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1 Introduction

In the Standard Model (SM) neutrinos are massless and flavour-conserving. The observation
of neutrino mass through flavour oscillation [1] constitutes a distinct deviation from the SM.
The type-I seesaw model accounts for these phenomena by introducing right-handed neutrino
states that carry no SM gauge charges, thus allowing them to have Majorana masses [2-8],
in which the Majorana mass term implies the particle is its own anti-particle. The model
explains the light neutrino masses and predicts the existence of heavy mass eigenstates
known as “heavy neutral leptons” (HNLs, also denoted A/). The HNLs can also account
for baryon asymmetry via leptogenesis [9-11], and models with three HNLs can provide a
dark matter candidate [12-15]. The HNL states experience mixing with SM left-handed



neutrinos allowing them to undergo weak interactions. HNLs have been searched for in a
wide range of mixing, mass, and lifetime scenarios [16-34].

The search presented in this paper considers both a simplified model in which the HNL
mixes with only one lepton flavour (1SFH) as well as a more complete model with two quasi-
degenerate HNLs (2QDH) in which the mixing coefficients to all three lepton generations
are non-zero. For the 2QDH scenarios, a different interpretation is considered for the two
neutrino-mass hierarchy scenarios. In the inverted mass hierarchy case (IH), the relative
mixing angles are taken to be x4 = |Uy|?/|Usot|* = 1/3; for the normal mass hierarchy case
(NH), the values z. = 0.06, x, = 0.48 and z, = 0.46 are used [35, 36]. Here |U|? is the
coupling of the HNL to the SM, and |Uyet|? is inversely proportional to the proper-lifetime,
T, and the mass mys [37] as follows:
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The search presented in this paper focuses on long-lived signatures and accesses lower
coupling values by probing HNLs with my < 20 GeV.

Prior searches have set 95% confidence level (CL) exclusion limits on the coupling values
of long-lived HNLs to SM leptons in the range of 1 x 10~7 — 7 x 107> for HNLs with masses
of 1 — 14 GeV [27, 29]. Limits have been set at higher masses by searches for promptly
decaying HNLs but at larger coupling values [16, 30-34].

The signature studied here is a prompt lepton (e, i), produced near the proton-proton
interaction point (IP) from the decay of the W boson, and a displaced two-track vertex (DV),
produced far from the IP. In the case that the HNL decays leptonically (N — #lv), the
DV will consist of two leptons (ete™, e*u¥, utu~) as shown in figure 1(a)-1(d). For the
semi-leptonic decays, only decays to a single charged pion are considered, (N — ¢x), and
the DV consists of a lepton and a charged pion (e*n¥, y*7F), as shown in figure 1(e)-1(f).
Other semi-leptonic signal processes are not considered in this search. If the HNL decays to
more than two charged particles, the resulting decay vertex will fail the analysis pre-selection
as discussed in section 5. If the HNL decays to additional neutral particles, the un-accounted
for missing energy causes the event to fail the signal region requirements. Therefore, other
semi-leptonic decays could potentially have small contributions in the studied phase space
but the impact to the exclusion contours would be minor. Likewise, decays to 7-leptons are
not included in this analysis. The light decays of 7-leptons to leptons or hadrons are not
expected to satisfy the signal selection requirements outlined in section 5. Scenarios in which
the HNL is either a Dirac fermion (lepton number conserving (LNC)) or a Majorana particle
(both LNC and lepton number violating (LNV)) are considered. Due to the mixing of the N/
with all three lepton flavours, LNC does not imply lepton flavour conservation.

Events in this search are selected using a single-lepton trigger, making use of the prompt
lepton from the W-boson decay. The displaced decay products from the long-lived HNL
are reconstructed using large radius tracking (LRT) [38] and a customised displaced vertex
reconstruction algorithm. The two sources of background affecting all channels of the
search come from metastable heavy-flavour hadron decays, and from hadrons that are mis-
reconstructed as leptons (referred to as the fake-lepton background). Background estimates
are performed using a combination of Monte Carlo-driven and data-driven methods.



A significantly improved version of the LRT reconstruction with a large reduction in
mis-reconstructed tracks implemented in 2022 [38] both reduced the number of background
vertices formed by the crossing of unrelated tracks, as well as the CPU usage. This allowed
LRT to be run by default in all ATLAS reconstruction, including all Monte Carlo (MC)
simulation background samples, in turn making it possible to use MC simulation to directly
estimate the background contribution. With the reduction of mis-reconstructed tracks, it was
also possible to include a semi-leptonic channel, in which the two-track vertices have only one
track identified as a lepton, without also needing strict selections on the non-leptonic tracks.
The improvement of the LRT reconstruction, in addition to refined analysis techniques, allow
for an improved sensitivity compared with the previous ATLAS displaced HNL search [26]
using the same dataset.

2 ATLAS detector

The ATLAS detector [39] at the Large Hadron Collider (LHC) [40] covers nearly the entire
solid angle around the collision point.! It consists of an inner tracking detector surrounded
by a thin superconducting solenoid, electromagnetic and hadronic calorimeters, and a muon
spectrometer incorporating three large superconducting air-core toroidal magnets.

The inner-detector system (ID) is immersed in a 2T axial magnetic field and provides
charged-particle tracking in the range |n| < 2.5. The high-granularity silicon pixel detector
covers the vertex region and typically provides four measurements per track, the first hit
generally being at 7 = 33 mm in the insertable B-layer installed before Run 2 [41, 42], in addi-
tion to the other concentric barrel layers at r = 50.5, 88.5, and 122.5 mm, within |z| < 400.5
mm. The pixel detector has three disks in each of the endcaps at |z| = 495, 580, and 650 mm.
It is followed by the SemiConductor Tracker (SCT), which usually provides four pairs of
measurements per track, with barrel layers at r = 299, 371, 443, and 514 mm, within |z| <
746 mm, and nine wheels in each of the endcaps in the range 854 < |z| < 2720 mm. These
silicon detectors are complemented by the transition radiation tracker (TRT), which enables
radially extended track reconstruction up to |n| = 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 |n| < 4.9. Within the region
In| < 3.2, electromagnetic calorimetry is provided by barrel and endcap high-granularity
lead/liquid-argon (LAr) calorimeters, with an additional thin LAr presampler covering
In] < 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 |n| < 1.7, and two copper/LAr hadronic endcap calorimeters. The solid

LATLAS 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 z-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

E+p.
E-p-

n = —Intan(6/2) and is equal to the rapidity y = 3 In (
measured in units of AR = /(Ay)2 + (A¢)2.

) in the relativistic limit. Angular distance is



W+ va/ K W+ v
N W AN =
g Yy o v
(a) (b)
et et
w+ . w+ .
N~z Nz
Vg o vg lon
(c) (d)
o 29

S
+
S
+

() (f)

Figure 1. Feynman diagrams for the HNL production and decay processes are shown for both (a) —
(d) leptonic and (e), (f) semi-leptonic decays, in which «, 8, v may be e or p. Both (a, ¢, e) LNC, and
(b, d, f) LNV processes are shown. Equivalent diagrams with an initial W~ boson are also considered.

angle coverage is completed with forward copper/LAr and tungsten/LAr calorimeter modules
optimised for electromagnetic and hadronic energy measurements respectively.

The muon spectrometer (MS) comprises separate trigger and high-precision tracking
chambers measuring the deflection of muons in a magnetic field generated by the supercon-
ducting air-core toroidal magnets. The field integral of the toroids ranges between 2.0 and
6.0 T m across most of the detector. Three layers of precision chambers, each consisting of
layers of monitored drift tubes, cover the region |n| < 2.7, complemented by cathode-strip
chambers in the forward region, where the background is highest. The muon trigger system



covers the range |n| < 2.4 with resistive-plate chambers in the barrel, and thin-gap chambers
in the endcap regions.

The luminosity is measured mainly by the LUCID-2 [43] detector that records Cherenkov
light produced in the quartz windows of photomultipliers located close to the beampipe.

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 [44].
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 in order to record complete events to disk at
about 1kHz.

A software suite [45] 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 simulation samples

This search uses 140 fb~! of proton-proton (pp) collision data at /s = 13 TeV, collected by
the ATLAS detector at the LHC during the period 2015-2018. Only data collected when
all detector systems were operating acceptably [46] and when the LHC had stable beam
conditions are considered.

Monte Carlo samples are used to study the acceptance of the event selection and the
efficiency of event reconstruction, as well as to estimate the background from metastable
hadron decays. The SM background samples are processed with the full ATLAS detector
simulation [47] based on GEANT4 [48]. Simulated signal samples are processed with a fast
simulation [49] using a parametrisation of the calorimeter response and GEANT4 for the
response of the other parts of the detector. The MC simulated events are reconstructed and
analysed with the same analysis chain as data, including the trigger and event selection criteria.
The effects of multiple proton-proton interactions in the same or neighbouring bunch-crossings
(pileup) are taken into account by overlaying the simulated hard-scattering process with
simulated minimum-bias events. These events have a mean number of interactions distributed
according to their frequency as observed in data, and are generated with PyTHIA 8.186 [50]
using the NNPDF2.3L0 parton distribution function (PDF) set [51] and the A3 set of tuned
parameters (tune) [52]. The simulation is adjusted with correction factors to account for
differences between data and simulation in the pileup modelling and in the reconstruction
and identification efficiencies, and energy and momentum scales of physics objects.

3.1 Signal simulation

Samples of HNL production from W-boson decays with leptonic decays of the HNL are
generated at next-to-leading-order (NLO) in quantum chromodynamics (QCD) accuracy in
MADGRAPH5__AMC@NLO 3.3.1 [53] and the SM HEAVYN NLO model libraries [54]. In
these samples, the NNPDF3.0NLO set of PDFs [55] is used. Samples with semi-leptonic decays
of the HNL are generated at leading-order (LO) in QCD using MADGRAPH 3.5.1 and the SM
HeEAvYN MESON NLO model libraries, using the NNPDF3.0NLO_ NF4 set of PDFs. The
leptonic (semi-leptonic) signal events are matched with PyTHIA 8.307 [50] (PyTHIA 8.309) to
model the parton shower, hadronisation, and underlying event, with parameters set according



to the A14 tune [56] and using the NNPDF2.3L0 set of PDFs. The samples are interfaced
to EVTGEN 2.1.1 [57] to model the decays of bottom and charm hadrons.

The HNL is set to decay leptonically or semi-leptonically; the decay kinematics are
handled by MADSPIN [58, 59] in the former case, and by MADGRAPH in the latter. The
process is modelled as a weak decay with a V-A matrix element, and can be mediated by
either a W* boson or, for leptonic decays only, a Z* boson. If the charged leptons produced
in the HNL decay have the same flavour, then both diagrams (figures 1(a) and 1(b) or 1(c)
and 1(d)) contribute to the decay.

For the leptonic decay signal model, samples are simulated for a range of possible HNL
masses between 1 GeV and 20 GeV for six different final states involving electrons and muons:
0 — pp, £ — pe and ¢ — ee, with £ = e, u. Final states involving 7 leptons are checked to
have negligible acceptance. For the semi-leptonic decay model, the branching fraction of the
HNL into a lepton and a pion drastically drops for masses above 3 GeV [60]; signal samples
generated only for mus of 1 GeV, 2 GeV, and 3 GeV are investigated. Four separate samples
with different final states are generated: ¢ — emw, { — pum, with £ = e, u. For both the leptonic
and semi-leptonic scenarios, mean proper lifetimes of the HNL, c7ys, are generated between
0.1mm and 1 m. For all cases, only one single HNL is generated, in the 1:1:1 coupling scenario,
and reweighting is performed to account for the different proposed scenarios.

The total coupling strength of the HNL, [Uit|? = 3, |Ua|? in which a = e, u, 7 is any
given neutrino flavour, can be calculated from the mixing angles that connect the flavour
eigenstates of the SM neutrinos with the new heavy HNL mass eigenstates [35]. For a Majorana
HNL particle |Uyot|? is computed for each of the generated mass and lifetime samples using a
direct Fermi theory computation described in ref. [60]. The cross-section for the production of
a single HNL followed by its decay into the final state particles is calculated for the Majorana
model from the leptonic W-boson branching ratio BR(W — {,v,) according to [61]:

ov =o(pp— W) - BR(W = (,N) =

=o(pp = W) - BR(W = laa) - |Ua|*- 1_% 1+2m%v 7

where the product of the total W-boson production cross-section in 13 TeV pp collisions
times the branching ratio for a W-boson decay into a single charged lepton, for ¢ = u,e, is
taken from the ATLAS measurement [62] to be 20.6 &+ 0.6 nb. The mass of the W boson
is represented by myy.

The relationship between the production cross-section for a single Majorana HNL, oy,
and the cross-sections for the 1SFH and 2QDH models are shown in table 1. The Dirac
and Majorana limits refer to scenarios in which only LNC, or both LNC and LNV processes
can occur, respectively. In the context of the two-HNL model, these limits correspond to
specific values of the mass splitting between the two HNLs: the Dirac limit corresponds to
zero mass splitting, while the Majorana limit assumes a small but non-zero mass splitting
that enables HNL oscillations and LNV processes [35].



1SFH 1SFH 2QDH 2QDH
Majorana limit Dirac limit Majorana limit Dirac limit

LNC decays oM 200 200 4o
LNV decays oM 0 200 0
Total 20]\/[ 20’M 4UM 4UM

Table 1. The cross-section for LNC and LNV decays, in the Dirac and Majorana limits of the 1SFH
and 2QDH models. The cross-sections are shown relative to the Majorana 1SFH cross-section oy,
which is given by eq. (3.1). The total cross-section is the sum of the LNC and LNV contributions.

3.2 Background simulation

The largest SM background processes are tt and V +jets production, where V is a W or Z
boson. The tt events are produced using the POWHEG BOX v2 [63-66] generator at NLO with
the NNPDFEF3.0NLO PDF set and the hqamp parameter? set to 1.5 Miop [67]. The events are
interfaced to PYTHIA 8.230 to model the parton shower, hadronisation, and underlying event,
with parameters set according to the A14 tune [56] and using the NNPDF2.3L0 set of PDFs.
The decays of bottom and charm hadrons are simulated by EVTGEN 1.6.0.

Additional tt simulated samples are generated using the same POWHEG BOX v2 setup,
but interfaced with PyTHIA 8.230 with the parameter pthard set to one [68]. As described in
ref. [68], this parameter regulates the definition of the vetoed region of the showering. Its
variation is used to estimate an uncertainty in the matching procedure between the matrix
element (ME) generator and the parton shower (PS) algorithm, as explained in section 7.3.

The production of V+jets is simulated with the SHERPA 2.2.11 [69] generator using NLO
ME:s for up to two partons, and LO MEs for up to five partons calculated with the Comix [70]
and OPENLOOPs [71-73] libraries. They are matched with the SHERPA parton shower [74]
using the MEPS@QNLO prescription [75-78] with the set of tuned parameters developed
by the SHERPA authors. The NNPDF3.0NNLO set of PDFs is used and the samples are
normalised to a next-to-next-to-leading-order (NNLO) prediction [79].

Samples of diboson final states (V'V) are simulated with the SHERPA 2.2.11 or 2.2.2
generator depending on the process, including off-shell effects and Higgs boson contributions,
where appropriate. Fully leptonic final states and semi-leptonic final states, where one boson
decays leptonically and the other hadronically, are simulated using MEs at NLO accuracy in
QCD for up to one additional parton and at LLO accuracy for up to three additional parton
emissions. Samples for the loop-induced processes gg — V'V are simulated using LO-accurate
MESs for up to one additional parton emissions. The ME calculations are matched and merged
with the SHERPA parton shower based on the Catani-Seymour dipole factorisation [70, 74]
using the MEPSQNLO prescription [75-78].

The production of t#V events is modelled using the MADGRAPH5__AMC@NLO 2.3.3
generator at NLO with the NNPDF3.0NLO PDF. The events were interfaced to PyTHIA 8.210

2The hdamp parameter is a re-summation damping factor and one of the parameters that controls the
matching of POWHEG matrix elements to the parton shower and thus effectively regulates the high-pr radiation
against which the ¢ system recoils.



using the Al4 tune and the NNPDF2.3L0 PDF set. The decays of bottom and charm
hadrons were simulated using the EVTGEN 1.2.0 program.

The associated production of top quarks with W bosons (tW) is modelled by the
PowHEG Box v2 [80] generator at NLO in QCD using the five-flavour scheme and the
NNPDF3.0NLO set of PDFs. The events were interfaced to PYTHIA 8.230 using the A14
tune and the NNPDF2.3L0 set of PDFs.

Estimated yields of production of vector boson pairs, or associated production of top
quarks and a vector boson (¢t + V, tV), are found to have a negligible contribution to the
total background and thus are not considered further in this analysis.

4 Reconstruction

In the ATLAS experiment, traces from charged particles are reconstructed into tracks in
two main steps. The first, standard tracking, is optimised for particles originating near the
interaction point (IP), while the second, the LRT reconstruction, is optimised for the decay
products of long-lived particles (LLPs). All tracks are reconstructed from hits in the ID,
with the track candidates found using a Kalman filter. The tracks are then passed through
an ambiguity resolution step to resolve overlaps and remove fake tracks before being re-fit
using a global x? method. The tracks from the silicon pixel and SCT sub-detectors may
then be extended into the TRT [81]. The LRT uses the hits that are left over after the
primary tracking pass and applies modified requirements, particularly loosening those on the
transverse (dp) and longitudinal (z9) impact parameters of the track, to allow for increased
reconstruction efficiency of displaced decay products.

Electron candidates are reconstructed using energy deposits in the electromagnetic
calorimeter that are matched to tracks, either standard or LRT, in the ID [82], in the
range of |n| < 2.47, excluding the transition region between the barrel and endcap of the
electromagnetic calorimeter of 1.37 < |n| < 1.52. The prompt electron must have transverse
momentum pr > 27 GeV and satisfy the Medium identification criteria, as well as the
Loose_VarRad isolation requirement [83]. The displaced electrons are required to satisfy
the LLP VeryLoose criteria, a modified version of the VeryLoose identification point [83]
with all dependencies on number of pixel hits, track |dy|, and dp s removed to improve
efficiency, where dosig = do/0q4,. Additionally, displaced electrons are required not to have
a pr difference relative to the track pp bigger than 50% (referred to as DV track < lepton
match in table 2). In the case where the same cluster is matched to multiple tracks, the
electron candidate with the tighter identification criteria is kept. If both candidates satisfy
the same identification requirements, the standard-track electron is kept.

Muon candidates are formed by matching reconstructed track segments in the MS to
tracks in the ID [84] (standard or LRT), also within |n| < 2.5 range. The combined track then
uses information from both detector subsystems. The prompt muon must have pr > 27 GeV
and satisfy the Medium identification criteria as well as the PFlowLoose_VarRad isolation
requirement [84]. The displaced muons are required to meet LLP Medium criteria, which are
similar identification requirements to those of the prompt muons but with all requirements
related to the ID tracks removed [84]. In the case that a single muon segment is matched



to both a standard and large-radius track, the combined track with the higher quality is
kept. If they have the same quality, the standard-track muon is kept.

The decay of the HNL is reconstructed as a displaced vertex, using tracks from both
the standard and large-radius track collections. This search uses a customised version of
the ATLAS displaced vertex reconstruction [85], designed to target both the leptonic and
semi-leptonic decay modes. The vertex reconstruction proceeds as described in ref. [85] by first
forming two-track vertices from a set of high-quality tracks. The minimum dy requirement is
loosened from dy > 2 mm to dy > 1 mm as a reflection of the fact that while the vertices in
this search are displaced, the tracks typically point back towards the primary vertex (PV).
However, when tracks are attached to the two-track vertices, unlike in ref. [85] in which
the attached tracks satisfy a very loose selection, the attached tracks in the custom vertex
reconstruction must meet the same criteria as the tracks used in the initial two-track vertices.
While this search targets two-track vertices, it was found that the track attachment step
decreased background contributions. In the final selection, the vertices must contain at least
one track matched to a lepton. The efficiency to reconstruct the generated HNL decays as
displaced vertices is shown as a function of the decay radius of the HNL, rpy, in figure 2,
with comparable results for both leptonic and semi-leptonic vertices. The efficiency is limited
at low rpy due to the requirement of dy > 1 mm, and at high rpy due to decreasing number
of silicon layers available, which impacts track reconstruction [38]. The efficiency is lower for
vertices with electrons due to lost momentum from bremsstrahlung and interactions with
detector materials. Lighter HNLs are more boosted, and thus likely to decay later in the
detector and are more likely to fail the secondary vertex reconstruction.

Hadronic jets are reconstructed with a particle-flow algorithm [86], using a combination
of information from the calorimeters and reconstructed tracks. The jet reconstruction uses
the anti-k; algorithm [87, 88] with a radius parameter R = 0.4. The jets are calibrated using
in situ measurements and MC simulation [89]. Jets with pp > 20 GeV and within |n| < 2.5,
the n range of the ID, are considered in this analysis. Jets containing b-hadrons, known as
b-jets, are identified using the DL1d multivariate discriminant that uses track properties,
with an 85% efficiency working point [90]. The b-tagging procedure exploits tracking and
vertex information and thus is applied up to |n| < 2.5. These jets are vetoed in the signal
regions, to reduce background components.

5 Trigger and event selection

This search requires the prompt lepton produced in the decay of the W boson to be selected
by the lowest-threshold unprescaled single-lepton (e,u) triggers from each year during Run 2,
with the lepton pr threshold varying between 20 GeV and 26 GeV, depending on the lepton
flavour and data taking period [91, 92].

The offline event selection is divided into two stages: a pre-selection and a tighter
signal-region (SR) selection. Pre-selected events that do not satisfy the SR selection compose
some of the control regions (CR) used in the background estimate.
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Figure 2. The DV reconstruction efficiency for an HNL with max = 2 GeV and ¢7n = 10 mm, as
a function of the DV radius rpy using the customised vertex reconstruction for a selection of the
(a,c,d) fully leptonic and (b) semi-leptonic MC samples. Different flavour combinations are shown in
(a) and (b) and decays from HNLs are shown in (c) for pup DVs, and in (d) for ee DVs for HNLs with
various masses.

5.1 Pre-selection

Events are required to have at least one PV, containing at least two standard tracks with
pr greater than 500 MeV. If more than one such PV exists, the one with the largest Zpgr is
selected, where the sum is over all tracks in the vertex. Furthermore, events are required to
include a prompt lepton matched to the lepton that fired the trigger. It must also fulfil the
track-to-vertex association (TTVA) criteria such that for electrons (muons) |dosig| < 5 (< 3)
and |zpsin | < 0.5mm, where z is the impact parameter in the longitudinal plane.
Events are required to contain a reconstructed DV that contains exactly two tracks.
In the leptonic channel, both tracks must be matched to leptons, and in the semi-leptonic
channel exactly one track must be matched to a lepton. The DV is required to be in the
fiducial volume, defined as 4 mm < rpy < 300 mm in the leptonic channel and 20 mm
< rpy < 300 mm in the semi-leptonic channel. The requirement is more restrictive in the
semi-leptonic channel due to larger contributions from SM backgrounds. Furthermore, DVs
reconstructed in correspondence with material layers are removed via a material veto [93]
that is applied in the ¢ — ee channel and all semi-leptonic channels to remove background
due to displaced tracks that arise from interactions between primary particles and detector

,10,



Selection Leptonic ‘ Semi-leptonic

Trigger Lowest unprescaled single-lepton triggers, pt > 20 — 26 GeV
Prompt lepton selection Trigger matched electron/muon, passing Medium ID WP, with pp > 27 GeV
Prompt lepton TTVA dosig < 5(3) for electrons (muons), |z sin | < 0.5 mm
Prompt lepton isolation Loose_VarRad (PFlowLoose_VarRad) for electron (muon)
Displaced vertex Exactly 2 opposite-sign tracks, with

4mm < rpy < 300 mm ‘ 20mm < rpy < 300 mm
Displaced tracks pr Leading (subleading) track pr > 10 (5) GeV
Displaced-leptons ID WP e: LLP VeryLoose, p: LLP Medium
DV track < lepton match Onuly for e, [track pr — lepton pr|/trackpr < 0.5
AR selection AR(DV,jet) > 0.4
Cosmic veto VEN)?Z + (r — Ag)? > 0.05
Z-boson-mass veto Same-flavour opposite-sign leptons invariant mass, mg, not in [80,100] GeV
K veto - mpy > 0.6 GeV
J/ veto ee, up vertices, mpy ¢ [3.0,3.2] GeV -
Material map veto Applied in ee channels Applied in all channels
DV discriminant variable S > 100 if mpy < 5 GeV

Table 2. Summary of pre-selection requirements applied.

materials. To reduce background from light-multijet events, the leading (subleading) track
in the DV must have pr > 10 GeV (pr > 5 GeV). The DV is also required to be isolated
from all jets in the event by AR(DV,jet) > 0.4 to mitigate the impact of MC mis-modelling
in jet and b-jet multiplicity distributions.

Cosmic-ray muons can fake a vertex that appears to have two back-to-back tracks.
To remove these, a condition is placed on the two tracks in the vertex such that
V(EN)?2 + (r — Ag)? > 0.05, in which Xy and A¢ consider the n and ¢ of the tracks in
the vertex. To remove background from Z+jets production, a Z-boson-mass veto is applied

when the prompt lepton has the same flavour as and opposite sign with respect to (one
of) the displaced lepton(s): that lepton pair is required to have an invariant mass lower
than 80 GeV or greater than 100 GeV. The mass of the reconstructed vertex mpy has two
additional narrow mass selections, mpy > 0.6 GeV to remove Kg decays, applied in the
semi-leptonic channel; and mpy ¢ [3.0,3.2] GeV, applied to ee and uu vertices to remove
J/1¢ decays in the leptonic channels.

For further suppression of DVs arising from b-hadron decays, DVs with mpy < 5 GeV
are required to have a displacement significance S > 100, defined as the significance of the
three-dimensional distance between the DV and the PV. Requiring & > 100 generally selects
DVs with a larger displacement, higher pr, and smaller AR between the two tracks in the
vertex. Table 2 summarises all the pre-selection requirements.

5.2 Signal regions

The SRs are defined with additional criteria to further suppress background while maintaining
high signal efficiency. A W-boson mass selection is placed on the invariant mass of the
visible decay products of the system. In the semi-leptonic channels, the selection requires 70
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GeV < mypr < 90 GeV. In the leptonic channels, due to the unaccounted for neutrino, the
W-boson mass selection on myyy, is looser: 40 GeV < myp < 90 GeV. Additionally, isolation
requirements are placed on the lepton(s) in the DV. The electrons (muons) in the DV are
required to satisfy the same Loose_VarRad (PFlowLoose_VarRad) isolation requirements as
the ones applied to the prompt electrons (muons). Finally, to further suppress backgrounds
from heavy flavour SM processes, the number of b-jets in each event is required to be zero.

To increase the number of events in the leptonic signal regions, the channels p — pu,
u — pe, and p — ee are merged into one pu — ¢ channel, and e — ee, e — e, and e — pu are
merged into one e — ¢¢ channel. The former merged channel probes the 1ISFH(u) model, while
the latter probes the 1SFH(e) model. The combination of the two probes the multi-flavour
mixing 2QDH model. This merging is not needed in the semi-leptonic channels.

6 Background model

This section describes the background model used in the statistical analysis that performs the
final background estimate, described in section 7. There are two sources of background events:
semi-leptonic decays of long-lived hadrons that contain heavy-flavour (b, ¢) quarks, and the
production of lighter SM hadrons in jets that can lead to displaced vertices with misidentified
leptons. Background from decays of heavy-flavour hadrons is estimated from MC simulations.
The level of background that arises from hadrons that are misidentified as leptons, referred
to as fake-lepton background, is not well simulated and is hence estimated with a data-driven
method. Coincidental track crossings that produce displaced vertices in events with genuine
prompt leptons is the main background of the previous ATLAS search [26]; however, in this
work this contribution is reduced to a negligible level thanks to the improvements in the LRT
reconstruction [38] and the tuning of the DV selection algorithm.

6.1 Background from heavy-flavour hadron decays

The decay of SM long-lived hadrons, produced in association with a prompt electron or
muon, can mimic the signal. These hadrons can decay with a significant displacement from
the interaction point, and produce decay chains that contain one or two leptons, e.g., via
a b — ¢/~ v decay that may be followed by ¢ — s¢Tv. The key feature of this background
is that the reconstructed displaced vertices satisfy mpy < 5 GeV, due to the masses of
the long-lived b-hadrons.

The predictions for this background component are obtained from MC simulated samples
of tt and vector boson production in association with heavy-flavour jets (V+HF) production,
as these processes contain both isolated leptons, and b- and c-hadrons. The background
contribution from other SM processes (tt+V, tV, VV) is checked in MC simulation, and found
to be negligible. It is found that in the ¢ — ¢¢ channels, background events originate almost
entirely from the decay chain b — ¢/~ 7, ¢ — s¢Tv, with a minor component originating from
single semi-leptonic decays of ¢— or b-hadrons. In the £ — /7 channels, a larger fraction of
events, relative to the ¢ — £¢ channel, originates from semi-leptonic decays of b-hadrons.

The MC simulation is compared to data in heavy-flavour control regions (HF-CRs)
designed to be statistically independent from the SRs, enriched in the HF background and
with negligible signal yield. Events in the HF-CRs are selected by applying the SR selections
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introduced in section 5.2, but requiring the presence of at least one b-jet and expanding the
region to 40 < myy: < 90 GeV in the semi-leptonic case to increase the available statistical
precision. Furthermore, to suppress signal contamination in the HF-CRs, at least one
lepton matched to the reconstructed DV is required to fail the isolation requirement. These
requirements allow to study the background from b-jets that do not get reconstructed, similar
to the one that populates the SR. A total of ten independent CRs are defined; one for each
combination of the six £ — £/ and four semi-leptonic £ — ¢ channels. The HF background
predictions model the data well in the HF-CRs, including the prompt-lepton pt and 7, as
well as kinematic distributions related to the properties of the displaced vertices, such as the
DV transverse momentum and 7 distributions, and the opening angle of the tracks in the
DV. Distributions sensitive to potential fake leptons (e.g. lepton pr) are checked, and show a
good level of agreement. Comparisons between MC simulation data of the displaced-vertex
invariant mass distributions in these regions are shown in section 8.

6.2 Fake-lepton background

The predictions from the MC simulations are compared with the data in the mygy, and
myer sidebands of the SR, in which the W-boson-mass selection described in section 5.2
is inverted. This sideband region (SB), is orthogonal to the HF-CRs and shows that once
the HF background is reduced, the MC simulations are not able to fully describe the data.
Mis-modelled features are observed for low-pr tracks associated with the displaced vertices,
as well for low prompt-lepton pr, and in the number of reconstructed jets. The mis-modelled
features are due to the presence of an additional background source of multijet production.
This latter background component is more relevant for final states with electrons matched
to the displaced vertices, as quantified in section 8. A larger contribution is expected in
the ¢ — ¢m channels relative to the £ — ¢ ones, due to the lepton identification requirement
being applied to only one of the two tracks associated with the DV. Additionally, jets could
also lead to fake prompt leptons. For this reason, this background is larger in events with
prompt electrons relative to events with prompt muons, due to differences between the
identification of these two physics objects.

The fake-lepton background predictions for the SRs are derived in a data-driven way using
the mype, myer sidebands, via two control regions. One is the SB defined above, which features
all the selections adopted for the SR definition, except the W-boson mass selection that is
inverted. The other control region, referred to as the relaxed-sideband (Relaxed-SB) has the
same requirements of the SB, but the isolation requirement on the DV leptons is removed. The
Relaxed-SB is therefore enriched in the fake-leptons background, and has a sufficient statistical
precision to obtain differential predictions for the fake-leptons background in the SRs.

Event level transfer factors (TFs), from the Relaxed-SB to the SB, are derived separately
for each channel to capture potential dependencies on the final state considered. They are
evaluated as the ratio of the HF background-subtracted data yields in the two regions. The HF
background prediction is taken from the MC simulation, and the subtraction is done under the
assumption that this component of the background is well described by the MC simulations,
as checked in the HF-CRs. The obtained values are reported in table 3. The TF is smaller
for channels with displaced electrons compared to those with displaced muons. Because the
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Transfer factor values

w— el e— 00 W= U e — um w—em e—em
0.00975:09,  0.12+0.08 0.744+0.13 0.754+0.20 0.32+0.07 0.41 +0.07

Table 3. Transfer factors (TFs) between the Relaxed-SB and the SB regions. The uncertainty is
propagated from the data and MC statistical uncertainties in the yields in the regions used in the
TF evaluation.

relaxed selection requirements are much looser for electrons than for muons, a larger fraction
of displaced-electron events in these regions are misidentified fakes. Consequently, when
the stricter SR requirements are applied, a small fraction of those electron events remain —
resulting in a smaller transfer factor compared to the muon channels. The relative uncertainty
obtained on each of the TF values is dominated by the statistical uncertainty of the data.
This uncertainty is propagated in the statistical analysis. The large relative uncertainty for
the TF in the u — £¢ region is due to the fact that the fake-leptons background is almost
negligible in this channel; hence it has no effect on the results.

In the statistical analysis described in section 7.1, binned distributions in the discriminat-
ing variables chosen are employed. The differential predictions for the fake-lepton background
are obtained from the myy and my,, relaxed sidebands. Two templates are derived via the
subtraction from the data of the HF background predictions modelled by the MC simulations:
one for the left sideband, mygy < 40 GeV (mygp, < 70 GeV), and one for the right sideband,
myeee, Mg > 90 GeV. The templates are scaled to the full SR selection using the TF reported
in table 3. The SR prediction is expected to lie between the two predictions, and there is
no strong motivation to prefer one to the other. Therefore, the mean of the two is taken
as the nominal pre-fit template for the fake-lepton background.

A systematic uncertainty in the shape and normalisation of this background estimate is
taken as the difference of the two separate differential distributions from the mean. Further
details on the uncertainties associated with this background are provided in section 7.4.

7 Statistical analysis

This section describes the statistical analysis and the systematic uncertainties. The analysis
is based on the profile likelihood method [94]; the background estimate in the signal regions
is based on a simultaneous fit to the data in the six signal regions and the ten HF-CRs. The
latter are used to constrain the normalisation of the HF backgrounds in the fit.

7.1 Fit model

The variable used in the profile likelihood fit for the HF-CRs is the invariant mass of the
reconstructed DV, using 10 equal bins from 0 to 5 GeV. The discriminating variable adopted
in the SRs is the invariant mass of the candidate HNL, mygny,. In the £ — ¢7 channels this
equals to the DV mass and the same binning as that of the HF-CRs is adopted. In the leptonic
channels, mynr, is calculated taking into account the conservation of the four momentum in
the W-boson and N decays, assuming negligible masses for the neutrinos and using the known
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mass of the W-boson, as described in ref. [26]. The SRs distributions are divided into 21 bins
as follows: 0.5 GeV wide bins from 0.5 to 6 GeV, 1 GeV wide bins up to 15 GeV, and one bin
up to 20 GeV. This choice is motivated by the experimental resolution of the reconstructed
mass of the HNL candidate. The number of background events in each bin is treated in the
statistical analysis as a random variable following a Poisson distribution. The total expected
background yields in each bin is given by the sum of the background predictions.

To cope with the limited number of simulated events, the shape predictions of the
HF background in the SRs are obtained by scaling the predictions derived from the MC
simulation without applying the b-jet veto, by the efficiency of this veto. This scale is
derived from MC simulation jointly for the leptonic channels and separately for each of the
four semi-leptonic channels. A dedicated systematic uncertainty, described in section 7.3,
is introduced to take into account possible phase-space dependencies not captured by the
use of an inclusive efficiency value.

The differential predictions of the fake-leptons background in the SR for the discriminating
variables used in the profile likelihood are obtained for each final state from the Relaxed-SB
region, as described in section 6.2.

Freely floating factors are introduced to allow the predictions of the HF background to
be corrected using data in the HF-CRs. One normalisation factor multiplies the expected
yields of the HF background in the ¢ — #¢ channels, and a different one is used for the ¢ — /7
regions. The choice of two separate floating normalisation factors in the profile likelihood fit
is driven by the different nature of the background observed in the two types of channels.
Within the same type of final state (leptonic or semi-leptonic), the same normalisation factor
is applied to all the bins and regions (SRs and CRs). Thanks to the use of the HF-CRs,
the uncertainties associated with the background predictions are constrained by the data,
reducing the overall impact on the background predictions.

7.2 Experimental systematic uncertainties

The effect of systematic uncertainties is taken into account via Gaussian-function-constrained
nuisance parameters. Unless otherwise specified, these are considered fully correlated across
the different bins and regions included in the likelihood fit.

The uncertainty in the efficiency for the reconstruction of LRTs is derived by comparing
the data and the MC simulation in K — 77~ events [38]. This translates into an uncertainty
in the semi-leptonic signals predictions of around 1.3%. The impact on the leptonic HNL
signal yields, and on the HF background yields in the SRs is negligible. Uncertainties in
prompt tracks are derived by evaluating the reconstruction efficiency on alternative simulated
samples in which the amount of passive material in the detector is varied [95]. The uncertainty
in the predicted semi-leptonic HNL signal yields is about 1.5%. The effects are negligible
for the background components.

Uncertainties in the electron reconstruction and identification efficiencies are computed
following the method described in ref. [82]. Overall, they translate into uncertainties in the
HF background predictions in the SRs of 3% and 1%, for the reconstruction and identification
efficiency, respectively. The same level of uncertainty is observed in the signal efficiency. A
dedicated set of uncertainties is derived for the identification criteria used for the electrons in
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the DVs. Their impact on the HF background predictions is negligible, while on the signal
predictions, the effect is between 1.3% and 6%, with larger values associated with models with
larger mas. Uncertainties in the electron energy scale and resolution are computed following
the method described in ref. [82]. The effect on the HF predictions in the SRs is below 1%,
while for the signal predictions in the e — £¢ SR it can be up to 2%. Uncertainties due to
the electron isolation efficiency are between 0.6% and 2.6%, depending on the final state
considered, for both the HF and signal predictions. Uncertainties arising from correction
factors used to match the performance of the electron triggers in MC to that measured in
data are about 5% for both signal and background simulated samples.

Uncertainties in the standard muon reconstruction and identification efficiencies are
computed following the method described in ref. [84]. The effect of these uncertainties in
the HF background predictions is below 0.3%, and is between 0.1% and 0.9% for the signal
samples. Uncertainties associated with muons reconstructed via the LRT algorithm are
negligible in the HF background predictions in all the channels considered, while for the signal
samples it is up to 1.1%, with larger values for signal models with larger mas. Uncertainties
in the muon momentum measurement have an effect of up to 0.5% on the HF background
predictions, and up to 1.4% on the signal predictions, with larger effects observed in the pu— ¢
SR. The uncertainties arising from the muon trigger correction factors used to match the
performance in MC to that measured in data are between 4.5% and 4.9% for the background
predictions, and between 3.6% and 7% for the signal efficiency.

Systematic uncertainties in the jet energy scale and resolution [89] are found to have
a negligible impact on the expected background and signal yields, and are therefore not
included in the profile likelihood fit. Uncertainties in the b-jet selection and veto efficiencies [90]
translate into uncertainties in the HF background up to 0.6%, and up to 0.4% in the signal
predictions, in all the SRs.

The uncertainty associated with the pileup reweighting procedure is between 0.5% and
2.3% in the HF background predictions, depending on the channel considered. The impact
on the signal predictions can be up to 9%, with the largest effects observed in the e — £¢ SR.

The uncertainty in the combined 2015-2018 integrated luminosity is 0.83% [96], obtained
using the LUCID-2 detector [43] for the primary luminosity measurements, complemented
by measurements using the inner detector and calorimeters.

7.3 Monte Carlo modelling and statistical uncertainties

Modelling uncertainties are considered for the tt and V+jets MC simulations used in the
search. For tt production, the uncertainty due to initial-state radiation is estimated by
simultaneously varying the hgamp parameter and the renormalisation (y,) and factorisation
(u£) scales used in the generation, and using the Var3c up/down variants of the A14 tune
as described in ref. [97]. This translates into an uncertainty in the total HF predictions
between 0.2% and 2.9%. The impact of final-state radiation is evaluated by varying the
renormalisation scale for emissions from the parton shower up or down by a factor of two.
The uncertainties in the overall HF background predictions are between 1.5% and 16%. An
additional uncertainty in the modelling of the NLO matching between the ME generator and
the parton shower algorithm in the ¢ MC simulation is derived following the recommendation
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provided in ref. [68], comparing the nominal setup with the alternative one described in
section 3.2. The resulting uncertainty in the HF background yields is between 1.4% and 2%.

Uncertainties from missing higher orders in the simulation of V+jets and ¢t processes are
evaluated [98] separately by building the envelope of seven variations of the QCD factorisation
and renormalisation scales in the matrix elements, varied by factors of 0.5 and 2, while
avoiding variations in opposite directions. The effect of this uncertainty in the HF background
prediction is between 0.2% and 2.1%.

Uncertainties in the nominal PDF set are evaluated separately for both ¢t and V +jets
samples using the NNPDF replicas. The effect of the uncertainty in the strong coupling
constant ay is assessed by variations of +0.001. These two sources of uncertainty are combined
following the PDFALHC recommendation [99]. Overall, the effect on the HF background
predictions is about 2.5%.

The uncertainty associated with the scaling done to derive the SR templates for the HF
predictions, described in section 7.1, is 8.7% for the £ — £¢ channels, and between 7.4 and 15%
for the ¢ — ¢n channels. Additionally, the finite size of the simulated background samples
leads to uncertainties of between 18% and 25% in the HF background predictions.

For the HNL signal samples, a 5% normalisation uncertainty is assigned to account for the
effect of higher-order QCD corrections to the HNL hadronic decay width [60]. An additional
3% uncertainty is included to account for the uncertainties in the cross-section and kinematics
of W-boson production. Finally, a 5% uncertainty is applied to the semi-leptonic HNL signal
samples to account for kinematics effects unaccounted in the LO QCD simulation used.

7.4 Fake-lepton background systematic uncertainties

Two sources of systematic uncertainties are considered in the profile likelihood fit for the
fake-lepton background: an overall normalisation uncertainty, and a shape uncertainty. The
former is derived from the uncertainty associated with the TF used to scale the templates
from the Relaxed-SB to the SR selection. The normalisation uncertainty is more than 100%
for the p — £¢ channel, 65% for e — £, 18% for u — um, 27% for e — pm, 22% for p — ew and
17% for e — ewr. The shape uncertainties in the predictions for each channel are derived as
the difference between the nominal template and the two templates obtained from the low
and high parts of the myy sidebands of the Relaxed-SB. The size of the uncertainty ranges
between 30% and 100% depending on the channel and the bin considered. The nuisance
parameters used for these two sources of uncertainty are fully decorrelated among the different
signal regions. Additionally, bin-by-bin statistical uncertainties are taken into account via
dedicated nuisance parameters. Although the uncertainty on this background component
is relatively large for the leptonic channels, the impact on the search sensitivity is limited
given the size of the fake-lepton background.

8 Results

A background-only fit to the mynt, and mpy distributions in the data is performed simul-
taneously in the SRs and in the HF-CRs. The normalisation of the background is mostly
driven by the large statistics available in the HF-CRs. In these, for the leptonic channels the
HF background yields effectively increase post fit by 2 to 10% in these HF-CRs, with the
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Figure 3. Post-fit distributions in the four HF control regions for the ¢ — ¢7 final states: (a) u — u,
(b) e — pm, (¢) u—em, (d) e — emr. The error bands include the statistical and systematic uncertainties
in the background predictions.

largest effect observed in the e — up HF-CR. For the semi-leptonic channels, the effective
yields decrease by 6% to 16%. Similar effects are observed in the SRs, where, relative to
the prefit background, an increase in effective HF background yields of about 2% and 16%
is observed in the pu — #¢ and e — ¢¢ channels, respectively. For the semi-leptonic SRs, a
decrease in HF background yields between 5% and 18% is observed. The changes are due
to the effect of background modelling uncertainties, as well as the uncertainties introduced
to correct the normalisation of the HF and fakes backgrounds.

Figures 3 and 4 present the comparison of mpy between the data and background
predictions in the HF-CRs of the semi-leptonic and leptonic final states, respectively. A good
agreement, both in the normalisation and in the shape, is observed. Figure 5 shows the
comparison for myng, and mpy in the six SRs. No significant excess over the background
predictions consistent with an HNL signal is observed. The largest local significance observed
is 3.10, at mp of 5 GeV in the 2QDH model, due to the upward statistical fluctuation in the
4.5-5 GeV bin in the pu — ¢¢ SR. The corresponding global significance is 2.0c.
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Signal region uw— el e—

Heavy flavour 10.5 + 1.5 12.3 + 1.7

Fakes 1.2 +£1.7 6.1 £ 3.3
Total bkg 11.8 2.2 184 £+ 3.3
Observed data 15 25

Table 4. Inclusive predicted background events in the two SRs for leptonic DV final states after a
background-only fit to the SRs and HF-CRs, compared with the number of observed events.

Signal region w— pm W —em e — um e—em

Heavy flavour 824+ 13 11.7+15 63 +13 74+1.1

Fakes 15+ 4 9.1 £ 3.2 15+ 4 12.7 £ 3.3
Total bkg 23 £ 4 20.8 £ 3.3 21 £ 4 20.1 £ 3.3
Observed data 18 15 17 16

Table 5. Inclusive predicted background events in the four SRs for semi-leptonic DV final states
after a background-only fit to the SRs and HF-CRs, compared with the number of observed events.

The inclusive numbers of background events predicted in the SRs are compared with
the observed event yields in table 4 for the ¢ — ¢ channels and in table 5 for the ¢ — ¢
channels after a background-only fit to the SRs and HF-CRs.

A breakdown of the sources of uncertainty in the HF background predictions in each SR
is reported in table 6. The largest single source of uncertainty in the post-fit HF background
yields is associated with the overall normalisation of the HF background in the fit (HF
floating normalisation). Background modelling uncertainties are larger than experimental
uncertainties, whose effects are sub-dominant. Another significant source of uncertainty is
the available MC statistical precision in the procedure used to obtain SR templates (SR
template building).
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Systematic SRu—¢ SRe—0 SRpu—pur SRpu—er SRe—ur SRe—er

Electrons 0.2 % 6 % - 0.8 % 7% 6 %
Muons 5% 2% 5% 4% 1% -

Flavour tagging 0.5 % 0.7 % 0.2 % 0.3 % 0.6 % 0.2 %
Pileup reweighting 2% 2% 2% 0.5 % 0.2 % 1%
Background modelling 12 % 10 % 10 % 9 % 13 % 14 %
SR template building 8 % 8 % 7% 9% 15 % 10 %
MC statistics 1.3 % 1.3 % 0.5 % 0.1% 0.9 % 0.3 %
HF floating normalisation 13 % 13 % 13 % 13 % 13 % 13 %
Total 14 % 14 % 16 % 13 % 20 % 15 %

Table 6. Grouped effects of different sources of systematic uncertainties in the HF background
predictions in the six SRs after a background-only fit to the SRs and HF-CRs. The different sources
of uncertainty are correlated after the minimisation of the likelihood in the simultaneous SR+CR fit;
therefore their sum in quadrature does not match the total uncertainty.

8.1 Interpretations

Exclusion limits at 95% CL are set on the two-dimensional plane of the |U,|? and my
parameters for several HNL models, by performing a simultaneous fit to all the signal and
control regions. Since the signal contamination in the CRs is negligible, the presence of signal
is considered only in the SRs. For mas hypotheses above 3 GeV, only the ¢ — ¢/ signal and
control regions are used, as the branching ratio for A” — ¢7 drops substantially [60].
Limits are derived using the CL; prescription [100], using the asymptotic formulae [94].
The upper limits on the signal strength of the different signal hypotheses are found to be
in agreement within uncertainties with the results of hypothesis tests performed using 10*
pseudo-experiments for each signal parameter. The largest impact results in a shift in the
limit contour of 0.25 GeV in mur and 0.4 x 10~7 in |U|?. Experimental, background-modelling
and signal-modelling systematic uncertainties are included. The experimental uncertainties
in the signal efficiency are correlated with those on the background prediction. The 95% CL
exclusion contours for the Dirac HNL are reported in figure 6, and in figure 7 for the Majorana
HNL. The feature in the observed 95% CL limit contour at around 5 GeV in mys for the
1SFH model with muon-only coupling, as well as in both the 2QDH scenarios is related to the
small signal-like excess of data events observed in the y — #¢ SR for mpny, = 5 GeV, as shown
in figure 5(a). The exclusion contours obtained for Majorana HNLs are wider compared to
the ones obtained for the Dirac HNLs. For the 1SFH model, a Majorana HNL has twice as
many decay options, LNV as well as LNC, and thus has a shorter lifetime for a given mass
and coupling value than a Dirac HNL. Due to the relationship between decay position and
efficiency as shown in figure 2, this translates to higher sensitivity to Majorana HNLs.
The sensitivity of the search is limited by the available statistical precision in data. At
larger values of the coupling |U,|?, the sensitivity is limited by the requirement rpy > 4 mm.
For small values of |U,|?, which correspond to large HNL lifetimes, the sensitivity is limited
by the dimensions of the ATLAS inner detector and the requirement rpy < 300 mm. The
sensitivity at larger mys is limited mostly by the data statistics and by the precision on the
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estimate of the fake-leptons background. At low values of mys, the sensitivity is limited by the
requirement mpy > 0.5 GeV. Stronger constraints are set on the parameters of models with
large values of |U, MP, since muons have a higher efficiency and lower background than electrons.

Compared with the previous search, which was performed with the same dataset but a
previous version of the software to reconstruct large-radius tracks and secondary vertices [26],
this search extends the sensitivity to an HNL with muon-only coupling within the 1SFH
scenario to larger values of mas up to 14.5 GeV, as well as to lower |Uu|2 with respect to
|Uc|? for mps in the range of 4 — 10 GeV. The sensitivity is also improved for the 2QDH
models, with only minor improvements for the 1SFH electron-only coupling case. Large gains
in the sensitivity are obtained at low mass values, where contours are expanded to larger
coupling values for low mys, bridging the gap with existing exclusion contours [101]. The
improvement arises from the change in the analysis strategy, the relaxation of selections that
were previously necessary, along with the estimate of the HF-hadrons-production background.
This estimate is now possible thanks to the introduction of the LRT reconstruction in the main
ATLAS reconstruction workflow [81], and the availability of these tracks in all the simulated
samples. As described, the semi-leptonic channels contribute to the signal sensitivity only
for mys < 3 GeV, where the limits are comparable to the leptonic case.
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Figure 6. Expected and observed 95% CL limits on |U,| vs. mu in the Dirac-limit case, with inner
green and outer yellow bands showing the one and two standard deviation (o) spreads for the expected
limits. (a) 1SFH scenario with electron-only mixing, (b) 1SFH scenario with muon-only mixing, (c¢)
2QDH scenario with normal (NH) mass hierarchy, (d) 2QDH scenario with inverted mass hierarchy

(d)

(IH). The parameters corresponding to the area within the contour are excluded.
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Figure 7. Expected and observed 95% CL limits on |U,| vs. mys in the Majorana-limit case, with
inner green and outer yellow bands showing the one and two standard deviation (o) spreads for the
expected limits. (a) 1SFH scenario with electron-only mixing, (b) 1SFH scenario with muon-only
mixing, (¢) 2QDH scenario with normal (NH) mass hierarchy, (d) 2QDH scenario with inverted mass
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hierarchy (IH). The parameters corresponding to the area within the contour are excluded.
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9 Conclusion

A search for a long-lived heavy neutral leptons using 140 fb~! of proton-proton collision
data collected with the ATLAS detector at the LHC is reported. The search considers
HNLs produced in W-boson decays and decaying to two leptons and a neutrino or to a
lepton and two quarks, producing a pion. Six leptonic and four semi-leptonic channels are
considered, contributing to 1SFH(e), 1SFH(u), and 2QDH interpretations. No significant
excess is observed beyond the predicted background in any of the signal regions and limits
are placed at a 95% confidence level on the coupling |U,|? as a function of mys. The search
presented here places constraints on the production of HNLs in the mass range 0.5 < ma <
16 GeV. The sensitivity at low mas values has improved compared with the previous ATLAS
search [26] despite using the same dataset, due to improvements in the event reconstruction
and the use of more sophisticated analysis techniques.
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