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The existence of right-handed neutrinos with Majorana masses below the electroweak scale
could help address the origins of neutrino masses, the matter—antimatter asymmetry, and dark
matter. In this paper, leptonic decays of W bosons from 140 fb~! of 13 TeV proton—proton
collisions at the LHC, reconstructed in the ATLAS experiment, are used to search for heavy
neutral leptons produced through their mixing with muon or electron neutrinos in a scenario
with lepton number violation. The search is conducted using prompt leptonic decay signatures.
The considered final states require two same-charge leptons or three leptons, while vetoing
three-lepton same-flavour topologies. No significant excess over the expected Standard Model
backgrounds is found, leading to constraints on the heavy neutral lepton’s mixing with muon
and electron neutrinos for heavy-neutral-lepton masses. The analysis excludes |U,|? values
above 8 x 107 and |U,u|2 values above 5.0 X 107 in the full mass range of 8—65 GeV. The
strongest constraints are placed on heavy-neutral-lepton masses in the range 15-30 GeV of
|Ue|? < 1.1x 107 and |U,|*> < 5 x 1076,
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1 Introduction

The discovery of neutrino flavour oscillation [1-3] implies that neutrinos have mass. This might indicate
the existence of right-handed heavy Majorana neutrinos (HNL in the following, denoting a ‘heavy neutral
lepton’) giving rise to the so-called Type-1 Seesaw mechanism [4—10]. In this scenario the Standard Model
(SM) neutrinos would acquire masses inversely proportional to the HNL mass, which would make them
naturally small. The existence of HNLs can also be used to explain the baryon asymmetry of the universe
via leptogenesis [11-13]. One of the HNL states can also be a viable candidate for dark matter [14-18] in
models with more than one HNL.

HNLs may participate in weak interactions through mixing with the left-handed neutrinos via dimensionless
mixing coeflicients U,, with lepton flavours @ = e, u, 7. Realistic models able to explain neutrino
oscillations would involve at least two HNLs with mixing to all SM flavours [19-21]. It is, however,
customary for experimental searches to use a simplified model with a single HNL mixing with a single
lepton flavour, where the reach can be represented in the two-dimensional plane of the HNL mass and a
single active mixing parameter. These searches can then be reinterpreted in different types of models [21].

For HNL masses up to 80 GeV, the main mechanism for HNL production in proton—proton (p p) collisions
at the LHC is through mixing with the SM neutrinos produced in W boson decays. From the experimental
point of view, the most favourable HNL decay is the fully leptonic one (N — ¢*¢*v). The HNL decay can



take place either promptly or after the HNL traverses a measurable distance in the detector (signifying a
long-lived particle). Searches for this final state at the LHC have been published by the ATLAS, CMS and
LHCb Collaborations, for both the prompt and long-lived particle signatures [22—28]. Prior to the LHC, an
analysis by the DELPHI Collaboration at LEP1 using ~10° neutrinos from Z boson decays provided the
strongest direct constraints in the HNL mass range 2-75 GeV [29].

The search documented in this paper targets the prompt decay of single HNLs produced in W boson decays,
using the full LHC Run 2 data set (140 fb~') collected by the ATLAS experiment. It covers a wider HNL
mass range than the ATLAS prompt decay search performed on a partial Run 2 data sample [23], and
complements the results of the ATLAS search for long-lived HNLs [25]. A CMS search for prompt HNL
decays in their full Run 2 data set was published recently in Ref. [28].
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Figure 1: Feynman diagrams for heavy neutral lepton (V) production and decay in the channels originating from:
(a) HNL—v,, mixing and u*e~ v, decay of the heavy lepton, and (b) HNL—v, mixing and e* 1~ v,, decay of the heavy
lepton. Only lepton-number-violating processes are considered.

As illustrated in Figure 1, the mixing of HNLs with SM neutrinos allows them to be produced in W boson
decays, together with a charged SM lepton. The HNL then decays to a SM charged lepton and neutrino via
charged EW currents. This process results in a final state comprising three charged leptons and a neutrino.
In this configuration, the cross section, branching fractions and kinematics of the process are determined
solely by two parameters: a single active mixing parameter U, (with £ = e, i) and the mass of the heavy
neutrino, myny.-

The final state arising from the leptonic decay of the virtual W boson is not constrained by the mixing of
the HNL, so the three leptons can have the same flavour (SF) or two different flavours (DF). The possible
charge/flavour combinations of the leptons arise from the fact that the HNL considered here is a Majorana
particle. This analysis concentrates on final states with three leptons, two of which have the same flavour
and the same electric charge (SC) so as to focus on lepton-number-violating processes. The third lepton is
selected to have a different flavour and an opposite charge. Events with three SF leptons are not considered,
because final states with opposite-charge (OC) SF leptons suffer from significant background contamination,
originating from diboson WZ production or Drell-Yan £*¢~ production. These backgrounds contain e.g. a
prompt third lepton (from W Z processes where both bosons decay into leptons, or ZZ and VVV processes
with leptonic 7 decays) or a fake or non-prompt third lepton (i.e. a hadron faking a lepton, a lepton from a
hadron decay, or an electron from a photon conversion that satisfies the prompt-lepton selection criteria
presented in Section 4). Such backgrounds are suppressed by requiring the two SF leptons to have the
same charge.



2 ATLAS detector

The ATLAS experiment [30] at the LHC is a multipurpose particle detector with a forward—backward
symmetric cylindrical geometry and nearly 47 coverage in solid angle.! It consists of an inner detector
surrounded by a thin superconducting solenoid providing a 2 T axial magnetic field, electromagnetic and
hadronic calorimeters, and a muon spectrometer. The inner detector covers the pseudorapidity range
|n| < 2.5. It consists of silicon pixel, silicon microstrip, and transition radiation tracking (TRT) detectors.
Lead/liquid-argon (LAr) sampling calorimeters provide electromagnetic (EM) energy measurements with
high granularity within the region || < 3.2. A steel/scintillator-tile hadronic calorimeter covers the
central pseudorapidity range (|| < 1.7). The endcap and forward regions are instrumented with LAr
calorimeters for EM and hadronic energy measurements up to || = 4.9. The muon spectrometer surrounds
the calorimeters and is based on three large superconducting air-core toroidal magnets with eight coils
each. The field integral of the toroids ranges between 2.0 and 6.0 T m across most of the spectrometer. The
muon spectrometer includes a system of precision tracking chambers up to || = 2.7 and fast detectors
for triggering up to || = 2.4. The luminosity is measured mainly by the LUCID-2 [31] detector, which
is located close to the beampipe. A two-level trigger system is used to select events [32]. The first-level
trigger is implemented in hardware and uses a subset of the detector information to accept events at a rate
close to 100 kHz. This is followed by a software-based trigger that reduces the rate of accepting complete
events to 1.25 kHz on average depending on the data-taking conditions. A software suite [33] is used in
data simulation, in the reconstruction and analysis of real and simulated data, in detector operations, and in
the trigger and data acquisition systems of the experiment.

3 Data and MC simulations

The results presented in this paper are obtained using pp collision data collected during Run 2 of the LHC
at a centre-of-mass energy of v/s = 13 TeV. The number of pp interactions per bunch-crossing (pile-up)
in this data set ranges from about 8 to 70, with an average of 34 [34]. Events recorded when parts of
the detector were either not functional, or reserved for detector commissioning or calibration purposes
are ignored, leaving 95.6% of the recorded data [34] available for analysis. The integrated luminosity
of this data set amounts to 140 fb—!, with an associated uncertainty of 0.83% [35], obtained using the
LUCID-2 detector for the primary luminosity measurements, complemented by measurements using the
inner detector and calorimeters.

Monte Carlo (MC) event simulations are mainly used to predict the background contributions from SM
processes with prompt leptons, as well as those from hypothetical signal processes. Prompt leptons are
defined as leptons that are not produced in the decay of a hadron, in the fragmentation of quarks and
gluons, or in the conversion of a photon. MC samples are also used to validate the assumptions employed
in data-based background estimation methods and to assess systematic uncertainties.

MC events were processed through a detailed simulation of the ATLAS detector [36], based on GEANT4 [37].
In some cases, a fast simulation [36] relying on a parameterization of the calorimeter response [38] was

I ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points upwards.
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 6 as 7 = —Intan(6/2) and is equal to the rapidity y = (1/2) In[(E + p;)/(E — p;)] in the
relativistic limit. Angular distance is measured in units of AR = /(Ay)2 + (A¢)2.



used instead. Additional minimum-bias interactions generated by PyTH1A 8.186 using the NNPDF2.3L0
set of parton distribution functions (PDF) [39] and the A3 set of tuned parameters [40] were simulated
separately and overlaid on each simulated hard-interaction event to account for pile-up effects. The
response of the detector and its electronic readout chain was then simulated [36], also accounting for effects
from interactions in the previous and following bunch-crossings. Reconstructed events are reweighted to
reproduce the measured distributions of pile-up interactions in different data-taking periods. Reconstructed
objects are further corrected for reconstruction inefficiencies.

Table 1: A list of Monte Carlo event generators along with their settings for the primary simulated SM processes.
When no reference for the cross-section normalization is provided, the value computed by the generator is used. LO
and NLO refer to leading-order and next-to-leading-order calculations in the strong coupling «;, respectively. In
certain cases (as indicated), the accuracy of the matrix element depends on the number of additional parton emissions.

Process Generator Computation Parton shower Cross-section PDF set Set of tuned
order normalization parameters
Diboson [41] SHERPA 2.2.2 [42] NLO 0-1j + LO 2-3j | CSSHower [43,44] | NLO NNPDF3.0nNLO [45] | default
+ OpeNLoops [46-48]
Triboson [41] SHERPA 2.2.1 [42] LO0-1j CSSHOWER [43,44] | NLO NNPDF3.0nNLO [45] | default
ttW [49] SHErPa 2.2.10 [42] NLO 0-1j + LO 2j CSSHOWER [44] NLO NNPDF3.0nNLo [45] | default
+ OpeNLoops [46-48] +LO O(a’ o)
tT0EEF, mep > 5GeV [49] SuErpa 2.2.1 [42] NLO CSSHoWwER [43,44] | NLO NNPDF3.0nNLo [45] | default
1 <myge <5GeV MG5_aMC@NLO2.3.3 [50] | NLO PytHia 8.212 [51] NLO NNPDF3.0nLo [45] Al4[52]
ttH [53] PowHEG Box v2 [42] NLO PyrHia 8.230 [51] NLO [54] NNPDF3.0~L0 [45] Al4[52]
17 [55] PowHEG Box v2 [56-59] NLO PyrHia 8.230 [60] NNLO [55] NNPDF3.0~Lo [45] Al4[52]
Single top (s-, z-channel) PownEeG Box v2 [57-59, 61] NLO PyTHiA 8.230 [60] NNLO [62, 63] NNPDF3.0nLo [45] Al4[52]
(W) SHERPA 2.2.7 [42] NLO CSSHOWER [43,44] | NNLO + NNLL [64] | NNPDF3.0nNLO [45] | default
W — 5y, Z[y* — €7 [65] | SHErPA2.2.11 [42] NLO 0-2j + LO 3-5j | CSSHower [43,44] | NNLO [65, 66] NNPDF3.0nNLO [45] | default

Table 1 presents the MC event generators and the corresponding settings used to generate the SM
process samples. This includes the selected parton shower algorithms, the tuned parameter sets, and
the PDF sets. When using PyTHia, the decays of bottom and charm hadrons were simulated using
the EvTGEN program [67]. Diboson (VV) processes [41] encompass all resonant and non-resonant
pp — 3Cv/4L/C** vy processes of order * in the fine-structure constant, including contributions from
the Higgs boson, as well as vector-boson scattering/fusion processes at order ®. Triboson (VVV) processes
include all relevant resonant and non-resonant processes with up to six charged leptons in the final state at
order a®. The process pp — tiZ, with the Z boson decaying into a pair of same-flavour opposite-charge
(SFOC) leptons, was generated for dilepton invariant masses as low as 1 GeV. Samples of simulated ¢7 and
single-top events were also produced. The diagram removal scheme [68] was used to account for overlaps
between the ¢7 and W samples.

Other processes not specifically listed in the table but considered for background estimates include the
4t, tH, tWH, ttZZ, ttWH, and ttHH processes. All these samples were produced using a fast detector
simulation.

The HNL signal MC samples were generated with MADGRrAPH 2.9.3 [50] and the NNPDF2.31r0 PDF,
using the HEAvYN model [69, 70] at LO in QCD, which also allows the emission of up to two additional
partons. PyTHiA 8.245 with the A14 set of tuned parameters [52] was used to model the parton showering,
hadronization, and underlying event. Matrix element to parton shower matching was performed using the
CKKW-L prescription [71]. The W boson was set to decay exclusively into a muon or electron, and an
HNL: W — y*NorW — ¢*N. Only N — p*e*v, or N — e*u* v, decays were simulated. Thus, W
and N decays to T-leptons or jets are not included.” Separate samples were generated for the two neutrino
flavour mixing parameters, U, and U,,, as illustrated in Figure 1.

2 Using MC simulations it is found that, for 7-leptons produced in HNL decays, the contribution from leptonic decays of the
7-lepton after the lepton selection process is less than 5%. A much smaller contribution is expected after the full signal region



Signal samples were produced individually for HNL masses of 8, 10, 15, 20, 30, 40, 50, 60, and 65 GeV,
with the mean proper decay length set to ¢7 = 0.1 mm for all samples. For the lowest HNL mass samples
of 8, 10, and 15 GeV, a decay length of ¢t = 1 mm was also simulated. Since the low-mass signal samples
were generated only for two HNL decay lengths, the signal reconstruction efficiency is computed for other
decay lengths by a reweighting of the lifetime distributions of these samples, following the methodology
from Ref. [72]. Each ¢t = 0.1 mm sample is reweighted to multiple increments of decay length: from 0.1
to 0.5 mm in steps of 0.05 mm, and from 0.5 to 1.0 mm in steps of 0.1 mm. A similar reweighting scheme
is applied to the ¢t = 1 mm samples, which are used to validate the intermediate lifetime reconstruction
from the ¢t = 0.1 mm samples; additional details are in Section 7.

A fast detector simulation is used for all signal samples. The product of the cross section for W boson
production in v/s = 13 TeV pp collisions and the branching ratio for leptonic W boson decay into a single
lepton flavour [73, 74] is taken from the ATLAS measurement in Ref. [75] as o(pp — W) X B(W —
¢v) =20.6 £ 0.7 nb. The total decay width of the HNL and the corresponding lifetime are computed as
detailed in Refs. [73, 74].

4 Object identification and event reconstruction

Charged-particle tracks within || < 2.5 are reconstructed [76-78] in the ATLAS inner detector and
subsequently combined to create primary vertex candidates that are constructed using at least two tracks [79,
80]. Among these, the primary vertex is identified as the vertex with the largest (ptTr"‘Ck)z, where ptT”le is
the transverse momentum of a track associated with the vertex. The transverse and longitudinal impact

parameters of all tracks, denoted by dy and z, are calculated relative to the primary vertex [81].

Jets with |n| < 4.5 are reconstructed using the FAsTJeET implementation [82] of the anti-k, algorithm [83],
with a radius parameter of R = 0.4. The inputs to this algorithm are particle-flow objects [84, 85], which
combine measurements from the inner detector and calorimeters [86] to enhance the jet energy resolution
and increase the jet reconstruction efficiency, particularly at low jet transverse momentum. Calibrations
are applied to the jet mass, transverse momentum (pt), energy scale and energy resolution which include
components derived both from simulation and in situ measurements, documented thoroughly in Ref. [84].
Only jets with pp > 20GeV and || < 2.8 are retained. Events containing reconstructed jets induced
by calorimeter noise or non-collision backgrounds, identified using criteria similar to those described in
Ref. [87], are removed. Jets originating from pile-up interactions, according to a track-based discriminant
(JVT) [88], are rejected.

Within the inner-detector acceptance, jets containing bottom hadrons (b-jets) are identified using the
DLIr tagging algorithm [89], which uses the properties of reconstructed tracks and secondary vertices.
The analysis selects true b-jets with an estimated efficiency of 85%, as measured in a tf-enriched event
sample [89]. The DL1r algorithm is calibrated using a likelihood-based method for each jet type [90], and
correction factors are applied to the simulated event samples to account for differences between data and
simulation in the b-jet tagging efficiencies for b-jets, c-jets, and light-flavour jets.

Electron candidates are reconstructed from clustered energy deposits in the electromagnetic calorimeter
matched to an inner-detector track re-fitted to account for bremsstrahlung losses [91, 92]. The electron
momentum is determined by a calibration procedure based on boosted decision trees (BDTs) [93]. Only

requirements are applied.



the electrons satisfying the requirements || < 2.47 and pt > 8 GeV are used, and electrons within the
transition region 1.37 < |n| < 1.52 between the barrel and endcap calorimeters are discarded. Electrons
from background sources are rejected with a likelihood discriminant [91, 92] built from information about
the development of the electron shower in the calorimeter, its compatibility with the matched track, and
particle identification in the TRT detector. The electron candidates must satisfy the ‘Loose’ identification
criterion described in Ref. [92]. They must also fulfil a requirement on the transverse impact parameter
divided by its uncertainty: |dg|/o(dp) < 5. The electron track z is required to satisfy |zg sin 6] < 0.5 mm,
where 0 is the polar angle of the track. Electron candidates satisfying these requirements are referred to as
baseline electrons.

Signal electrons are defined as baseline electrons that satisfy the ‘Medium’ identification criterion [92].
This tighter identification criterion is imposed to further suppress fake electrons arising from misidentified
jets, as well as non-prompt electrons from decays of hadrons. The identification requirements are
complemented by isolation criteria that reject electrons with significant energy in a cone around the electron
candidate, calculated using either non-electron tracks or energy clusters. The efficiency of the applied
‘Loose_VarRad’ isolation criterion rises with increasing p, from 76% at approximately pt = 10 GeV to
99% at pt = 100 GeV, as measured using Z — ee events [92]. Signal electrons must not be associated
with the vertex of a reconstructed photon conversion in the detector material [91, 92]. To further reduce the
photon conversion background in selections with two SC leptons, additional requirements are applied to
the signal electrons [91, 94]: the electron candidate must not have a displaced vertex reconstructed at a
radius r > 20 mm, where the reconstruction uses the track associated with the electron; and the invariant
mass of the system formed by the electron track and the closest track at the primary vertex or a conversion
vertex is required to exceed 100 MeV. This combined selection is referred to as the photon conversion veto.
Electrons that are very likely to have a wrongly assigned charge are identified and subsequently rejected
using the ECIDS discriminant [91], a BDT based on the properties of the electron track, accepting 98% of
simulated Z — ee decay electrons while rejecting 90% of those with the wrong charge.

Muon candidates are obtained from an iterative track fit applied to inner detector and muon spectrometer
hits [95]. Momentum corrections are applied to compensate for detector misalignments [96]. Only
candidates with || < 2.5 and pt > 8 GeV are considered, and they must satisfy the ‘Medium’ quality
criteria defined in Ref. [95]. Muons must fulfil |zg sin(8)| < 0.5 mm, to reject muon candidates from
pile-up. Candidates satisfying these requirements are referred to as baseline muons. Approximately 0.1%
of events contain a muon with poorly estimated momentum, and such events are rejected. Signal muons
are defined as baseline muons that also satisfy |dp|/o (dp) < 3, along with the ‘TightTrackOnly_VarRad’
isolation criterion detailed in Ref. [95], to further suppress fake/non-prompt muons.

To avoid interpreting the same detector signals as multiple objects, an overlap removal procedure is applied
to baseline leptons and jets. Jets within AR = 0.2 of an electron or muon are removed. Leptons that are
closer than AR = min(0.4,0.1 + 9.6 GeV/pr(£)) to any remaining jet are discarded.

The missing transverse momentum, p?iss, and its magnitude, E‘Tniss, are reconstructed [97, 98] from lepton

candidates, jets, and reconstructed photons (pt > 25 GeV, || < 2.37) that meet the ‘Tight’ identification
requirements [92]. In addition, a track-based ‘soft term’ composed of inner detector tracks linked to the
primary vertex but excluded from the previously mentioned objects is included. The EITniss reconstruction
employs its own overlap removal procedure [97, 98].

Several variables are defined in order to maximize the sensitivity to the HNL signal:

* The transverse momentum of the leading lepton (i.e. the highest-pt signal lepton), denoted by p?.



* The minimum invariant mass of a different-flavour opposite-charge (DFOC) signal lepton pair,

mggloc, in events with a DFOC lepton pair.

124

* The invariant mass of the SC signal lepton pair, m..

* The invariant mass of the three signal leptons, nigee.
?iss system that results in no real solutions
see Section 5 for the details of the computation.

* The size of the interval of masses of the three-lepton and p

for the reconstructed event kinematics, mgs* — mg';

¢ The transverse mass, mr = /2 CLEmMISS(1 — cos(A@(£1, p™iss))), computed using the E™SS and the
Pt Ev P p g T
leading signal lepton in the event.

* The inclusive effective mass, m.g, defined as the scalar sum of the pr of all jets and leptons, as well
as the E%“SS.

* The distance in 7—¢ between the two SC signal leptons, AR(£1%, £2F).

* The azimuthal distance Aqﬁ((pf;l + ptT)z), p?iss) between the dilepton system (defined by the leading

and sub-leading signal leptons) and the missing transverse momentum.

Nsignal

* The number of signal leptons in the event, N,
ept

* The number of baseline leptons in the event, lefte.

* The number of b-jets in the event, Np_jets.

5 Event selection

A combination of dilepton triggers is used to select the events [99, 100], and the offline lepton candidates
are matched to the trigger objects. Offline electrons activating the ee trigger must have pt above 18 GeV,
while offline muons activating the pu trigger must have pt above 9 GeV and 19 GeV in the case of
the asymmetric dilepton trigger, and above 15 GeV for the symmetric trigger. For the ey asymmetric
triggers, electrons and muons must have pt above 8 GeV and 25 GeV (respectively) or 18 GeV and 15 GeV
(respectively).

An event preselection is defined by the following criteria. The leading and sub-leading signal leptons
must have pr of at least 20 and 15 GeV, respectively. Events must have at most three baseline leptons, to
suppress backgrounds from ¢7Z and t7H events. Moreover, at least one same-flavour same-charge (SFSC)
signal lepton pair must be present in the event, to further suppress background processes such as ZZ and
VVV. Events with three SF signal leptons are rejected. To suppress W/Z+jets, V'V, m“D‘li:“OC is required to
be > 5 GeV and mgé must be > 20 GeV. The scalar sum of pr for all signal leptons must be > 50 GeV, to
reduce backgrounds with fake/non-prompt leptons. To reduce W /Z+jets, WZ and #f backgrounds, m.g
must be < 250 GeV. Finally, requiring E%li“ < 100 GeV suppresses mainly backgrounds containing a

W — {v decay (e.g. tf events).

Signal regions (SRs) are defined by taking each signal sample separately and optimising the expected
significance using a range of kinematic selections. The significance is calculated using background
expectations computed from MC events, as well as using the full background estimates. In cases where the
optimal requirements were close for similar mpyny, the corresponding SR definitions were merged to end



up with less regions. The SRs can overlap, and in the final stages of the analysis (see Section 8), only the
SR with the highest expected sensitivity for a given HNL mass is used.

Table 2: Signal regions considered in the analysis.

SR Nljlf;“‘“ mr meg | AR(C1%,£2%) | mBin | mll | mI® - m@P | Npes | Additional

name [GeV] [GeV] [GeV] [GeV] [GeV] requirements

Three-lepton SRs

SREI =3 <170 < 250 > 2.0 <20 <175 < 60 =0

SRE2 =3 <65 <200 - <25 <65 < 60 =0

SRE3 =3 <50 < 150 > 1.5 <35 < 60 <70 =0 -

SRE4 =3 - <250 - <50 - <70 =0 meee < 80 GeV, p{‘ < 30 GeV
SRM1 =3 <170 <120 > 2.0 <25 <170 <170 =0 -

SRM2 =3 <45 | <120 - <40 < 65 <70 = Ag((pf! +pf?), p™) > 1.0
Two-lepton SRs

SRM3 | =2(SC) | <60 | <120 >2.5 - <75 - -

SRM4 | =2(SC) | <55 | <150 >2.0 - <70 - =0

SRMS | =2(SC) | <70 | <120 >2.0 - <75 - -

The SRs are presented in Table 2. They are defined separately for e*e*u™ (labelled SREZ, i = 1 — 4) and
urute™ (labelled SRMy, j = 1 — 2) final states with three signal leptons, and u*u*e (labelled SRM/,
J =3 —5) final states with two SFSC signal leptons and one additional baseline electron. The main
sensitivity of the analysis comes from the signal regions with three signal leptons (leés?al = 3), while the

signal two-lepton signal regions (leell‘f?al =2) recover some events where an electron passes the baseline
but fails the signal requirements. In the three-lepton SRs, events with three leptons of the same electric
charge are removed. In the two-lepton SRs a requirement on the charge of the third baseline lepton is found
to have no effect on the SM background, and therefore is not applied. Because some SRs overlap, for a
given mynL only one of the three-lepton SREi (i = 1 — 4) is picked to search for the e*e*u¥ signature,
while one three-lepton SRM; (j = 1 — 2) and one two-lepton SRMj (j = 3 — 5) are used together for

the u*u*e™ signature.

The requirements on the AR(£1*, £2%) variable in the SR definition suppress the W /Z+jets background.
For HNL signal events, the invariant mass of the three leptons and the neutrino should be compatible with
the decay of a W boson. When the transverse momentum of the neutrino is identified with the prTniSS vector,
the missing z-component can be computed by imposing a mass constraint m for the three leptons and
neutrino system. The resulting quadratic equation has real solutions only if the discriminant, which is itself
a quadratic function of my, is > 0. In case the discriminant is smaller than zero for m = 80.4 GeV, the
two values are calculated (m™* and m™™") for which the discriminant is zero. In case the discriminant is

test test
positive, mgs* and my are taken to be zero. Large values of m{3* — mgy are observed for backgrounds

test

such as t7 and VV, whereas for the HNL signal, much lower values are seen. This is because, for the
backgrounds, the invariant mass of the system comprising the three leptons and p7"™ is typically very far
from the W-boson mass. Finally, the requirement on the Ny,._jes variable in the SR definition in Table 2 helps

to reduce backgrounds from sources that have at least one b-jet in the decay chain, such as ¢f events.

To validate the background estimates in the SRs, the requirements on some of the kinematic variables
used to define the SRs are relaxed; the events falling into any SR are subsequently removed from the VRs
ensuring no overlap. These regions, referred to as validation regions (VRs), are defined in Table 3, and
have a background composition similar to that in the signal regions. The level of agreement between the



observed data and the estimated background in these validation regions is shown in Figure 3 and discussed
in Section 6.4.

Table 3: Definitions of the VRs used to validate the background expectations. Events in the VRs satisfy the
preselection requirements, as well as the requirements on N]S;[g)?al, Nlt;‘)sf, and Np_jers applied for the corresponding

SRs, and differ from the SRs by the requirements shown here.

VRs mr meg | AR(C1*,£2%) | mBin | mEl | mDi - mmin [ Additional
[GeV] [GeV] [GeV] [GeV] [GeV] requirements
All VRs ‘ Veto events belonging to any SR
Three-lepton VRs
VREI1 < 80 < 250 >2.0 <50 <75 < 80 -
VRE2 < 80 < 200 - <50 <75 < 80 -
VRE3 < 80 < 150 > 1.5 <50 <75 < 80 -
VRE4 - < 250 - - - <170 pél < 55 GeV, mgge cut removed
VRM1 [70,80] | <250 >2.0 <50 <175 < 80 -
VRM2 | [45,80] | <150 - <50 <75 < 80 Ag((p! +pf?), piss) > 1.0
Two-lepton VRs
VRM3 <70 < 250 > 1.0 - <75 - -
VRM4 <70 < 250 > 1.0 - <70 - -
VRMS5 <70 < 250 > 1.5 - <75 - -

6 Background estimation

The background contributions to the final states in this analysis can be categorized into three groups: SM
processes that produce genuine prompt leptons in the final state; SM processes that result in same-charge
lepton pairs due to the misidentification of the charge of one of the electrons; and SM processes that result
in SC pairs or three leptons due to fake/non-prompt leptons. The estimation methods for these categories
are outlined in the following three subsections. MC simulations are used for processes with three prompt
leptons, while the other two categories rely on data events selected with specific lepton criteria.

6.1 SM processes with three prompt leptons

Due to the b-jet veto present in most of the signal regions, as well as the low E%liss and m.g requirements
applied during the event preselection, processes that include top quarks are highly suppressed. As a
result, the largest prompt-lepton backgrounds in the SRs come from the WZ process, with both bosons
decaying into leptons. The ZZ and VVV processes contribute to the prompt-lepton background category
when they decay to 7-leptons which subsequently decay to light leptons. To avoid double-counting the
sources of fake/non-prompt-lepton background, events with fake/non-prompt leptons are removed from
MC simulations by using generator-level lepton information. The contributions from these SM background
processes are estimated by normalizing the MC samples to their theoretical cross sections.
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6.2 Electrons with misidentified charge

The charge of an electron is given by the sign of the curvature of its track in the ATLAS inner detector.
However, if the electron radiates a photon that converts and multiple tracks are reconstructed in the inner
detector, an incorrect charge may be attributed (‘charge-flip’). The probability & for signal electrons to
undergo a charge-flip ranges between 0.03% and 0.07%, and varies as a function of || and pr, as illustrated
in Ref. [91].

In this analysis, the charge-flip background is found to be negligible in all signal regions. However,
charge-flip contributes to some control regions used in Section 6.3 and in certain two-signal-lepton
selections used for the background validation presented in Section 6.4. The contributions to the e*e*
and e*u* final states are estimated by selecting data events containing OC leptons and weighting them
according to the known &(|n|, p) values. These values are derived from simulated Z — ee events and are
adjusted by correction factors y(|n|, pr) = &data/EmMc to correct for known mismodelling. The correction
factors y and their associated uncertainties, assumed to be process-independent, are obtained [91] from
comparisons of OC and SC dielectron pair rates observed in Z — ee decays in data and MC events. These
factors are found to lie within 20% of unity, regardless of the electron i and pr.

The dominant uncertainties in the predicted charge-flip yields arise from the measurement of the y
corrections, which is statistically limited and also influenced by significant background contamination [91].
The predicted yields have a typical uncertainty of 40%.

6.3 Fake and non-prompt leptons

Fake/non-prompt leptons [101] are defined as either a hadron faking a lepton, a lepton from a hadron decay,
or an electron from a photon conversion. When combining this fake/non-prompt-lepton candidate with one
or two prompt leptons in an event, a same-charge lepton-pair or three-lepton signature may be formed.
According to MC simulation, fake-lepton or non-prompt-lepton background in the SRs defined with two
SC signal leptons comes primarily from W /Z+jets processes, with a small contribution from #7 events.
In the SRs defined with three signal leptons, the main background sources are Z+jets and 7 processes.
Backgrounds from these sources are estimated using the data-based matrix method.

The matrix method [101-103] leverages the differing efficiencies of identification and isolation criteria when
applied to fake/non-prompt leptons instead of prompt leptons. Within a specific region of interest (such as
the SRs), data events are selected using lepton selection criteria that are looser than those defining the
signal leptons described in Section 4. These events are subsequently categorized according to the number
of signal leptons they contain. A fully determined system of linear equations can then be constructed [101,
103], relating the counts of such categorized events to the unknown numbers of events containing only
prompt leptons, exactly one fake/non-prompt lepton, and so forth. The coefficients in these equations are
functions of the probabilities £(|n|, pr) and (||, pT), representing the probabilities that loose prompt
leptons or fake/non-prompt leptons, respectively, also satisfy the signal lepton criteria.

The sample of loosely selected leptons comprises the subset of baseline leptons after overlap removal
that also satisfy a |dp|/o(dp) < 7 requirement for muons, and the ECIDS criterion for electrons along
with all selections aimed at removing the electrons due to photon conversions, as detailed in Section 4.
The estimated contribution of charge-flip electrons described in Section 6.2 is subtracted as detailed in
Refs. [101, 103, 104].
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The probabilities (||, pr) are calculated with simulated 77 events containing semileptonic top-quark
decays, as recommended in Ref. [101]. These MC-based measurements are corrected [101] for known
mismodelling by applying the representative scale factors given in Refs. [92, 96]. For both muons and
electrons, € is found to increase with p, from around 75% at 10 GeV to 99% at 200 GeV. A dependency on
n is accounted for, although it is observed to be weak. For electrons, systematic uncertainties are as large as
5.5% at low pt and decrease to below 1% in the pt > 25 GeV region. For muons, systematic uncertainties
vary between 1% and 2% in the pt < 25 GeV range, decreasing to less than 0.6% in higher pT ranges. For
both electrons and muons, the systematic uncertainties in € are dominated by the uncertainties associated
with the scale factors in Refs. [92, 96].

To measure the probabilities ¢ (||, pr), the approach presented in Refs. [101, 103, 104] is used. Data
control regions enriched in fake/non-prompt leptons are defined in order to select events containing one or
two prompt leptons and a fake or non-prompt lepton that together form a same-charge pair. In such regions,
signal contamination is reduced to a negligible amount by applying the requirement mgli:‘})c > 30 GeV. The
measurement is done within the range 8 < pr < 75 GeV for electrons and 8 < pt < 40 GeV for muons.
Separate measurements are made for events with two SC signal leptons and events with three signal leptons,

to account for the leading contributors to the fake/non-prompt-lepton background in the SRs.

For electrons, (||, pr) is found to increase with p, varying between 5% and 30%. For muons, £(|n|, pT)
is found to decrease with pr, varying between 6% and 20% in the most relevant range of 8 < pr < 40 GeV.
In the SRM3, SRM4 and SRMS signal regions, which select events containing a third baseline lepton
in addition to the pair of same-charge signal leptons, the fake/non-prompt-lepton background estimation
makes the assumption [103] that the fake/non-prompt lepton is part of the SC pair.

The same conservative systematic uncertainties as in Refs. [103, 104] are used to account for contamination
from prompt same-charge leptons in the measurement regions and for the assumption that £ and { can
be used outside of the regions in which they are measured. This procedure leads to uncertainties in {
ranging from 20% at lower pt to 50% for high-pr leptons of both flavours. These systematic uncertainties
combined with statistical uncertainties in the { measurements [101] are taken as systematic uncertainties in
the predicted fake/non-prompt-lepton yields, and are between 28% and 43% in the signal regions.

6.4 Validation of the background estimates

To check the validity and robustness of the background estimates, observed data are compared with the
predicted background after the event preselection and excluding events in the signal regions presented
in Section 5. Figure 2 shows this comparison across different lepton-flavour and b-jet-multiplicity
combinations, with generally good agreement confirming the validity of the matrix method in estimating
the fake/non-prompt-lepton background as well as the methods used to estimate the electron charge-flip
and prompt SM backgrounds. The signal contamination is negligible.

Figure 3 shows the results in the validation regions, defined in Table 3 to be closer to the signal regions by
applying tighter requirements on the kinematic variables than at preselection level. The observed data and
expected background agree in all VRs within 2 sigma, both when considering all sources of uncertainties,
and only the statistical uncertainties. A signal at the previous exclusion bounds presented in Ref. [23]
would lead to contamination in the validation regions between 4% and 13%, with the largest values reached
in VRM2.
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Figure 2: Comparison between the data and estimated background at preselection level. Events entering the SRs
defined in Section 5 are vetoed. The events are classified in terms of the number of leptons and their flavours, as
well as the number of b-jets. The £*£* bins have a > 2 signal leptons selection, with no requirement on the number
of baseline leptons; the {*{*{’F bins have a = 3 signal leptons selection. The uncertainties shown with hashed
bands, include only the statistical uncertainties and the full uncertainties associated with the data-driven background
estimates. The bottom panel shows the ratio of the observed data yields to the predicted background yields.
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Figure 3: Comparison between the data and estimated background in the validation regions. The hatched band
represents the total uncertainty in the estimated background.

7 Systematic uncertainties

Several sources of systematic uncertainty are accounted for in the analysis. The uncertainty in the integrated
luminosity of the combined Run 2 data set is 0.83% [35], and affects the normalization of all simulated
samples. Differences between the pile-up distributions in MC simulation and data are minimized by means
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of MC event reweighting, and a corresponding uncertainty is computed by increasing and decreasing the
mean number of simultaneous interactions by 4%. The uncertainties related to the overall electron selection
efficiency arise from the electron energy scale and resolution, and the trigger, reconstruction, identification
and isolation efficiencies, and are obtained from Refs. [92, 99]. The muon-related uncertainties arise from
the muon momentum scale and resolution, and the trigger, reconstruction, identification and isolation
efficiencies, as well as the track-to-vertex matching, and are obtained from Refs. [95, 105]. Uncertainties in
the jet energy scale (JES) are derived by combining information from test-beam data, LHC collision data
and MC simulation [84]. Uncertainties in the jet energy resolution (JER) are estimated as a function of
the jet transverse momentum and rapidity using dijet events [84]. Uncertainties related to the jet vertex
tagger (JVT) [106] and flavour tagging [90, 107, 108] are applied. Uncertainties in the E%niss value are
estimated by propagating the uncertainties in the energy or momentum scale for each of the objects entering
the calculation, as well as the uncertainties in the soft-term resolution and scale [97]. All the above
uncertainties are treated as fully correlated among the analysis signal regions and the physics processes
considered.

The systematic uncertainty in the signal production cross section is estimated to be 3.7%, dominated by
the uncertainty in the measured W boson production cross section [75]. Systematic uncertainties arising
from the signal’s quadratic dependence on the mixing angle and the phase-space factors in the HNL decay
are negligible, and therefore not considered in this analysis. Acceptance uncertainties arising from the
renormalization scale (i), factorization scale (us) and PDF scale choices are evaluated by either halving or
doubling the values of these scales. PDF uncertainties, including the effect of @ uncertainty, are assessed
by following the PDFALHC15 prescription [109]. A uniform 18% uncertainty is applied to the low-mass
HNL signal points to take account of uncertainties in the lifetime reweighting technique discussed in
Section 8. This is evaluated by comparing the efficiency predicted by the reweighted c7 = 0.1 mm sample
with that from the reweighted ¢t = 1.0 mm sample.

The uncertainties associated with backgrounds from sources such as electrons with misidentified charge
and fake or non-prompt leptons are discussed in Section 6. For background contributions from VV/VVV
production, an overall uncertainty of 60% are estimated using the method described in Ref. [110]. For
ttW, ttZ and ttH production, an overall uncertainty of 50% is assigned to each process to account for
cross-section and modelling uncertainties [103]. An overall uncertainty of 50% is assigned to the rare
processes ttHH, ttVV, tV, tVV, tit and tttt.

In all signal regions, the dominant sources of uncertainty are the statistical and systematic uncertainties in
the estimation of the fake/non-prompt-lepton background. Subdominant sources include the theoretical
systematic uncertainties of the VV and VVV backgrounds. The statistical uncertainties in the MC
background yields range from 19% to 30% in the SRE; signal regions and from 12% to 22% in the SRM
signal regions.

8 Results

The event yields in the various signal regions are presented in Section 8.1. In Section 8.2, discovery fits are
performed in order to quantify any signal-like excess above the background prediction. With no significant
excesses observed, the results are interpreted in Section 8.3 as limits on the mixing parameters.
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8.1 Event yields in the signal regions

The observed number of events in each SR along with the background predictions and uncertainties are
shown in Table 4. The contribution from the fake/non-prompt-lepton background dominates in all the SRs.
As mentioned in Section 5, the signal regions partially overlap in the following groups: SREi,i =1 — 4;
SRMj, j =1 — 2; and SRMj, j = 3 — 5. Therefore, the same data events can be found in more than one
signal region, e.g. seven data events are selected in both SRE1 and SRE2, and five data events are selected
in both SRE1 and SRE3. The largest excess of observed events over the background prediction, 1.7 standard
deviations, appears in SRE3. When counting the events present in all the SRs (without double-counting), a
total of 44 data events and 30 + 5 predicted background events are obtained, corresponding to an excess of
1.7 standard deviations.

Table 4: The observed number of data events and the expected background contributions in the SRs. The uncertainties
are both statistical and systematic. The individual uncertainties can be correlated or anticorrelated and therefore do
not necessarily add in quadrature to equal the total uncertainty.

| SREI SRE2 SRE3 SRE4 | SRMI SRM2 | SRM3 SRM4 SRM5
Observed 8 10 15 10 6 9 5 7 10
Total background | 4.4 +1.5 51 +15 79 £2.1 6.0 1.7 37 12 62 £19 51 +16 62 +1.7 73 £18
wz 020 £+0.13 025 £0.18 059 £040  0.60 £040 | 070 +043 071 £045 | 028 +0.18 024 +0.16  0.52 +0.33
ZZ,VVV 039 £025 088 £059 076 £0.52 037 £025 | 068 +042 1.1 £070 | 0.16 £0.10 023 +0.15  0.30 +0.19
Others <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
Fake/non-prompt | 3.8 +1.5 39 £13 6.5 2.0 50 +1.6 23 +10 44 +16 46 +1.6 57 16 64 +18

8.2 Discovery fit results

A discovery fit is performed separately for each signal region defined in Section 5 using a profile-likelihood-
ratio test, as detailed in Ref. [111]. The likelihood function L(u, 5) is the Poisson probability for the
observed number of events given the sum of the predicted signal and background yields, S + B. The value
of S depends on the signal strength (1). In addition, both § and B depend on a set of nuisance parameters
(6) which include both the systematic and statistical uncertainties of the predicted signal and background
yields [112]. Each nuisance parameter has an associated constraint term. For systematic uncertainties, this
constraint term is a Gaussian. Statistical uncertainties, resulting from the limited size of the simulated
samples, are assessed using the Beeston—Barlow ‘lite’ technique [113], which employs a Poisson constraint.
Systematic uncertainties are treated as correlated. The fitting procedure maximizes the likelihood by
varying the signal strength and nuisance parameters to extract their best-fit values.

The test statistic A = =2 In(L(y, 8) /L4, 0)) is evaluated with the RooFit package [111, 114, 115]. Here f

and 6? are the parameter values that maximize the likelihood function, and 6) are the parameter values that
maximize the likelihood function for a fixed value of u. The discovery fit for each SR is used to assess
whether the observed data event yield is incompatible with the background-only hypothesis. For this, 4
is calculated with p = O while the fit allows [ to vary to account for the possible presence of a signal
in the data. A corresponding distribution of A is generated using the predicted event model under the
background-only hypothesis with the asymptotic formulae given in Ref. [116]. From this distribution a
p-value is calculated using the A value derived from the observed data. This p-value reflects the probability
that the observed data event yield is compatible with the background-only hypothesis.

The discovery fit results are shown in Table 5. Most signal regions show moderate tension between the
observed data and the background prediction. The difference is most notable in the SRE; signal regions.
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Table 5: The discovery fit results. For SRM3, where the expected background slightly exceeds the observed number
of data events (see Table 4), the p-value is capped at 0.5, corresponding to a significance of zero.

SRE1 SRE2 SRE3 SRE4 | SRM1 SRM2 | SRM3 SRM4 SRMS5

p-value 0.11 0.061 0.041 0.12 0.18 0.21 0.5 0.38 0.19
Significance [o] | 1.2 1.5 1.7 1.2 0.90 0.82 0 0.30 0.87

8.3 Model-dependent limits

In the absence of a significant excess over the SM expectation, model-dependent exclusion limits are
derived using the CLg method [117, 118] with the statistical tools described in Section 8.2. Limits are
placed on the mixing parameters |U,|?> and |U u |? for the HNL mass range 865 GeV. For a given signal
scenario, values of the mixing-parameter strengths (u) yielding CLg < 0.05, where CLg is computed
using the asymptotic approximation [116], are excluded at > 95% CL. For the observed limit, the CLy is
computed using the test statistic calculated with the observed data set, while for the expected limit the CLg
is computed using the test statistic calculated from an Asimov data set with nuisance parameters set to
those extracted from a background-only fit to data [111]. For each signal mass point, the signal region
that minimizes the expected limit is used to quote the observed and expected upper limits on y. For the
u*ute™ signal channel, the most sensitive two-lepton and three-lepton signal regions are combined.
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Figure 4: Observed 95% confidence level (CL) exclusion limits for the (a) |U,|*> and (b) |U ' |> mixing parameters
versus the HNL mass. The expected (dashed line) exclusion limits are also shown. The 10~ and 20~ uncertainty bands
around the expected exclusion limit reflect uncertainties in signal and background yields.

The limits placed on the |U,|? and |U,,|> mixing parameters as a function of the HNL mass are presented in
Figure 4. For the e*e*u™ signal channel, the SREI signal region is the most sensitive one for HNL masses
< 10 GeV. The SRE2 signal region is then used up to 30 GeV, while the SRE3 signal region is used for the
40 GeV HNL mass point. Finally, SRE4 is used for the results in the HNL high mass region (> 50 GeV).
For the u*u*e™ signal channel, SRM1 is the most sensitive three-lepton signal region in the HNL low
mass range (< 40 GeV), while the SRM?2 signal region is used in the HNL high-mass region. The SRM3
and SRM4 two-lepton signal regions are used in the HNL low mass range: SRM3 for the < 10 GeV and
20 GeV mass points, and SRM4 for the 15, 30, and 40 GeV mass points. SRMS is used for HNL masses
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> 50 GeV.

The analysis excludes |U,|*> values above 1.1 x 107> in the mass range 15 to 30 GeV, and |U'u|2 values
above 5.0 x 1079 in the range 20 to 30 GeV. Upper limits of 1.8 x 107> and 7.0 x 107 are set on |U,|* and
U, |? across wider mass ranges of 15 to 50 GeV and 15 to 40 GeV, respectively.

At higher masses, the sensitivity of the analysis decreases due to kinematic suppression of HNL production
in W boson decay. The lifetime of the HNL is proportional to mI‘V5 X |U| =2 and therefore increases at low
HNL masses, resulting in efficiency loss due to the impact-parameter criteria (see Section 4). As discussed
in Section 3, this efficiency loss is evaluated by reweighting the lowest HNL mass signal samples generated
with ¢t = 0.1 mm to any intermediate value of c¢7. For each nominal and intermediate HNL decay length,
a limit on the mixing parameter is derived. These limits are then interpolated using a cubic spline for each
low mass point, which is subsequently used to extract the final limit on the mixing parameter. As a result
of the increasing rate of efficiency loss at lower HNL masses, the number of predicted signal events falls
more rapidly with decreasing mixing parameters, leading to narrower uncertainty bands in the 8-15 GeV
mass range.

The results of this analysis supersede those of the previous ATLAS search based on a partial Run 2 data
sample [23]. They also complement the results of the ATLAS analysis addressing long-lived HNLs [25],
by including the region from 20 to 65 GeV in the covered HNL mass range, as well as the results of the
ATLAS displaced vertex search at lower masses [119], and the ATLAS two leptons plus two or more
jets [120] and vector-boson fusion two same-sign leptons [121, 122] analyses at higher masses.

9 Conclusion

A search for heavy neutral leptons (HNLs) produced in leptonic decays of on-shell W bosons is performed
using data recorded by the ATLAS detector at the LHC in pp collisions at a centre-of-mass energy of
Vs = 13 TeV, corresponding to an integrated luminosity of 140 fb~!. The search focuses on the HNL
decay into two charged leptons and a neutrino, resulting in a final state with three prompt charged leptons
(either muons or electrons). Exploiting the Majorana nature of the HNL to suppress SM background, the
final state is required to have a same-flavour, same-charge lepton pair. To increase the efficiency, events in
which the third lepton has lower quality (referred to as two-signal-lepton events) are also accepted.

The observed event yields are consistent with the background expectations. The results are presented as
limits on the HNL mixing parameter as a function of HNL mass between 8 and 65 GeV. Two cases are
considered, with the HNL mixing with either an electron neutrino (with mixing parameter |U,|?) or a
muon neutrino (with mixing parameter |U, ,u|2). The analysis excludes |U,|* values above 8 x 10~> and
U, |? values above 5.0 x 107 in the full mass range of 865 GeV. The strongest constraints are placed on
heavy-neutral-lepton masses in the range 15-30 GeV of |U,|> < 1.1 x 107> and |U,u|2 <5x107°.
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