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Search for heavy right-handed Majorana neutrinos in the decay
of top quarks produced in proton-proton collisions

at
ffiffi
s

p
= 13 TeV with the ATLAS detector

G. Aad et al.
*

(ATLAS Collaboration)

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

A search for heavy right-handedMajorana neutrinos is performed with the ATLAS detector at the CERN
Large Hadron Collider, using the 140 fb−1 of proton–proton collision data at

ffiffiffi
s

p ¼ 13 TeV collected
during Run 2. This search targets tt̄ 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 tt̄ 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, therewere 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 jΔLj ¼ 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 × 106 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 50GeV–25 TeVusing 138 fb−1 offfiffiffi
s

p ¼ 13 TeV proton–proton (pp) collision data in the

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 themuon chambers of
the CMS detector [9], a distinctive signature to probe
for HNLs with masses lower than 4 GeVand 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 τ-neutrinos above theW boson mass for
the first time.
A previous result from the ATLAS Collaboration using

36.1 fb−1 of
ffiffiffi
s

p ¼ 13 TeV pp collision data constrained the
HNLmixing tomuon and electronneutrinos in themass 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].
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This is the first search for HNLs using tt̄ 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. III 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 tt̄ 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
HNLs. 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 (μμ 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 <
mHNL < 75 GeV, using 140 fb−1 of pp collision data
collected by the ATLAS detector at

ffiffiffi
s

p ¼ 13 TeV. The
ee and μμ channels are also used to constrain the strength of
HNL mixing with τ-neutrinos, considering purely leptonic
decays of τ-leptons.While calculating theupper limits onone
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 Taxial

magnetic field and provides charged-particle tracking in the
range jηj < 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 jηj ¼ 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

jηj < 4.9. Within the region jηj < 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 jηj < 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 jηj ¼ 1.7, and two copper/LAr hadronic endcap
calorimeters. The solid angle coverage is completed with
forward copper/LAr and tungsten/LAr calorimeter modules

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.

1ATLASuses a right-handed coordinate systemwith 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 ðr;ϕÞ are used in the transverse plane, ϕ being the
azimuthal angle around the z-axis. The pseudorapidity is defined in
terms of the polar angle θ as η ¼ − ln tanðθ=2Þ and is equal to the
rapidity y ¼ 1

2
lnðEþpzc

E−pzc
Þ in the relativistic limit. Angular distance is

measured in units of ΔR≡ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔyÞ2 þ ðΔϕÞ2

p
.
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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 jηj < 2.7, complemented by cathode-strip chambers
in the forward region, where the background is highest. The
muon trigger system covers the range jηj < 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.

III. DATA AND SIMULATED EVENT SAMPLES

The search uses LHC pp collision data at
ffiffiffi
s

p ¼ 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−1, 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 PYTHIA8.1 [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 PYTHIA8 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 PYTHIA8 and HERWIG7 [35,36] have
heavy-flavor hadron decays modeled by EVTGEN [37]. The
masses of the top quark, mt, and of the Higgs boson, mH,
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 νMSM [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 τ-leptons through a mixing with the
corresponding neutrinos. In this model, the mass mN and
couplings Vl;N of this new particle are free parameters.
These couplings can be expressed through a mixing matrix,

Vl;N ¼

0
B@

Ve;N 0 0

0 Vμ;N 0

0 0 Vτ;N

1
CA; ð1Þ

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 (μF) and renormal-
ization (μR) scales are set to be equal [41], given by the

dynamical expression 1
4

P
i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

i þ p2
T;i

q
, 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 mi and pT;i, 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 τ-leptons are simulated using PYTHIA8 with the
A14 set of tuned parameters.
Signal samples are generated for ten values of mN : 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 (lþlþ or l−l−) and
three possible choices in their flavor (l ¼ e, μ or τ-lepton).

B. Background processes with prompt leptons

Leptons that originate from the primary hard-scattering
event and satisfy all selection requirements, described in
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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 tt̄ events is modeled using the POWHEG

BOXv2 generator that provides matrix elements at NLO
precision with the NNPDF3.0NLO PDF set and the hdamp

parameter2 set to 1.5 mt [44]. The functional form of the
renormalization and factorization scale is set to the default
scale

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

t þ p2
T

p
. The parton shower and hadronization are

modeled with the PYTHIA8.2 generator. The uncertainty in
matching the NLO matrix elements to the parton shower
when generating tt̄ events is evaluated by comparing the
nominal samples of simulated events to samples with an
alternative setting of the phard

T parameter in the matching
code, using phard

T ¼ 1 instead of the default setting of
phard
T ¼ 0 [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 hdamp parameter
for the tt̄ event generation is estimated using an additional tt̄
sample produced as the nominal sample, but with the hdamp

parameter set to 3mt [46]. The uncertainty in the parton-
shower and hadronizationmodel for the tt̄ 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 tt̄ 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 σðtt̄ÞNNLOþNNLL ¼ 832� 51fb.
The events for the tt̄H process are simulated at NLOwith

POWHEG BOXv2 using the NNPDF3.0NLO PDF set, while the
Higgs-boson decay, hadronization, parton shower, and the
underlying event are simulated with PYTHIA8.2. The result-
ing sample is normalized to a cross section of 507þ35

−50 fb,
which is calculated at NLO for both QCD and electroweak
(EW) using MADGRAPH5_AMC@NLO as reported in
Ref. [56]. An additional tt̄H sample is simulated with
phard
T ¼ 1. The uncertainty in the parton-shower and hadro-

nization model is evaluated with the help of an alternative

sample produced with POWHEG BOXv2+HERWIG7.2.1, using
the same prescription as the tt̄ process.
For the tt̄W 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 tt̄W þ 1 jet
final state, is used to simulate the EW corrections to the tt̄W
production. Following the recommendations of the LHC
Top and the LHC Higgs boson working groups, the cross
sections of these QCD and EW tt̄W samples are scaled
separately to 674.7 fb and 47.7 fb, respectively [62]. The
impact of the systematic uncertainty in the choice of
generator is evaluated using an alternative tt̄W 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 PYTHIA8.2.
The tt̄Z production, with the Z boson decaying leptoni-

cally, is simulated with MADGRAPH5_AMC@NLO, interfaced
with PYTHIA8.2. Three samples corresponding to the three
leptonic decay modes of the Z boson are produced, and
they are normalized to the total tt̄Z production cross section
of 0.84þ0.09

−0.10 pb [56]. The impact of the systematic uncer-
tainty in the choice of generator is assessed through
alternative tt̄Z 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 tt̄γ process is simulated with MADGRAPH5_AMC@NLO

and the parton shower is simulated using PYTHIA8.2. An
overlap removal with the tt̄ sample is implemented based on
the procedure used by the charge asymmetry analysis of the
tt̄γ process [63]. This sample corresponds to a total cross
sectionof 5.36 pb, as calculated by theMCgenerator atNLO.
The tW 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 t-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 ¼ W, Z), composed of the V þ jets, diboson (VV) and

2The hdamp parameter controls the matching between the
matrix elements in POWHEG and parton shower in PYTHIA. It
effectively regulates the high-pT radiation against which the tt̄
system recoils.

G. AAD et al. PHYS. REV. D 110, 112004 (2024)

112004-4



triboson (VVV) processes, is considered. The production
of V þ 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

SHERPA2.2.1 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
NNPDF3.0NNLO 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 SHERPA2.2.2 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 tt̄ZZ, tt̄WZ, tt̄HH, and tt̄WH processes are simu-

lated using MADGRAPH with the NNPDF2.3LO PDF set,
whereas the tt̄t, tt̄tt̄, tHW, tt̄WZ, tt̄WW, tHq, tWZ, and
tZq samples are simulated using MADGRAPH5_AMC@NLO

with the NNPDF3.0NLO PDF set. The VH sample is
simulated using PYTHIA8.2. 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 tt̄ 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 μμ) 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 ‘tt̄γ-conv’ refers to events from the tt̄γ and tt̄

samples in which the second lepton originates from photon
conversion. Events from these two samples are merged
after removing the tt̄γ events from the inclusive tt̄ sample.
The label ‘tt̄ Q-flip’ refers to events from the tt̄ sample in
which the second same-charge lepton has a misidentified
charge, known as ‘charge-flip’. The labels ‘tt̄ dec e’ and ‘tt̄
dec μ’ indicate the background processes in which the
second lepton originates from either a heavier lepton decay
or a hadron decay. Finally, if a simulated tt̄ 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 tt̄ 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, c, 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 theP

p2
T 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 jηj < 2.47. Candidates in the
transition region between the barrel and endcap calorim-
eters, 1.37 ≤ jηj ≤ 1.52, have poorer energy resolution and
are excluded. To reduce the background from nonprompt
sources, electron candidates are also required to satisfy
jd0j=σðd0Þ < 5 and jz0 sin θj < 0.5 mm, where d0 is the
transverse impact parameter, with uncertainty σðd0Þ, and z0
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.
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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 pT. 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=γ
ambiguity removal’.
The reconstruction ofmuon 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
jd0=σðd0Þj < 3 and jz0 sin θj < 0.5 mm. Muon candidates
are required to have pT > 10 GeV and jηj < 2.5.
One of the possible semileptonic decays of a top quark is

into a τ-lepton. Only leptonically decaying τ-leptons are
considered via their decays into electrons or muons, which
are reconstructed according to the criteria described above.
Hadronically decaying τ-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-kt algorithm [73,74] with a
radius parameter of R ¼ 0.4 is used. Jets are required to
have pT > 20 GeV and jηj < 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
pT < 60 GeV and jηj < 2.4, using the tight working point.
Additionally, ‘forward jets’ with 2.5 < jηj < 4.5 and pT <
120 GeV are required to satisfy a dedicated forward-JVT
WP of fJVT< 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 DL1r 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 tt̄ events.
The missing transverse momentum, whose magnitude is

denoted in the following by Emiss
T , 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 pT > 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
ΔRðj; eÞ ¼ 0.2 of an electron candidate, the closest one
fulfilling this criterion is removed. If there are other jets
within ΔRðj; eÞ ¼ 0.4 of the electron candidate, the elec-
tron candidate is removed. Jets that are within ΔRðj; μÞ ¼
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
ΔRðj; μÞ ¼ 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 μ) 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 (jηj < 2.5) are required to have
pT > 20 GeV, whereas jets in the forward region are
required to have pT > 35 GeV. The b-tagged jets are
required to have pT > 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 mll > 12 GeV to suppress the background
from the Drell-Yan process.
As illustrated in Fig. 1, the specific signal process3

considered is: t1 → Wþ
1 b1;W

þ
1 → lþ

1 N;N → W−
3 l

þ
2 and

t̄2 → W−
2 b̄2;W

−
2 → q3q̄4. The off shellW−

3 decays hadroni-
cally. This provides four constraints on the invariant masses
of the following reconstructed particles: t1, t̄2,W

þ
1 andW−

2 .
All possible combinations of the available objects are
considered, and the decay chain is reconstructed using
the one which minimizes

χ2 ¼ ðmðt1Þ −mtÞ2
σ2t

þ ðmðWþ
1 Þ −mWÞ2
σ2W

þ ðmðt̄2Þ −mtÞ2
σ2t

þ ðmðW−
2 Þ −mWÞ2
σ2W

;

where mt ¼ 172.76 GeV and mW ¼ 80.379 GeV are the
top and W masses, respectively [82]. The parameters σt ¼
32 GeV and σW ¼ 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 W1 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 μμ as the same-charge
leptons in their final states are used for signal extraction.
This implies that, while searching for the signal process
with τ-leptons, only the processes where both the τ-leptons
decay into same-flavor lighter leptons are considered.
Several analysis regions are defined; one signal region

(SR) for each of the ee and μμ channels, four control
regions (CR) for the ee channel and two CRs for the μμ
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 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 μμ channels are
defined by applying the tighter isolation criteria described in
Sec. IVA on the same-charge leptons, and requiringmll <
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=γ 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 μμ channels, the tt̄W process is
an important background. In the ee channel, the SM tt̄
process also produces the same-charge electron pair in the
final state through heavy-flavor decay, photon-conversion,
or charge-flip. In the μμ channel, the tt̄ process produces
the same-charge muon pair mostly through heavy-flavor
decay, as the occurrence of charge-flip in the μμ channel is
found to be negligible. To understand the impact of the
background contributions, dedicated CRs are defined.
To define a CR for the tt̄W background, events with

mll > 100 GeV (in the ee channel) or mll > 80 GeV (in
the μμ 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 → eþe−
process, which can produce a same-charge electron pair
in the final state through charge-flip. A single tt̄W 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. ACR 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. IVA, along
with a requirement of mll > 70 GeV (for the ee channel)
or mll > 75 GeV (for the μμ 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 mll in a 10 GeV
window around the Z boson mass (Z veto). A requirement
of mll > 60 GeV is also imposed to reduce the signal
contamination.

3The charge conjugate is also considered and implied through-
out the paper.
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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=γ
ambiguity removal criterion to enhance the contribution

from this targeted process. Additionally, in this CR, a lower
bound of mll > 75 GeV and the Z veto are applied to
reduce the signal contamination and the background events
originating from the Z → ee process.

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 W1 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.
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C. Multivariate analysis

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

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 mN between 15 GeV and
40 GeV, and another for the high mass region using the six
samples with mN between 45 GeV and 75 GeV. The same
BDTs are used for the ee and μμ channels, and trained

TABLE I. Definitions of different signal and control regions. The control regions are enriched in events from the
following processes: tt̄W, heavy-flavor (HF) fake, photon-conversion (PC), and charge-flip (CF). The ‘Z veto’ is
defined as mee ∉ ½mZ − 10 GeV; mZ þ 10 GeV�.

Analysis regions for the ee channel

Region Tight isolation e=γ ambiguity removal ECIDS criteria mee requirement

SR Both e Both e Both e <80 GeV
tt̄W CR Both e Both e Both e >100 GeV
HF CR At most one e Both e Both e >70 GeV
PC CR At most one e Both e >75 GeV and Z veto
CF CR Both e At most one e >60 GeV and Z veto

Analysis regions for the μμ channel

Region Isolation criteria mμμ requirement

SR Both μ <80 GeV
tt̄W CR Both μ >80 GeV
HF CR At most one μ >75 GeV

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 BDToutput 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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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:

(i) Invariant mass of the two same-charge leptons
(mll);

(ii) Missing transverse momentum of the event (Emiss
T );

(iii) Invariant mass of the W boson decaying into an
HNL and a lepton (mlljj);

(iv) Transverse momentum of the subleading lepton
(pl2

T ).
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 μμ 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

FIG. 4. Data (dots) and MC (histograms) distributions, as obtained from the background-only fit in the μμ channel for (a) the event
yields from different background processes in the respective control regions, and (b) the distributions of the high-mass BDToutput 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.
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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 → ll events. These scale factors, which
depend on pT and η, 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 Emiss

T 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 Emiss

T components [79]. The scale and
resolution uncertainties in the soft Emiss

T 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 pT- and
η-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
a light flavor 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 tt̄Z
and tt̄H production cross-sections, respectively [56]. The V
EW background consists of Z þ 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 (t-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 tt̄W events, and of the tt̄ events with nonprompt
leptons in their final states, are kept unconstrained and are
determined by the fit, which is described in Sec. VII.

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
PDF4LHC15 prescription [91]. The uncertainty due to
missing higher-order corrections in the matrix element
calculation is estimated by independently varying μR and
μF up and down by a factor of two.
The dominant background is from the tt̄ 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+PYTHIA8

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 tt̄ 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,
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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 αs are calculated using the PDF4LHC
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 tt̄ events is
evaluated by comparing nominal samples of simulated
events with samples generated with an alternative setting of
the phard

T parameter in the matching code, as discussed in
Sec. III B. The uncertainty related to the choice of the hdamp

parameter for the tt̄ event simulation is estimated by using
an additional tt̄ sample produced with this parameter set to
3mt, while keeping all other generator settings unchanged.
The nominal sample for the tt̄H background is produced

with the same generator as for the tt̄ background.
Therefore, the uncertainties related to the parton shower,
hadronization, renormalization and factorization scales,
and the choice of phard

T parameter are estimated following
the tt̄ recipe, except for the hdamp parameter, which is set to
3=4ðmt þmt̄ þmHÞ ¼ 352.5 GeV, and is not varied.
For the tt̄W background, the uncertainty related to the

choice of parton shower and hadronization model is
estimated by comparing the POWHEG+PYTHIA8 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
PDF4LHC15 prescription.
To estimate the uncertainty in the tt̄Z 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 μ 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 θ,
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 qμ is defined as the profile likelihood

ratio,

qμ ¼ −2 ln
Lðμ; ˆ̂θÞ
Lðμ̂; θ̂Þ ;

where μ̂ and θ̂ are the values of the parameters that

maximize the likelihood function and ˆ̂θ are the values of
the nuisance parameters that maximize the likelihood
function for a given value of μ. The test statistic is evaluated
with the RooStats package [98] and is used in the
modified frequentist (CLS) method [99] to obtain upper
limits on the signal strength. For a given signal mass, the
range of μ yielding CLS < 0.05, where CLS 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 τ-lepton
decays. Simultaneous fits across the signal and control
regions are performed separately for the ee and μμ channels
to extract the signal strengths σe;N and σμ;N , 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; tt̄W, 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
tt̄W or fake muons from heavy flavor hadron decays.
The background-only fit distributions in the high mass

region for the ee and μμ channels are shown in Figs. 3 and
4, respectively. The normalizations of the background
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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 tt̄W. In the μμ channel, the background normalizations
are 0.75� 0.32 for heavy-flavor fake, and 1.05� 0.41 for
tt̄W. 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.

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 τ-lepton
decays only. In this case, a simultaneous fit is performed
across both the ee and μμ 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

FIG. 5. Data (dots) and MC (histograms) distributions of the high-mass BDToutput, as obtained from the combined background-only
fit, in the signal regions of the (a) ee and (b) μμ channels, used to search for HNL mixing with τ-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
τ-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.

TABLE II. Postfit event yields for the different background processes in the signal regions, as obtained from the
background-only fit in the high-mass region.

Separate fits Combined fit

SR ee SR μμ SR ee SR μμ

tt̄ decay e 15� 6 15� 7
tt̄ Q-flip 1.4� 0.9 1.3� 0.8
tt̄ γ-conv 6� 4 5� 4
tt̄ decay μ 8.0� 3.2 8.4� 3.0
tt̄W 10.4� 2.6 18� 5 10.4� 2.6 19� 4
tt̄Z 5.2� 1.1 5.6� 1.1 5.0� 1.1 5.5� 1.1
tt̄H 7.6� 1.3 11.4� 1.9 7.5� 1.3 11.2� 1.8
V EW 2.4� 0.9 1.9� 1.5 2.3� 0.8 1.5� 1.2
Top other 5.4� 2.2 11� 4 5.1� 2.2 11� 4

Total prediction 52� 6 56� 4 52� 6 56� 4

Data 52 51 52 51
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has been used in the SRs of the ee and μμ channels while
searching for HNL mixing with τ-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

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 mHNL ¼ 50 GeV, for all three
flavors of HNL.
The dominant sources of systematic uncertainties are the

ones related to the modeling of the tt̄ process, normalization
of the tt̄W 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 mN ¼ 50 GeV, the expected

TABLE III. Expected (exp.) and observed (obs.) upper limits on the signal cross sections at 95% CL.

mN (GeV) 15 25 35 40 45 50 55 60 70 75

Exp. σe;N (fb) 21 9.8 7.3 6.9 6.9 6.7 7.2 8.5 18 36
Obs. σe;N (fb) 26 12 8.2 7.8 10 9.7 10 12 26 52

Exp. σμ;N (fb) 9.3 5.0 3.7 3.5 3.2 3.1 3.2 4.0 8.2 15
Obs. σμ;N (fb) 7.5 3.9 2.8 2.6 3.2 3.1 3.3 4.2 8.3 15

Exp. στ;N (pb) 8.9 2.6 2.1 1.7 1.8 1.8 2.0 3.7 7.0 19
Obs. στ;N (pb) 13 3.6 2.7 2.3 2.5 2.2 3.2 5.5 7.3 20

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) τ-neutrinos at 95% CL, along with the 1σ (green) and 2σ (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.
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upper limits on σe;N and σμ;N change from 6.7 fb−1 to
6.1 fb−1 and from 3.1 fb−1 to 2.8 fb−1, 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 στ;N 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:

σl;N¼2 ·σtt̄ · jVl;N j2 ·BðWþ→NjVl;N j¼1lþÞ ·BðN→lþW−Þ;
ð2Þ

where BðWþ → NjVl;N j¼1lþÞ is the branching ratio of the
Wþ → Nlþ decay, for jVl;N j ¼ 1. The value of BðN →
lþW−Þ does not depend on the mixing parameter Vl;N, 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 jVe;Nj2 and jVμ;N j2 are comparable across
the whole mass range, jVμ;N j2 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 jVτ;N j2 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 μμ final states,
consequently all the signal events where the same-charge
τ-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 tt̄ events
with dileptonic final states is performed using 140 fb−1 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 forHNLs using tt̄ 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 jVe;Nj2, jVμ;N j2 and
jVτ;N j2 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 jVe;Nj2 < 2.0 × 10−4, jVμ;N j2 <
6.8 × 10−5 and jVτ;N j2 < 5.9 × 10−2. 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 mN ¼ 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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H. M. Borecka-Bielska ,110 G. Borissov ,93 D. Bortoletto ,129 D. Boscherini ,24b M. Bosman ,13 J. D. Bossio Sola ,37

K. Bouaouda ,36a N. Bouchhar ,166 L. Boudet ,4 J. Boudreau ,132 E. V. Bouhova-Thacker ,93 D. Boumediene ,41

R. Bouquet ,58b,58a A. Boveia ,122 J. Boyd ,37 D. Boye ,30 I. R. Boyko ,39 L. Bozianu ,57 J. Bracinik ,21 N. Brahimi ,4

G. Brandt ,174 O. Brandt ,33 F. Braren ,49 B. Brau ,105 J. E. Brau ,126 R. Brener ,172 L. Brenner ,117 R. Brenner ,164

S. Bressler ,172 G. Brianti ,79a,79b D. Britton ,60 D. Britzger ,112 I. Brock ,25 R. Brock ,109 G. Brooijmans ,42

E. M. Brooks ,159b E. Brost ,30 L. M. Brown ,168 L. E. Bruce ,62 T. L. Bruckler ,129 P. A. Bruckman de Renstrom ,88

B. Brüers ,49 A. Bruni ,24b G. Bruni ,24b M. Bruschi ,24b N. Bruscino ,76a,76b T. Buanes ,17 Q. Buat ,141

D. Buchin ,112 A. G. Buckley ,60 O. Bulekov ,38 B. A. Bullard ,146 S. Burdin ,94 C. D. Burgard ,50 A. M. Burger ,37

B. Burghgrave ,8 O. Burlayenko ,55 J. Burleson ,165 J. T. P. Burr ,33 J. C. Burzynski ,145 E. L. Busch ,42

V. Büscher ,102 P. J. Bussey ,60 J. M. Butler ,26 C. M. Buttar ,60 J. M. Butterworth ,98 W. Buttinger ,137

C. J. Buxo Vazquez ,109 A. R. Buzykaev ,38 S. Cabrera Urbán ,166 L. Cadamuro ,67 D. Caforio ,59 H. Cai ,132

Y. Cai ,14,114c Y. Cai ,114a V. M.M. Cairo ,37 O. Cakir ,3a N. Calace ,37 P. Calafiura ,18a G. Calderini ,130

P. Calfayan ,69 G. Callea ,60 L. P. Caloba,84b D. Calvet ,41 S. Calvet ,41 M. Calvetti ,75a,75b R. Camacho Toro ,130

S. Camarda ,37 D. Camarero Munoz ,27 P. Camarri ,77a,77b M. T. Camerlingo ,73a,73b D. Cameron ,37 C. Camincher ,168

M. Campanelli ,98 A. Camplani ,43 V. Canale ,73a,73b A. C. Canbay ,3a E. Canonero ,97 J. Cantero ,166 Y. Cao ,165

F. Capocasa ,27 M. Capua ,44b,44a A. Carbone ,72a,72b R. Cardarelli ,77a J. C. J. Cardenas ,8 G. Carducci ,44b,44a

T. Carli ,37 G. Carlino ,73a J. I. Carlotto ,13 B. T. Carlson ,132,g E. M. Carlson ,168,159a J. Carmignani ,94

L. Carminati ,72a,72b A. Carnelli ,138 M. Carnesale ,76a,76b S. Caron ,116 E. Carquin ,140f S. Carrá ,72a

G. Carratta ,24b,24a A. M. Carroll ,126 T. M. Carter ,53 M. P. Casado ,13,h M. Caspar ,49 F. L. Castillo ,4

L. Castillo Garcia ,13 V. Castillo Gimenez ,166 N. F. Castro ,133a,133e A. Catinaccio ,37 J. R. Catmore ,128 T. Cavaliere ,4

V. Cavaliere ,30 N. Cavalli ,24b,24a L. J. Caviedes Betancourt ,23b Y. C. Cekmecelioglu ,49 E. Celebi ,83 S. Cella ,37

F. Celli ,129 M. S. Centonze ,71a,71b V. Cepaitis ,57 K. Cerny ,125 A. S. Cerqueira ,84a A. Cerri ,149 L. Cerrito ,77a,77b

F. Cerutti ,18a B. Cervato ,144 A. Cervelli ,24b G. Cesarini ,54 S. A. Cetin ,83 D. Chakraborty ,118 J. Chan ,18a

W. Y. Chan ,156 J. D. Chapman ,33 E. Chapon ,138 B. Chargeishvili ,152b D. G. Charlton ,21 M. Chatterjee ,20

C. Chauhan ,136 Y. Che ,114a S. Chekanov ,6 S. V. Chekulaev ,159a G. A. Chelkov ,39,i A. Chen ,108 B. Chen ,154

B. Chen ,168 H. Chen ,114a H. Chen ,30 J. Chen ,63c J. Chen ,145 M. Chen ,129 S. Chen ,156 S. J. Chen ,114a

X. Chen ,63c,138 X. Chen ,15,j Y. Chen ,63a C. L. Cheng ,173 H. C. Cheng ,65a S. Cheong ,146 A. Cheplakov ,39

E. Cheremushkina ,49 E. Cherepanova ,117 R. Cherkaoui El Moursli ,36e E. Cheu ,7 K. Cheung ,66 L. Chevalier ,138

G. AAD et al. PHYS. REV. D 110, 112004 (2024)

112004-20

https://orcid.org/0000-0002-9854-975X
https://orcid.org/0000-0002-0942-1966
https://orcid.org/0000-0001-9700-2587
https://orcid.org/0000-0003-0844-4207
https://orcid.org/0000-0001-7041-7096
https://orcid.org/0000-0002-7048-4915
https://orcid.org/0000-0003-2866-9446
https://orcid.org/0000-0002-4382-1541
https://orcid.org/0000-0001-5325-6040
https://orcid.org/0000-0003-2014-9489
https://orcid.org/0000-0002-5256-839X
https://orcid.org/0000-0002-8754-1074
https://orcid.org/0000-0002-3436-2726
https://orcid.org/0000-0001-5740-1866
https://orcid.org/0000-0002-3111-0910
https://orcid.org/0000-0002-3938-4553
https://orcid.org/0000-0002-7824-3358
https://orcid.org/0000-0002-5572-2372
https://orcid.org/0000-0002-9165-9331
https://orcid.org/0000-0001-7326-0565
https://orcid.org/0000-0003-0253-106X
https://orcid.org/0000-0002-7709-037X
https://orcid.org/0000-0002-5170-0053
https://orcid.org/0000-0001-9864-7985
https://orcid.org/0000-0001-7090-7474
https://orcid.org/0000-0002-3533-3740
https://orcid.org/0000-0002-9752-9204
https://orcid.org/0000-0002-3021-0258
https://orcid.org/0000-0003-2387-0386
https://orcid.org/0000-0002-3455-7208
https://orcid.org/0000-0003-0914-8178
https://orcid.org/0000-0003-2872-7116
https://orcid.org/0000-0002-3407-0918
https://orcid.org/0000-0001-5317-9794
https://orcid.org/0000-0001-9696-9497
https://orcid.org/0000-0003-1419-3213
https://orcid.org/0000-0001-8021-8525
https://orcid.org/0000-0002-1533-0876
https://orcid.org/0000-0002-0129-1423
https://orcid.org/0000-0001-9278-3863
https://orcid.org/0009-0004-5048-9104
https://orcid.org/0009-0004-7639-1869
https://orcid.org/0000-0002-6923-5372
https://orcid.org/0000-0001-6544-9376
https://orcid.org/0000-0001-9608-543X
https://orcid.org/0000-0001-6389-5364
https://orcid.org/0000-0002-9148-4658
https://orcid.org/0000-0002-4819-0419
https://orcid.org/0000-0002-4568-5360
https://orcid.org/0000-0002-8985-6934
https://orcid.org/0000-0003-3623-3335
https://orcid.org/0000-0002-2022-2140
https://orcid.org/0000-0002-0660-1558
https://orcid.org/0000-0003-4889-8748
https://orcid.org/0000-0003-3479-2221
https://orcid.org/0000-0001-7212-1096
https://orcid.org/0000-0002-6691-6498
https://orcid.org/0000-0002-8451-9672
https://orcid.org/0000-0003-4864-8909
https://orcid.org/0000-0001-6294-6561
https://orcid.org/0009-0000-5402-0697
https://orcid.org/0000-0001-9805-2893
https://orcid.org/0000-0003-4868-6059
https://orcid.org/0000-0002-1634-4399
https://orcid.org/0000-0002-7739-295X
https://orcid.org/0000-0002-5501-4640
https://orcid.org/0000-0001-9024-4989
https://orcid.org/0000-0002-7659-8948
https://orcid.org/0000-0001-9974-1527
https://orcid.org/0000-0002-4009-0990
https://orcid.org/0000-0001-7098-9393
https://orcid.org/0000-0001-6775-0111
https://orcid.org/0000-0003-2049-9622
https://orcid.org/0000-0003-0945-4087
https://orcid.org/0000-0001-5196-8327
https://orcid.org/0000-0002-5360-5973
https://orcid.org/0000-0002-0392-1783
https://orcid.org/0000-0003-4466-1196
https://orcid.org/0000-0002-3080-1824
https://orcid.org/0000-0002-7026-8171
https://orcid.org/0000-0002-1253-8583
https://orcid.org/0000-0002-7963-9725
https://orcid.org/0000-0002-8076-5614
https://orcid.org/0000-0002-9975-1781
https://orcid.org/0000-0002-2837-2442
https://orcid.org/0000-0003-3433-1687
https://orcid.org/0000-0001-8153-2719
https://orcid.org/0000-0003-0499-8755
https://orcid.org/0000-0002-1976-5703
https://orcid.org/0000-0002-9569-8231
https://orcid.org/0000-0003-0780-0345
https://orcid.org/0000-0002-3824-409X
https://orcid.org/0000-0003-0073-3821
https://orcid.org/0000-0003-0839-9311
https://orcid.org/0000-0002-4105-9629
https://orcid.org/0000-0003-2677-5675
https://orcid.org/0000-0002-9045-3278
https://orcid.org/0000-0003-3837-4166
https://orcid.org/0000-0001-9977-0416
https://orcid.org/0000-0001-8686-4026
https://orcid.org/0000-0003-3024-587X
https://orcid.org/0000-0001-7345-7798
https://orcid.org/0000-0003-4473-7242
https://orcid.org/0000-0002-8663-6856
https://orcid.org/0000-0002-2079-5344
https://orcid.org/0000-0001-5442-1351
https://orcid.org/0000-0001-6172-545X
https://orcid.org/0000-0002-2455-8039
https://orcid.org/0000-0001-6674-7869
https://orcid.org/0000-0002-1559-3473
https://orcid.org/0000-0003-2025-5935
https://orcid.org/0000-0002-3835-0968
https://orcid.org/0000-0003-2781-623X
https://orcid.org/0000-0003-3386-9397
https://orcid.org/0000-0002-7820-3065
https://orcid.org/0000-0001-6410-9046
https://orcid.org/0000-0001-8361-2309
https://orcid.org/0000-0002-7543-3471
https://orcid.org/0000-0002-6696-5169
https://orcid.org/0000-0002-7716-5626
https://orcid.org/0000-0002-6134-0303
https://orcid.org/0000-0001-5412-1236
https://orcid.org/0000-0002-2003-0261
https://orcid.org/0000-0001-9734-574X
https://orcid.org/0000-0002-8462-443X
https://orcid.org/0000-0003-2138-9062
https://orcid.org/0000-0002-8635-9342
https://orcid.org/0000-0003-3807-7831
https://orcid.org/0000-0002-7736-0173
https://orcid.org/0000-0002-2668-889X
https://orcid.org/0000-0002-2432-411X
https://orcid.org/0000-0002-9807-861X
https://orcid.org/0000-0002-9660-580X
https://orcid.org/0000-0003-0078-9817
https://orcid.org/0000-0001-5880-7761
https://orcid.org/0000-0002-6890-1601
https://orcid.org/0000-0002-9249-2158
https://orcid.org/0000-0002-5702-739X
https://orcid.org/0000-0002-4226-9521
https://orcid.org/0000-0002-1287-4712
https://orcid.org/0000-0001-9207-6413
https://orcid.org/0000-0002-7290-643X
https://orcid.org/0000-0002-7134-8077
https://orcid.org/0000-0002-7723-5030
https://orcid.org/0000-0002-5129-5705
https://orcid.org/0000-0002-3613-3142
https://orcid.org/0000-0002-9314-5860
https://orcid.org/0000-0002-5103-1558
https://orcid.org/0000-0002-7809-3118
https://orcid.org/0000-0001-9683-7101
https://orcid.org/0000-0002-6647-6699
https://orcid.org/0000-0001-7360-0726
https://orcid.org/0000-0002-2704-835X
https://orcid.org/0000-0002-3355-4662
https://orcid.org/0000-0002-1243-9980
https://orcid.org/0000-0001-5762-3477
https://orcid.org/0000-0003-0992-3509
https://orcid.org/0000-0001-7992-0309
https://orcid.org/0000-0001-5219-1417
https://orcid.org/0000-0003-4339-4727
https://orcid.org/0000-0001-9726-4376
https://orcid.org/0000-0003-1292-9725
https://orcid.org/0000-0001-5791-4872
https://orcid.org/0000-0001-5350-7081
https://orcid.org/0000-0002-8204-4124
https://orcid.org/0000-0003-4194-2734
https://orcid.org/0009-0000-8406-368X
https://orcid.org/0000-0001-9998-4342
https://orcid.org/0000-0002-9246-7366
https://orcid.org/0000-0003-0903-8948
https://orcid.org/0000-0002-4556-9212
https://orcid.org/0000-0002-3354-1810
https://orcid.org/0000-0002-8090-6181
https://orcid.org/0000-0002-6800-9808
https://orcid.org/0000-0002-5485-7419
https://orcid.org/0009-0006-4398-5526
https://orcid.org/0000-0002-6199-8041
https://orcid.org/0000-0002-0206-1160
https://orcid.org/0000-0002-1479-2112
https://orcid.org/0000-0003-4806-0718
https://orcid.org/0000-0001-5667-7748
https://orcid.org/0000-0002-4319-4023
https://orcid.org/0000-0002-6168-689X
https://orcid.org/0000-0002-8977-121X
https://orcid.org/0000-0001-7318-5251
https://orcid.org/0000-0001-8272-1108
https://orcid.org/0000-0001-8355-9237
https://orcid.org/0000-0002-5687-2073
https://orcid.org/0000-0001-7148-6536
https://orcid.org/0000-0003-4831-4132
https://orcid.org/0000-0002-6900-825X
https://orcid.org/0000-0003-0685-4122
https://orcid.org/0000-0001-5686-0948
https://orcid.org/0000-0001-8283-935X
https://orcid.org/0000-0002-7898-2230
https://orcid.org/0000-0001-6726-6362
https://orcid.org/0000-0002-4690-0528
https://orcid.org/0000-0003-4482-2666
https://orcid.org/0000-0001-9196-0629
https://orcid.org/0000-0003-0988-7878
https://orcid.org/0000-0003-2834-836X
https://orcid.org/0000-0003-0188-6491
https://orcid.org/0000-0002-5905-5394
https://orcid.org/0000-0002-5116-1897
https://orcid.org/0009-0007-8811-9135
https://orcid.org/0000-0002-5458-5564
https://orcid.org/0000-0001-7640-7913
https://orcid.org/0000-0001-8789-610X
https://orcid.org/0000-0001-7808-8442
https://orcid.org/0000-0001-7575-3603
https://orcid.org/0000-0003-4946-153X
https://orcid.org/0000-0003-2246-7456
https://orcid.org/0000-0002-0758-7575
https://orcid.org/0000-0002-9016-138X
https://orcid.org/0000-0002-1494-9538
https://orcid.org/0000-0002-1692-1678
https://orcid.org/0000-0002-9495-9145
https://orcid.org/0000-0003-1600-464X
https://orcid.org/0000-0001-5969-3786
https://orcid.org/0000-0002-9953-5333
https://orcid.org/0000-0002-2531-3463
https://orcid.org/0000-0003-0125-2165
https://orcid.org/0000-0002-9192-8028
https://orcid.org/0000-0003-0479-7689
https://orcid.org/0000-0002-2855-7738
https://orcid.org/0000-0002-5732-5645
https://orcid.org/0000-0002-9417-8613
https://orcid.org/0000-0001-6097-2256
https://orcid.org/0000-0001-5929-1357
https://orcid.org/0000-0001-6746-3374
https://orcid.org/0000-0002-6386-9788
https://orcid.org/0000-0003-2303-9306
https://orcid.org/0000-0003-4602-473X
https://orcid.org/0000-0002-7180-4562
https://orcid.org/0000-0001-8449-1019
https://orcid.org/0000-0001-8747-2809
https://orcid.org/0000-0002-3562-9592
https://orcid.org/0000-0002-2443-6525
https://orcid.org/0000-0002-4117-3800
https://orcid.org/0000-0003-4541-4189
https://orcid.org/0000-0002-6511-7096
https://orcid.org/0000-0002-4376-4911
https://orcid.org/0000-0003-4058-5376
https://orcid.org/0000-0002-3924-0445
https://orcid.org/0000-0003-1718-307X
https://orcid.org/0000-0002-7550-7821
https://orcid.org/0000-0002-4139-9543
https://orcid.org/0000-0002-1705-1061
https://orcid.org/0000-0003-4535-2926
https://orcid.org/0000-0002-8405-0886
https://orcid.org/0000-0003-3570-7332
https://orcid.org/0000-0003-2941-2829
https://orcid.org/0000-0002-7863-1166
https://orcid.org/0000-0001-8650-942X
https://orcid.org/0000-0002-8846-2714
https://orcid.org/0000-0003-1692-2029
https://orcid.org/0000-0003-2966-6036
https://orcid.org/0000-0002-0394-5646
https://orcid.org/0000-0001-9116-0461
https://orcid.org/0000-0002-1172-1052
https://orcid.org/0000-0003-1396-2826
https://orcid.org/0000-0002-8245-1790
https://orcid.org/0000-0001-8491-4376
https://orcid.org/0000-0001-8774-8887
https://orcid.org/0000-0001-8915-0184
https://orcid.org/0000-0003-2897-0466
https://orcid.org/0000-0002-4297-8539
https://orcid.org/0000-0002-1096-5290
https://orcid.org/0000-0002-9155-998X
https://orcid.org/0000-0002-5107-7134
https://orcid.org/0000-0003-3793-0159
https://orcid.org/0000-0001-7593-0243
https://orcid.org/0000-0001-6962-4573
https://orcid.org/0000-0002-7945-4392
https://orcid.org/0000-0002-4809-4056
https://orcid.org/0000-0003-0683-2177
https://orcid.org/0000-0002-4300-703X
https://orcid.org/0000-0002-1904-6661
https://orcid.org/0000-0002-8077-7850
https://orcid.org/0000-0001-9669-9642
https://orcid.org/0000-0002-5200-0016
https://orcid.org/0000-0002-0518-1459
https://orcid.org/0000-0001-9073-0725
https://orcid.org/0000-0001-5050-8441
https://orcid.org/0000-0002-9865-4146
https://orcid.org/0000-0001-7069-0295
https://orcid.org/0000-0002-5369-8540
https://orcid.org/0000-0002-2926-8962
https://orcid.org/0000-0001-6968-9828
https://orcid.org/0000-0002-5376-2397
https://orcid.org/0000-0003-0211-2041
https://orcid.org/0000-0003-4241-7405
https://orcid.org/0000-0001-5725-9134
https://orcid.org/0000-0001-6623-1205
https://orcid.org/0000-0001-7314-7247
https://orcid.org/0000-0002-4034-2326
https://orcid.org/0000-0002-3468-9761
https://orcid.org/0000-0001-9973-7966
https://orcid.org/0000-0002-7985-9023
https://orcid.org/0000-0002-3034-8943
https://orcid.org/0000-0002-5895-6799
https://orcid.org/0000-0002-9936-0115
https://orcid.org/0000-0003-1586-5253
https://orcid.org/0000-0002-2554-2725
https://orcid.org/0000-0001-7021-3720
https://orcid.org/0000-0001-7987-9764
https://orcid.org/0000-0003-0447-5348
https://orcid.org/0000-0003-4977-2717
https://orcid.org/0000-0003-4027-3305
https://orcid.org/0000-0001-6793-3604
https://orcid.org/0000-0002-4086-1847
https://orcid.org/0000-0002-8912-4389
https://orcid.org/0000-0002-2797-6383
https://orcid.org/0000-0002-0967-2351
https://orcid.org/0000-0002-8772-0961
https://orcid.org/0000-0002-3150-8478
https://orcid.org/0000-0002-5842-2818
https://orcid.org/0000-0002-2562-9724
https://orcid.org/0000-0003-2176-4053
https://orcid.org/0000-0003-3762-7264


V. Chiarella ,54 G. Chiarelli ,75a N. Chiedde ,104 G. Chiodini ,71a A. S. Chisholm ,21 A. Chitan ,28b M. Chitishvili ,166

M. V. Chizhov ,39,k K. Choi ,11 Y. Chou ,141 E. Y. S. Chow ,116 K. L. Chu ,172 M. C. Chu ,65a X. Chu ,14,114c

Z. Chubinidze ,54 J. Chudoba ,134 J. J. Chwastowski ,88 D. Cieri ,112 K. M. Ciesla ,87a V. Cindro ,95 A. Ciocio ,18a

F. Cirotto ,73a,73b Z. H. Citron ,172 M. Citterio ,72a D. A. Ciubotaru,28b A. Clark ,57 P. J. Clark ,53 N. Clarke Hall ,98

C. Clarry ,158 J. M. Clavijo Columbie ,49 S. E. Clawson ,49 C. Clement ,48a,48b Y. Coadou ,104 M. Cobal ,70a,70c

A. Coccaro ,58b R. F. Coelho Barrue ,133a R. Coelho Lopes De Sa ,105 S. Coelli ,72a B. Cole ,42 J. Collot ,61

P. Conde Muiño ,133a,133g M. P. Connell ,34c S. H. Connell ,34c E. I. Conroy ,129 F. Conventi ,73a,l H. G. Cooke ,21

A. M. Cooper-Sarkar ,129 F. A. Corchia ,24b,24a A. Cordeiro Oudot Choi ,130 L. D. Corpe ,41 M. Corradi ,76a,76b

F. Corriveau ,106,m A. Cortes-Gonzalez ,19 M. J. Costa ,166 F. Costanza ,4 D. Costanzo ,142 B. M. Cote ,122

J. Couthures ,4 G. Cowan ,97 K. Cranmer ,173 D. Cremonini ,24b,24a S. Crépé-Renaudin ,61 F. Crescioli ,130
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44bINFN Gruppo Collegato di Cosenza, Laboratori Nazionali di Frascati, Italy
45Physics Department, Southern Methodist University, Dallas, Texas, USA

46Physics Department, University of Texas at Dallas, Richardson, Texas, USA
47National Centre for Scientific Research “Demokritos”, Agia Paraskevi, Greece

48aDepartment of Physics, Stockholm University, Sweden
48bOskar Klein Centre, Stockholm, Sweden

49Deutsches Elektronen-Synchrotron DESY, Hamburg and Zeuthen, Germany
50Fakultät Physik, Technische Universität Dortmund, Dortmund, Germany

SEARCH FOR HEAVY RIGHT-HANDED MAJORANA NEUTRINOS … PHYS. REV. D 110, 112004 (2024)

112004-29

https://ror.org/01ggx4157


51Institut für Kern- und Teilchenphysik, Technische Universität Dresden, Dresden, Germany
52Department of Physics, Duke University, Durham, North Carolina, USA

53SUPA—School of Physics and Astronomy, University of Edinburgh, Edinburgh, United Kingdom
54INFN e Laboratori Nazionali di Frascati, Frascati, Italy

55Physikalisches Institut, Albert-Ludwigs-Universität Freiburg, Freiburg, Germany
56II. Physikalisches Institut, Georg-August-Universität Göttingen, Göttingen, Germany
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72aINFN Sezione di Milano, Italy

72bDipartimento di Fisica, Università di Milano, Milano, Italy
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79bUniversità degli Studi di Trento, Trento, Italy
80Universität Innsbruck, Department of Astro and Particle Physics, Innsbruck, Austria

81University of Iowa, Iowa City, Iowa, USA
82Department of Physics and Astronomy, Iowa State University, Ames, Iowa, USA

83Istinye University, Sariyer, Istanbul, Türkiye
84aDepartamento de Engenharia Elétrica, Universidade Federal de Juiz de Fora (UFJF),

Juiz de Fora, Brazil
84bUniversidade Federal do Rio De Janeiro COPPE/EE/IF, Rio de Janeiro, Brazil

84cInstituto de Física, Universidade de São Paulo, São Paulo, Brazil

G. AAD et al. PHYS. REV. D 110, 112004 (2024)

112004-30



84dRio de Janeiro State University, Rio de Janeiro, Brazil
84eFederal University of Bahia, Bahia, Brazil

85KEK, High Energy Accelerator Research Organization, Tsukuba, Japan
86Graduate School of Science, Kobe University, Kobe, Japan

87aAGH University of Krakow, Faculty of Physics and Applied Computer Science, Krakow, Poland
87bMarian Smoluchowski Institute of Physics, Jagiellonian University, Krakow, Poland

88Institute of Nuclear Physics Polish Academy of Sciences, Krakow, Poland
89Faculty of Science, Kyoto University, Kyoto, Japan

90Research Center for Advanced Particle Physics and Department of Physics, Kyushu University,
Fukuoka, Japan
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