interfaced to PYTHIAS to simulate the parton shower,
fragmentation, and underlying event with the A14 tune [33]
and the NNPDF2.3LO [34] parton distribution function (PDF)

set. Samples using PYTHIAS and HERWIG7 [35,36] have
heavy-flavor hadron decays modeled by EVTGEN [37]. The
masses of the top quark, m,, and of the Higgs boson, my,
are set to 172.5 GeV and 125 GeV, respectively. The data
and simulated events are processed with the same
reconstruction and analysis algorithms.

A. Signal modeling

Fig. 1 shows an example Feynman diagram of the
signal process, with the final state used in this search.
The signal is a beyond the Standard Model (BSM) process,
and it is simulated using an extension to the minimal
Standard Model, called vYMSM [38], which is implemented
as a universal FeynRules output (UFO) model called
HEAVYN [39].

A simplified benchmark model is assumed that proposes
a single HNL candidate N, which couples with either
electrons, muons, or z-leptons through a mixing with the
corresponding neutrinos. In this model, the mass my and
couplings V, of this new particle are free parameters.
These couplings can be expressed through a mixing matrix,

Ven 0 0
Vf,N = 0 V[l,N O ) ( 1)
0 0 V.

where only one of the three diagonal terms can be nonzero
at a time.

The width of the HNL is automatically computed by the
MADGRAPH5_AMC@NLO [32] generator, which provides
matrix elements at next-to-leading-order (NLO) in QCD
using the NNPDF3.0NLO [40] PDF set, and uses the five-
flavor scheme. The QCD factorization (ur) and renormal-
ization (uR) scales are set to be equal [41], given by the

dynamical expression §_;\/m? + p,, where the sum

runs over all the particles generated in the matrix element
calculation, and the mass and transverse momentum of
each particle are denoted by m; and pr ;, respectively. The
decay of the top quarks is simulated using the
MADSPIN [42,43] module, allowing three-body off shell
decays. The parton shower, the hadronization, and the
decay of the z-leptons are simulated using PYTHIAS with the
Al4 set of tuned parameters.

Signal samples are generated for ten values of my: 15,
25, 35, 40, 45, 50, 55, 60, 70 and 75 GeV. The HNL decays
promptly in this mass range. For each mass point, six
separate samples are produced for the two possible choices
in the sign of the same-charge leptons (£ or #7¢7) and
three possible choices in their flavor (£ = e, p or z-lepton).

B. Background processes with prompt leptons

Leptons that originate from the primary hard-scattering
event and satisfy all selection requirements, described in

112004-3
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Sec. IV B, are referred to as prompt leptons. Conversely,
leptons that enter the final states by any background
process other than W, Z or Higgs boson decays are called
nonprompt leptons. Samples of simulated events are
produced to model the different background processes,
along with additional samples to estimate the modeling
uncertainties for each process.

The production of 77 events is modeled using the POWHEG
BOXv2 generator that provides matrix elements at NLO
precision with the NNPDF3.0NLO PDF set and the Agymp
parameter2 set to 1.5 m, [44]. The functional form of the
renormalization and factorization scale is set to the default

scale \/m? + p. The parton shower and hadronization are
modeled with the PYTHIAS.2 generator. The uncertainty in
matching the NLO matrix elements to the parton shower
when generating {7 events is evaluated by comparing the
nominal samples of simulated events to samples with an
alternative setting of the p" parameter in the matching
code, using ph*d =1 instead of the default setting of
phad — () [45]. This parameter regulates the definition of
the vetoed region of the parton shower and is important in
avoiding overlap in the phase space filled by POWHEG and
PYTHIA. The uncertainty in the choice of the /g,y parameter
for the 17 event generation is estimated using an additional ¢7
sample produced as the nominal sample, but with the /gy,
parameter set to 3m, [46]. The uncertainty in the parton-
shower and hadronization model for the 77 events is evaluated
by comparing the nominal generator setup with a sample
produced with the POWHEG BOXv2 generator and the
HERWIG7.2.1 parton-shower and hadronization model. In this
alternative sample, the HERWIG7 default set of tuned
parameters [36,47] and the MMHT2014LO PDF set [48]
are used. All ¢7 samples are normalized to the cross section
prediction at next-to-next-to-leading-order (nnlo) in QCD,
including the resummation of next-to-next-to-leading loga-
rithmic (NNLL) soft-gluon terms calculated using the
TOP++2.0 program [49-55]. This cross section corresponds
to o(1f)ynrosnnir, = 832 £ 51fb.

The events for the 17H process are simulated at NLO with
POWHEG BOXv2 using the NNPDF3.0NLO PDF set, while the
Higgs-boson decay, hadronization, parton shower, and the
underlying event are simulated with PYTHIAS.2. The result-
ing sample is normalized to a cross section of 507f538 fb,
which is calculated at NLO for both QCD and electroweak
(EW) using MADGRAPH5_AMC@NLO as reported in
Ref. [56]. An additional ##H sample is simulated with
phard — 1. The uncertainty in the parton-shower and hadro-
nization model is evaluated with the help of an alternative

The hgamp Pparameter controls the matching between the
matrix elements in POWHEG and parton shower in PYTHIA. It
effectively regulates the high-pr radiation against which the 77
system recoils.

sample produced with POWHEG BOXv2+HERWIGT7.2.1, using
the same prescription as the 7 process.

For the W process, the SHERPA2.2.10 [57] generator and
its default parton shower are used at NLO accuracy in
QCD, with multileg merging of up to one additional parton
at NLO and up to two additional partons at leading-order
(MEPS@NLO [58-61] set up with a merging scale of
30 GeV). Additionally, a leading-order (LO) EW sample
also simulated with SHERPA2.2.10, but for the #fW + 1 jet
final state, is used to simulate the EW corrections to the ttW
production. Following the recommendations of the LHC
Top and the LHC Higgs boson working groups, the cross
sections of these QCD and EW W samples are scaled
separately to 674.7 fb and 47.7 b, respectively [62]. The
impact of the systematic uncertainty in the choice of
generator is evaluated using an alternative tfW sample
simulated with up to one additional parton in the final state
at NLO accuracy in QCD using MADGRAPH5_AMC@NLO. In
this sample, the different jet multiplicities are merged using
the FxFx NLO matrix-element and parton-shower merging
prescription [62] with a merging scale of 30 GeV. The
events are interfaced with PYTHIAS.2.

The ¢7Z production, with the Z boson decaying leptoni-
cally, is simulated with MADGRAPH5_AMC@NLO, interfaced
with PYTHIAS.2. Three samples corresponding to the three
leptonic decay modes of the Z boson are produced, and
they are normalized to the total /7Z production cross section
of 0.8470 pb [56]. The impact of the systematic uncer-
tainty in the choice of generator is assessed through
alternative 17Z samples. The alternative sample addresses
the uncertainty in the parton-shower and hadronization
model by comparing the nominal generator setup with a
sample produced using the POWHEG BOXv2 generator and
the HERWIG7 parton-shower and hadronization model.

The £ty process is simulated with MADGRAPH5_AMC@NLO
and the parton shower is simulated using PYTHIAS.2. An
overlap removal with the ¢7 sample is implemented based on
the procedure used by the charge asymmetry analysis of the
tty process [63]. This sample corresponds to a total cross
section of 5.36 pb, as calculated by the MC generator at NLO.

The W production is modeled using the POWHEG BOXv2
generator at NLO in QCD using the five-flavor scheme and
the NNPDF3.0NLO set of PDFs. The PYTHIA8.2 generator is
used to model the parton shower and hadronization using
the A14 tune and the NNPDF2.3LO PDF set.

Single-top-quark #-channel production is modeled using
the POWHEG BOXv2 generator at NLO in QCD using the
four-flavor scheme and the corresponding NNPDF3.0NLO
PDF set. Single-top-quark s-channel production is modeled
using the POWHEG BOXv2 generator at NLO in QCD in the
five-flavor scheme with the NNPDF3.0NLO PDF set. Both the
samples are interfaced with PYTHIA8.2 to model parton-
showering and hadronization.

In addition, the electroweak background (V EW, where
V =W, Z), composed of the V + jets, diboson (VV) and

112004-4



SEARCH FOR HEAVY RIGHT-HANDED MAJORANA NEUTRINOS ...

PHYS. REV. D 110, 112004 (2024)

triboson (VVV) processes, is considered. The production
of V + jets is simulated with the SHERPA[2.2.1] generator
using NLO-accurate matrix elements for up to two jets,
and LO-accurate matrix elements for up to four jets
calculated with the comix [64] and OPENLOOPS [65,66]
libraries. They are matched with the SHERPA parton
shower [67] using the MEPS@NLO prescription that uses
the set of tuned parameters developed by the SHERPA
authors. The NNPDF3.0NNLO [40] PDF set is used, and
the samples are normalized to the NNLO prediction [68].

Samples of diboson events are simulated with the
SHERPA22.1 or SHERPA2.2.2 generator, depending on the
process. Fully leptonic final states and semileptonic final
states, where one boson decays leptonically and the other
hadronically, are simulated 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 are
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 calcu-
lations are matched and merged with the SHERPA parton
shower based on Catani-Seymour dipole factorization
using the MEPS@NLO prescription. The virtual QCD cor-
rections are provided by the OPENLOOPS library. The
NNPDE3.ONNLO PDF set is used, along with a dedicated
set of tuned parton-shower parameters developed by the
SHERPA authors.

The production of triboson events is simulated with
the SHERPA22.2 generator using factorized gauge boson
decays. Matrix elements, calculated at NLO for the
inclusive process and at LO for up to two additional parton
emissions, are matched and merged with the SHERPA parton
shower using the same prescription as the diboson sample.
The virtual QCD correction for matrix elements is also
performed similarly.

The 11ZZ, ttWZ, ttHH, and ttWH processes are simu-
lated using MADGRAPH with the NNPDF23LO PDF set,
whereas the ftt, titt, tHW, tWZ, ttWW, tHq, tWZ, and
tZq samples are simulated using MADGRAPH5_AMC@NLO
with the NNPDF3.0NLO PDF set. The VH sample is
simulated using PYTHIAS2. All these rare processes are
normalized using their NLO theoretical cross sections and
are combined into the ‘Top other’ category.

C. Background processes with nonprompt leptons

Besides prompt leptons, nonprompt leptons are also
produced in many of the background processes, predomi-
nantly in 77 decays. Based on the information provided by
the record of the simulated particles in the produced
MC samples, each lepton is sorted into one of several
lepton-origin categories. These categories distinguish
between prompt leptons, electrons from prompt muon
decay, electrons from photon conversion and leptons from
the decay of a hadron. While selecting a simulated event,

two same-charge same-flavor leptons (ee or uu) are
required in the final state, at least one of which is a prompt
lepton. The following nonprompt categories are defined
based on the origin of the second lepton.

The label ‘fty-conv’ refers to events from the ¢fy and 7
samples in which the second lepton originates from photon
conversion. Events from these two samples are merged
after removing the tfy events from the inclusive 77 sample.
The label ‘77 Q-flip’ refers to events from the 77 sample in
which the second same-charge lepton has a misidentified
charge, known as ‘charge-flip’. The labels ‘¢z dec ¢’ and ‘t7
dec p’ indicate the background processes in which the
second lepton originates from either a heavier lepton decay
or a hadron decay. Finally, if a simulated /7 event has a
second lepton which does not correspond to any of the
processes discussed above, it is included in the ‘“Top other’
category, mentioned in the previous section.

IV. OBJECT RECONSTRUCTION
AND EVENT SELECTION

The signal process involves 7 events, in which one of the
top quarks decays hadronically according to the SM, and
the decay chain of the other top quark contains an HNL.
The targeted final state consists of two same-charge light
leptons (electrons or muons), two bottom quarks and four
light quarks (u, ¢, d or s-quark).

A. Object reconstruction

The primary vertex of an event is defined as the three-
dimensional point inside the beampipe that maximizes the
>~ p% of the contributing tracks.

Electron candidates are reconstructed from energy
deposits in the electromagnetic calorimeter matched to
reconstructed tracks in the inner detector. The selected
candidates are required to have transverse momenta pt >
10 GeV and pseudorapidity |57| < 2.47. Candidates in the
transition region between the barrel and endcap calorim-
eters, 1.37 < |n| < 1.52, have poorer energy resolution and
are excluded. To reduce the background from nonprompt
sources, electron candidates are also required to satisfy
|do|/o(dy) <5 and |zpsin@| < 0.5 mm, where d is the
transverse impact parameter, with uncertainty o(d,), and z,
is the longitudinal impact parameter relative to the primary
vertex. The electron candidates are identified using a
likelihood-based method and are required to satisfy the
‘TightLH* working point [69]. Leptons from heavy-flavor
hadron decays, misidentified jets, or photon conversions
are further suppressed using a boosted decision tree (BDT)
based discriminant [70], which provides several isolation
working points. The electrons are required to satisfy the
loose isolation working point to ensure enough separation
from nearby particles. For some of the analysis regions
discussed in Sec. V, a tighter isolation working point is used
for better rejection of nonprompt leptons.

112004-5
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The sign of the charge of an electron candidate is
determined from the curvature of its track under the effect
of the magnetic field present in the inner detector. For a
highly energetic electron, this curvature can be very small,
making it difficult to determine the direction in which the
track bends, and consequently its electric charge. Charge
misidentification can occur if the electron emits a hard
bremsstrahlung and subsequently produces an electron—
positron pair through photon conversion, with one of these
leptons having a high py. Typically, these conversions
would be reconstructed as such, but in some asymmetric
conversions only one of the tracks is reconstructed, and the
charge of the corresponding electron candidate can be
opposite of the charge of the original lepton that radiated
the photon. To deal with this challenge, a BDT-based
tool [69] is employed, which combines several properties of
an electron candidate, such as its charge, impact parame-
ters, energy, and inner detector track, into a single dis-
criminant. For some of the analysis regions, the electrons
are additionally required to satisfy this BDT based selection
criterion for an improved rejection of electrons with a
misidentified charge. This is referred to as the ‘electron
charge identity selector’ (ECIDS) tool.

A likelihood-based multivariate discriminant is con-
structed to enhance the selection of prompt electrons,
while suppressing contributions from photon conversions
and hadrons misidentified as electrons. It evaluates several
properties of the electron candidates simultaneously, which
include the shower shapes in the electromagnetic calorim-
eter, the quality of the track, and the detection of transition
radiation in the TRT [69]. This is referred to as the ‘e/y
ambiguity removal’.

The reconstruction of muon candidates combines charged
particle tracks in the inner detector with those found in the
muon spectrometer [71]. These tracks must be consistent
with originating from the primary vertex. Muon candidates
must satisfy the ‘Medium’ [71] identification and the loose
isolation criteria [70]. Similar to the electrons, a tighter
isolation criterion is also employed in the definition of
some of the analysis regions, as discussed in Sec. V. In
addition, the muons must have impact parameters satisfying
|do/o(dy)| < 3 and |zysin@| < 0.5 mm. Muon candidates
are required to have py > 10 GeV and || < 2.5.

One of the possible semileptonic decays of a top quark is
into a z-lepton. Only leptonically decaying z-leptons are
considered via their decays into electrons or muons, which
are reconstructed according to the criteria described above.
Hadronically decaying z-leptons are reconstructed as jets,
and treated as light jets during the event selection.

Jets are reconstructed using a particle flow algorithm [72]
by combining information from both the inner detector and
the calorimeters. The anti-k, algorithm [73,74] with a
radius parameter of R = 0.4 is used. Jets are required to
have pr > 20 GeV and || < 4.5 and are calibrated as
described in Ref. [75]. To reduce the effect of pile up, the

jet-vertex tagger (JVT) [76], which identifies jets originat-
ing from the primary vertex, is applied to the jets with
pr < 60 GeV and || < 2.4, using the tight working point.
Additionally, ‘forward jets” with 2.5 < || < 4.5 and py <
120 GeV are required to satisfy a dedicated forward-JVT
WP of fIVT < 0.4, in addition to a timing requirement [77].
The inclusion of forward jets enhances the analysis
sensitivity by increasing the signal (and background) yields
by about 20%.

Jets originating from the hadronization of bottom quarks
are identified (b-tagged) via the DL1r algorithm [78]. This
algorithm uses deep neural networks exploiting the distinct
features of B-hadrons in terms of track impact parameters
and displaced vertices reconstructed in the inner detector.
The inputs to the DLIr network include discriminating
variables constructed by a recurrent neural network, which
exploits the spatial and kinematic correlations between
tracks originating from the same B-hadron. A jet is
considered b-tagged if it satisfies the operating point
corresponding to an 85% average efficiency for b-quark
jets in simulated #7 events.

The missing transverse momentum, whose magnitude is
denoted in the following by E™, is defined as the negative
vector sum of the pt of the reconstructed and calibrated
objects in the event [79]. This sum also includes the
momenta of the inner detector tracks with pr > 0.5 GeV
that are matched to the primary vertex but are not matched
to any other reconstructed objects.

An overlap removal procedure is applied to reduce any
double counting of objects that are independently recon-
structed. An electron candidate is rejected if it shares a track
with a muon candidate or if it has a track overlapping with
another electron candidate. If there are jets within
AR(j,e) = 0.2 of an electron candidate, the closest one
fulfilling this criterion is removed. If there are other jets
within AR(j, e) = 0.4 of the electron candidate, the elec-
tron candidate is removed. Jets that are within AR(j, u) =
0.2 of a muon candidate or share a track with that muon
candidate are removed if they contain fewer than three
tracks. After that, any muon candidate that is within
AR(j, u) = 0.4 of the remaining jets is removed.

B. Event selection and reconstruction

Each selected event is required to have exactly two light
leptons (e or p) of the same charge and flavor. The events
are selected using single-lepton triggers [80,81], where the
leading lepton is required to satisfy the trigger selection
criteria. The leading lepton is also required to have
pt > 27 GeV, where the trigger efficiency is 99%. Jets
in the central region (|| <2.5) are required to have
pt > 20 GeV, whereas jets in the forward region are
required to have pr > 35 GeV. The b-tagged jets are
required to have pp > 25 GeV. Events are required to
have at least two b-tagged jets and at least four jets without
a b-tag. Finally, the lepton pair is required to have an
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invariant mass m,, > 12 GeV to suppress the background
from the Drell-Yan process.

As illustrated in Fig. 1, the specific signal process3
considered is: t; > W{b,, W] - ¢/ N,N - W3£; and
7, = W3by, W5 — g34. The off shell W3 decays hadroni-
cally. This provides four constraints on the invariant masses
of the following reconstructed particles: 7, 7,, W{ and W5
All possible combinations of the available objects are
considered, and the decay chain is reconstructed using
the one which minimizes
(m(W) = my)?

2 (m(tl) - mr)2 i (m(fZ) - mt)z

re e o2, o
(m(W3) —my)*
+—27
Oy

where m; = 172.76 GeV and my, = 80.379 GeV are the
top and W masses, respectively [82]. The parameters ¢, =
32 GeV and oy = 27 GeV are the widths of the recon-
structed top quark and W boson mass distributions,
obtained by averaging over all the signal samples the
individual results of a Gaussian distribution fit to these
masses.

The invariant mass of the W, boson, decaying into the
heavy neutral lepton, offers a good separation between
signal and background. For the signal process, the distri-
bution of this variable peaks near the W boson mass, as
shown in Fig. 2(c). For background processes passing the
signal selection criteria, the invariant mass calculated from
the two same-charge leptons and two light jets coming from
different parents is expected to follow a broad nonresonant
distribution. This is used as one of the input variables for
the multivariate analysis training, as discussed in Sec. V C.

V. SIGNAL EXTRACTION

Although all three flavors of HNLs are considered in this
search, only the processes with ee or uu as the same-charge
leptons in their final states are used for signal extraction.
This implies that, while searching for the signal process
with z-leptons, only the processes where both the z-leptons
decay into same-flavor lighter leptons are considered.

Several analysis regions are defined; one signal region
(SR) for each of the ee and uu channels, four control
regions (CR) for the ee channel and two CRs for the puu
channel. While the SRs are enriched in signal events, each
CR is enriched in events from a specific background
process and have less than 1% signal contamination.
A multivariate analysis is performed on the events belong-
ing to each SR to achieve further separation between signal
and background.

The charge conjugate is also considered and implied through-
out the paper.

The selection criteria for the different signal and control
regions are described in the following and summarized in
Table I.

A. Signal regions

The signal regions for both the ee and pu channels are
defined by applying the tighter isolation criteria described in
Sec. IV A on the same-charge leptons, and requiring m,, <
80 GeV to minimize the Z — ee background. Additionally,
in the ee channel, both electrons are required to satisfy the
criteria of the ECIDS tool and the e¢/y ambiguity removal,
which are applied to suppress the charge flip and photon
conversion contamination, respectively.

B. Control regions

Various background processes, with similar final states
as the signal processes, can mimic their signature and enter
the SRs. In both the ee and pu channels, the fW process is
an important background. In the ee channel, the SM 7
process also produces the same-charge electron pair in the
final state through heavy-flavor decay, photon-conversion,
or charge-flip. In the up channel, the 7 process produces
the same-charge muon pair mostly through heavy-flavor
decay, as the occurrence of charge-flip in the uu channel is
found to be negligible. To understand the impact of the
background contributions, dedicated CRs are defined.

To define a CR for the /W background, events with
mgp, > 100 GeV (in the ee channel) or m,, > 80 GeV (in
the up channel) are selected, while keeping all other criteria
of the SR unchanged. The tighter selection in the ee
channel reduces the contribution from the Z — ete”
process, which can produce a same-charge electron pair
in the final state through charge-flip. A single W CR is
defined by merging events from both channels.

‘Fake leptons’ are reconstructed lepton candidates that
originate either from real leptons, produced in nonprompt
decays or photon conversion, or from jets with an electro-
magnetic signature that mimics that of electrons. Fake
leptons are often created when a hadron, containing a b- or
c-quark, decays into a lighter hadron and a lepton. A CR for
such heavy flavor fake leptons is defined by selecting
events in which at least one of the leptons does not satisfy
the tighter isolation criteria described in Sec. IV A, along
with a requirement of m,, > 70 GeV (for the ee channel)
or my, > 75 GeV (for the uu channel) to minimize the
signal contamination.

A CR with an enhanced contribution of the electron
charge-flip background is defined by requiring at least one
of the electrons to satisfy the reversed ECIDS criterion. In
this CR, the contribution from the Z — ee process is
mitigated by rejecting the events with m,, in a 10 GeV
window around the Z boson mass (Z veto). A requirement
of m,, > 60 GeV is also imposed to reduce the signal
contamination.
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FIG. 2. Distributions of the BDT input variables for two signal mass points and all background processes: (a) invariant mass of the two
same-charge leptons, (b) missing transverse momentum, (c) invariant mass of the W, candidate, and (d) transverse momentum of the
subleading lepton. The normalizations of the background processes are obtained from a background-only fit to data across all the CRs in
both channels. The signal distributions are normalized to the same number of events as the sum of all background processes. The vertical
error bars represent the statistical uncertainty in the data, shown as black dots, and the hatched band includes the MC statistical
uncertainty and all the other systematic uncertainties added in quadrature. The first and last bins include the events below and above the

histogram range, respectively.

Finally, another CR is defined for the electrons origi-
nating from the interaction of photons with the detector
material, known as photon conversion, by inverting the e/y
ambiguity removal criterion to enhance the contribution

from this targeted process. Additionally, in this CR, a lower
bound of my,, > 75 GeV and the Z veto are applied to
reduce the signal contamination and the background events
originating from the Z — ee process.
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TABLE I. Definitions of different signal and control regions. The control regions are enriched in events from the
following processes: 17W, heavy-flavor (HF) fake, photon-conversion (PC), and charge-flip (CF). The ‘Z veto’ is
defined as m,, & [mz — 10 GeV,my + 10 GeV].

Analysis regions for the ee channel

Region Tight isolation e/y ambiguity removal ECIDS criteria m,, requirement
SR Both e Both e Both e <80 GeV

ttW CR Both ¢ Both ¢ Both ¢ >100 GeV

HF CR At most one e Both ¢ Both e >70 GeV

PC CR At most one e Both ¢ >75 GeV and Z veto
CF CR Both e At most one e >60 GeV and Z veto

Analysis regions for the uy channel

Region Isolation criteria m,,, requirement
SR Both u <80 GeV
ttw CR Both >80 GeV
HF CR At most one u >75 GeV
C. Multivariate analysis Two separate BDTs are trained in different mass regions

to maximize the separation power across the whole mass
range: one for the low-mass region using the four signal
MC samples generated with my between 15 GeV and
40 GeV, and another for the high mass region using the six
samples with my between 45 GeV and 75 GeV. The same
BDTs are used for the ee and pu channels, and trained

A multivariate analysis is performed in the SRs to
achieve further separation between signal and background.
The GradientBoostingClassifier model from
the scikit-1learn [83] package is used to train boosted
decision trees, using binary cross-entropy as the loss

function.
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FIG. 3. Data (dots) and MC (histograms) distributions, as obtained from the background-only fit in the ee channel for (a) the event
yields from different background processes in the respective control regions, and (b) the distributions of the high-mass BDT output in the
signal region for two signal mass points and all background processes. The distributions for the signal processes correspond to the HNL
mixing with electron neutrinos, and are overlaid on the stacked background distributions. Each of the signal distributions is normalized
to a cross section of 0.04 pb. The vertical error bars represent the statistical uncertainty in the data, and the hatched band includes the MC
statistical uncertainty and all the other systematic uncertainties added in quadrature.
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FIG. 4. Data (dots) and MC (histograms) distributions, as obtained from the background-only fit in the uyu channel for (a) the event
yields from different background processes in the respective control regions, and (b) the distributions of the high-mass BDT output in the
signal region for two signal mass points and all background processes. The distributions for the signal processes correspond to the HNL
mixing with muon neutrinos, and are overlaid on the stacked background distributions. Each of the signal distributions is normalized to a
cross section of 0.015 pb. The vertical error bars represent the statistical uncertainty in the data, and the hatched band includes the MC
statistical uncertainty and all the other systematic uncertainties added in quadrature.

using a mixture of signal samples of the first two HNL
generations, along with all the nominal background sam-
ples described in Sec. III B. The mixture of signal samples
used for the BDT training is prepared by aggregating equal
numbers of events from the simulated samples belonging to
the mass range corresponding to that BDT. The search for
the third generation of HNL utilizes the same BDTs as the
ones used in the searches for the first two generations.

Each simulated MC event has an associated event
weight, which is the product of the generator-level weight
and various scale factors applied for the calibration of
different reconstructed objects present in that event. While
training the model, absolute values of these event weights
are used to preserve the convexity of the loss function.
Different background components are normalized to the
same luminosity according to their SM cross sections while
preparing the background sample. The signal and back-
ground samples are normalized to the same number of
weighted events. A twofold cross-validation was performed
by splitting the whole dataset based on odd and even event
numbers to check for overtraining. Although there was no
sign of overtraining, the events with odd event number are
nevertheless evaluated using the model trained on events
with even event number, and vice versa.

Based on optimization studies, the following input
variables were found to be the most important (in decreas-
ing order of importance), and are used to build the BDT
models:

(1) Invariant mass of the two same-charge leptons
(mee); .
(if) Missing transverse momentum of the event (EF"*);
(iii) Invariant mass of the W boson decaying into an
HNL and a lepton (mzz;;);
@iv) Tre;nsverse momentum of the subleading lepton
(P7)-

The reconstruction of the second-last variable is dis-
cussed in Sec. IV B. The distributions of the input variables
for the two BDTs are shown in Fig. 2 for signal and
background events separately. The signal distributions are
normalized to the same number of events as the sum of all
background processes to highlight the difference between
their shapes. A satisfactory data-MC agreement is observed
for all four input variables.

The separations obtained for two example mass points
are illustrated in Fig. 3(b) (for the ee channel) and Fig. 4(b)
(for the up channel). The BDTs offer a better discrimination
between signal and background than any of the input
variables alone for all HNL mass points considered.

VI. SYSTEMATIC UNCERTAINTIES

The predictions of the signal and background processes
are affected by theoretical uncertainties, and the data are
affected by various sources of experimental uncertainties.
The uncertainties are classified into three different catego-
ries; uncertainties arising from the reconstruction and
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calibration of the jet and lepton candidates, the uncertainty
in the background normalizations, and the uncertainty
arising from the modeling of the signal and background
processes. They are detailed in the following subsections.

A. Experimental uncertainties

One of the primary sources of experimental uncertainty
is the lepton efficiency, which is the efficiency of selecting
an event containing the required number of leptons. This
includes the reconstruction and identification efficiencies,
the isolation efficiency, and the trigger efficiency. These
efficiencies are different for data and simulated events,
primarily because of the imperfect detector simulation. For
simulated events, this is corrected by applying scale factors,
calculated as the ratio of the efficiencies measured in the
data to those measured in the simulation using the tag-and-
probe method in Z — £ events. These scale factors, which
depend on pr and 5, are varied up and down by one
standard deviation to study the impact of the lepton
efficiency uncertainties in the analysis result [71,84].
The uncertainty in the lepton trigger efficiency is calculated
by propagating the uncertainties in individual trigger scale
factors, which are derived in the same way as the identi-
fication and isolation scale factors for electrons and muons.

The lepton energy (momentum) measurements and
correction factors are derived from a comprehensive study
of dileptonic decays of the Z boson, involving both the data
and simulation. They are applied to correct possible
mismodeling of the detector during the calibration.
These correction factors are varied up and down by one
standard deviation to study the lepton energy (momentum)
scale uncertainty. The energy of the electrons is calibrated
at the electromagnetic scale. For muons, the momentum
scale and resolution corrections are applied to the MC
simulations. Additional uncertainties are considered to
account for the charge-dependent scale correction applied
to data [85].

An uncertainty in the measurement of ETS is assigned
due to a possible miscalibration of its soft-track component,
which are tracks that cannot be matched to any of the
reconstructed and calibrated physics objects, i.e. hard
components. They are derived from the level of agreement
between data and simulation of the pt balance between
the hard and soft ETT‘fliss components [79]. The scale and
resolution uncertainties in the soft ETS component are
treated as separate contributions.

The overall uncertainty in the jet energy scale (JES)
consists of individual components derived from in situ
measurements, pileup effects, flavor dependence, and addi-
tional effects like calorimeter responses and out-of-cone
radiation. To determine the JES and its uncertainty,
information from test-beam data, LHC collision data and
simulation are used [75].

Precise knowledge of the jet energy resolution (JER) is
important for the correct modeling of jet production.

Thirteen orthogonal components account for jet pr- and
n-dependent differences between simulation and data,
which are determined using dijet events and noise
measurements [75].

The uncertainties in JVT and fJVT are calculated by
studying track-to-vertex matching [76]. The b-tagging per-
formance, characterized by the probability of correctly
tagging a b-jet and the probability of mis-tagging a c-jet or
alightflavor jet as a b-jet, are also taken into account [86—88].

To account for the differences in the pileup distribution
between data and simulation, the pileup profile in the
simulation is corrected to match the one in data by applying
several correction factors. The uncertainties in these cor-
rection factors are also taken into account.

Finally, the uncertainty in the measurement of the
combined Run-2 integrated luminosity is estimated to
be 0.83% [23].

B. Background normalization uncertainties

Uncertainties of 12% and 10% are included for the 7Z
and ¢7H production cross-sections, respectively [56]. The V
EW background consists of Z + jets events, with a 20%
uncertainty [89], and VV/VVV events, with a 50%—-60%
uncertainty [90] in their cross sections. Hence, an overall
30% normalization uncertainty is considered for the V EW
background as a weighted average. For the tW, single-top-
quark (z-channel and s-channel), and the minor back-
grounds included in the ‘Top other’ category, a 50%
normalization uncertainty is assigned. The normalizations
of the tW events, and of the ¢f events with nonprompt
leptons in their final states, are kept unconstrained and are
determined by the fit, which is described in Sec. VIIL.

C. Modeling uncertainties

The systematic uncertainties in MC modeling are esti-
mated by comparing different generators or by varying the
parameters used for the event simulation.

For the HNL signal samples, the following modeling
systematic uncertainties are considered. The uncertainty in
the parton distribution functions is propagated using the
PDFALHCI15 prescription [91]. The uncertainty due to
missing higher-order corrections in the matrix element
calculation is estimated by independently varying ugr and
ur up and down by a factor of two.

The dominant background is from the #7 events, in which
at least one of the top quarks decays leptonically. To
estimate the uncertainty related to the choice of parton
shower and hadronization model, the POWHEG+PYTHIAS
sample is compared with the POWHEG+HERWIG7.2.1 sample.
Independent variations of the renormalization and factori-
zation scales are considered to account for missing higher-
order corrections in the matrix element calculation. The
uncertainty in 77 modeling due to the initial-state-radiation
is estimated by varying the renormalization and factoriza-
tion scales by factors of two around their original values,

112004-11



G. AAD et al.

PHYS. REV. D 110, 112004 (2024)

whereas the uncertainty in the modeling of final-state-
radiation is evaluated by varying the renormalization scale
for QCD emissions in the final-state shower by a factor
of two around its original value. The uncertainties in the
cross section due to the choice of PDF and the value of the
strong coupling a, are calculated using the PDFALHC
prescription [91] with the MSTW2008 68% confidence level
(CL) NNLO [92,93], CT10 NNLO [94,95] and NNPDF2.3LO
PDF sets. The uncertainty in matching the NLO matrix
elements to the parton shower when simulating #7 events is
evaluated by comparing nominal samples of simulated
events with samples generated with an alternative setting of
the piad parameter in the matching code, as discussed in
Sec. Il B. The uncertainty related to the choice of the Ag,yp
parameter for the 7 event simulation is estimated by using
an additional ¢f sample produced with this parameter set to
3m,, while keeping all other generator settings unchanged.

The nominal sample for the t7H background is produced
with the same generator as for the 77 background.
Therefore, the uncertainties related to the parton shower,
hadronization, renormalization and factorization scales,
and the choice of ph*? parameter are estimated following
the 17 recipe, except for the g,y, parameter, which is set to
3/4(m; + m; + my) = 352.5 GeV, and is not varied.

For the tfW background, the uncertainty related to the
choice of parton shower and hadronization model is
estimated by comparing the POWHEG+PYTHIAS sample with
the POWHEG+HERWIG7 sample. To estimate the uncertainty
related to the choice of generator, the nominal SHERPA2.2.10
sample is compared with the sample generated using
MADGRAPH5_AMC@NLO+PYTHIA8 with the FxFx merging
scheme. The uncertainties in scale variations are estimated
from the independent variations of the renormalization and
factorization scales by factors of two. The uncertainty in the
parton distribution functions is propagated using the
PDF4LHCI15 prescription.

To estimate the uncertainty in the 77Z background related
to the choice of parton shower and hadronization model,
the nominal sample is compared with the sample simulated
using MADGRAPH5_AMC@NLO+HERWIG7. The uncertainties
in scale variations are estimated from the independent
variations of the renormalization and factorization scales by
factors of two. The uncertainties arising from initial-state-
radiation and missing higher-order terms in matrix element
calculation are also accounted for.

VII. STATISTICAL ANALYSIS AND RESULTS

The signal strength u is obtained from a simultaneous
binned profile-likelihood fit [96] across the signal and
control regions, with systematic uncertainties included as
nuisance parameters. The histograms used for constructing
the likelihood with HistFactory [97] are the distribu-
tions of BDT output in the SRs, and are single-bin histo-
grams with the event yields in the CRs. During the

simultaneous fit, these single-bin histograms help to
determine the normalizations of the particular background
processes corresponding to the CRs.

The likelihood is constructed as a product of individual
Poisson likelihoods over all considered bins. The fitted
event yields in the bins depend on nuisance parameters 6,
which include the effects of systematic uncertainties. Each
nuisance parameter, except those representing the MC
statistical uncertainties, is constrained by a Gaussian
distribution term in the likelihood function. Some system-
atically varied discriminant distributions are smoothed and
nuisance parameters of systematic uncertainties with neg-
ligible impact are removed entirely to reduce spurious
effects in minimization, improve convergence of the fit, and
reduce the computing time. The effects of normalization
and shape of a source of systematic uncertainty are treated
separately in this removal process.

The test statistic g, is defined as the profile likelihood
ratio,

»
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E(ﬁv

)
)

4, =—21In
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where 2 and 6 are the values of the parameters that

maximize the likelihood function and & are the values of
the nuisance parameters that maximize the likelihood
function for a given value of u. The test statistic is evaluated
with the RooStats package [98] and is used in the
modified frequentist (CLg) method [99] to obtain upper
limits on the signal strength. For a given signal mass, the
range of y yielding CLg < 0.05, where CLgy is computed
using the asymptotic approximation [96], is excluded at
95% confidence level.

While searching for an HNL mixing with a particular
generation of SM neutrinos, the mixing with the other two
generations is assumed to be zero. This implies, for an HNL
mixing with the first two generations, the same-charge
leptons in the final states of the signal processes directly
couple to the HNLs and do not originate from z-lepton
decays. Simultaneous fits across the signal and control
regions are performed separately for the ee and pu channels
to extract the signal strengths o, y and o, y, respectively. In
the search for an HNL mixing with electron neutrinos, one
SR and four CRs are included in the simultaneous fit. The
CRs used in the ee channel are enriched in events from
these background processes; (W, fake electrons from
heavy flavor hadron decays, charge flip and photon con-
version. In the search for an HNL mixing with muon
neutrinos, one SR and two CRs are included in the
simultaneous fit, where the CRs are enriched in either
ttW or fake muons from heavy flavor hadron decays.

The background-only fit distributions in the high mass
region for the ee and pup channels are shown in Figs. 3 and
4, respectively. The normalizations of the background
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Data (dots) and MC (histograms) distributions of the high-mass BDT output, as obtained from the combined background-only

fit, in the signal regions of the (a) ee and (b) pu channels, used to search for HNL mixing with z-neutrinos. Distributions are shown for
two signal mass points and all background processes. The distributions for the signal processes correspond to the HNL mixing with
7-neutrinos, and are overlaid on the stacked background distributions. Each of the signal distributions is normalized to a cross section of
20 pb. The vertical error bars represent the statistical uncertainty in the data, and the hatched band includes the MC statistical uncertainty

and all the other systematic uncertainties added in quadrature.

components in the ee channel, obtained from this fit, are
0.55 £ 0.42 for photon conversion, 1.52 £ 0.69 for heavy-
flavor fake, 0.80 £ 0.39 for charge-flip, and 1.09 £ 0.39
for /fW. In the puu channel, the background normalizations
are 0.75 4 0.32 for heavy-flavor fake, and 1.05 £ 0.41 for
ftW. The net acceptance times efficiency for the signal
processes in their corresponding SRs ranges from 0.26% to
1.3% depending on the HNL mass.

TABLE II.
background-only fit in the high-mass region.

Similarly, while searching for an HNL mixing with the
third generation, the same-charge electrons or muons in the
final state of the signal process come from the z-lepton
decays only. In this case, a simultaneous fit is performed
across both the ee and uu channels. The distributions from
the background-only fit in the CRs are very similar to the
ones obtained for the other two searches. Because of the
lower number of expected signal events, a coarser binning

Postfit event yields for the different background processes in the signal regions, as obtained from the

Separate fits

Combined fit

SR ee SR up SR ee SR up
tf decay e I5+6 15+7
t Q-flip 1.4+£09 1.3+£0.8
tt y-conv 6+4 5+4
tf decay u 8.0+32 84+3.0
1w 104 £2.6 18+5 104 £2.6 19+4
1z 52=£1.1 56=£1.1 50=£1.1 55+£1.1
ttH 76+1.3 114+£19 75+1.3 11.2+1.8
V EW 24+£09 19+£15 23408 1.5+£12
Top other 54+£22 11+4 5.1£22 11+4
Total prediction 52+6 56 +4 52+6 56 +4
Data 52 52 51
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TABLE III. Expected (exp.) and observed (obs.) upper limits on the signal cross sections at 95% CL.

my (GeV) 15 25 35 40 45 50 55 60 70 75
Exp. o,y (fb) 21 9.8 73 6.9 6.9 6.7 7.2 8.5 18 36
Obs. o,y (fb) 26 12 8.2 7.8 10 9.7 10 12 26 52
Exp. o,y (fb) 9.3 5.0 3.7 35 32 3.1 32 4.0 8.2 15
Obs. o,y (fb) 7.5 39 2.8 2.6 32 3.1 33 4.2 8.3 15
Exp. o,y (pb) 8.9 2.6 2.1 1.7 1.8 1.8 2.0 3.7 7.0 19
Obs. o,y (pb) 13 3.6 2.7 2.3 2.5 2.2 32 55 7.3 20

has been used in the SRs of the ee and up channels while
searching for HNL mixing with z-leptons, as shown
in Fig. 5.

A. Upper limit on the signal strength

The data and SM predictions agree within uncertainties,
and no significant deviation is observed, as illustrated in
Table II. In the absence of any observed signal, upper limits
are set on the signal strength at 95% confidence level for

—_

T
ATLAS

LN B Sy
Expected
Observed

different masses. The upper limits on the cross sections of
the signal process are listed in Table III. The most stringent
limits are observed for mpyy = 50 GeV, for all three
flavors of HNL.

The dominant sources of systematic uncertainties are the
ones related to the modeling of the ¢7 process, normalization
of the 1fW sample, and the JES/JER uncertainties. However,
the effect of the systematic uncertainties on the expected and
observed upper limits is small, as compared with its
statistical counterpart. For my = 50 GeV, the expected
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FIG. 6. Expected (dashed black lines) and observed (solid black lines) upper limits on the strength of HNL mixing with (a) electron
neutrinos, (b) muon neutrinos and (c) z-neutrinos at 95% CL, along with the 16 (green) and 2o (yellow) uncertainty bands. The small
discontinuity after 40 GeV reflects the use of a different BDT beyond this mass point. The observed upper limits from some of the
previous searches for HNLs in W boson decays are shown as dotted lines [7,10]. The discontinuities seen in the result from the CMS
Collaboration originate from the different optimization strategies applied in different mass regions.

112004-14



SEARCH FOR HEAVY RIGHT-HANDED MAJORANA NEUTRINOS ...

PHYS. REV. D 110, 112004 (2024)

upper limits on o,y and o,y change from 6.7 fb~! to
6.1 fb~! and from 3.1 fb~! to 2.8 fb~!, respectively, if the
systematic uncertainties are not accounted for during the fit.
This change is less than 10% compared with the values
obtained from the fits with all the systematic uncertainties
included, for all the masses considered. The expected upper
limit on o,y for the same mass decreases by 6%.

The upper limits on the signal cross sections are
translated into upper limits on the mixing parameters,
using the following equation:

oyn=204 |V£,N|2 -BW+ =Ny, =1 £1)-B(N— W),
(2)

where B(W* — Ny, (=1£") is the branching ratio of the
W+ — N£* decay, for |V, y| = 1. The value of B(N —
£+ W~) does not depend on the mixing parameter V, y, and
varies from 36% to 39% in the mass range considered.

Fig. 6 shows the upper limits on the three mixing
parameters as functions of the HNL mass. The observed
upper limits on |V, y|* and |V, y|* are comparable across
the whole mass range, |V, v|* being slightly more stringent.
Nevertheless, these limits are weaker compared with some
of the previous results that are shown in this figure. The
limits on |V, y|? are three orders of magnitude weaker than
the other two, and cross unity for the mass points above
68 GeV. This large difference in sensitivity is primarily
because the analysis targets only ee and pu final states,
consequently all the signal events where the same-charge
7-leptons decay into two different flavors of lighter leptons
or decay hadronically are not selected by the selection
criteria of the SRs.

This study provides complementary information for
combinations with other HNL measurements, and may
be reinterpreted within the framework of effective field
theories (EFT). Dimension-7 (and above) EFT operators,
which enable lepton-number violation and complex five-
fermion interactions, could produce final states similar to
those considered [100].

VIII. CONCLUSION

A search for heavy neutral leptons produced in #f events
with dileptonic final states is performed using 140 fb~! of
proton—proton collision data collected by the ATLAS detec-
tor at the LHC at a center-of-mass energy of 13 TeV. This is
the first search for HNLs using ¢7 events, and uses the distinct
signature of same-charge leptons in the final states.

Observations are consistent with the Standard Model
predictions, and the search results are presented as 95% CL
upper limits on the mixing parameters |V, y|?, [V, y|* and
|V, ~|? as functions of the mass of the heavy neutral lepton
candidates.

The analysis is optimized to the search for mixing
with the first two generations of leptons, and is also

used to search for the mixing with the third generation.
The best observed upper limits on the mixing parameters
in the search region are |V, y|* <2.0 x 107, |V, y[* <
6.8 x 107 and |V, y|> < 5.9 x 1072, While these upper
limits are about one order of magnitude weaker than those
obtained in the previous ATLAS search for HNLs in the
decays of W bosons [11], this analysis extends the search
region for the first two generations beyond my = 50 GeV,
probing HNL masses up to 75 GeV, and broadens the scope
of previous ATLAS searches by looking for an HNL
mixing with the third generation.

Although the sensitivity of this channel to HNL mixing
is about 2-3 orders of magnitude lower than channels with
W bosons produced directly in proton—proton collisions,
searches for anomalous couplings in top-quark interactions
remain a valuable endeavor, as the final states probed
here can also be predicted by other theories such as EFT
models allowing lepton-number violation and complex
five-fermion interactions.
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