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Abstract A search for heavy right-handed Majorana or
Dirac neutrinos Nr and heavy right-handed gauge bosons
WR is performed in events with energetic electrons or muons,
with the same or opposite electric charge, and energetic
jets. The search is carried out separately for topologies of
clearly separated final-state products (“resolved” channel)
and topologies with boosted final states with hadronic and/or
leptonic products partially overlapping and reconstructed
as a large-radius jet (“boosted” channel). The events are
selected from pp collision data at the LHC with an integrated
luminosity of 139 fb~! collected by the ATLAS detector at
/s = 13 TeV. No significant deviations from the Standard
Model predictions are observed. The results are interpreted
within the theoretical framework of a left-right symmetric
model, and lower limits are set on masses in the heavy right-
handed Wg boson and N plane. The excluded region extends
to about m(WR) = 6.4 TeV for both Majorana and Dirac N
neutrinos at m(NR) < 1 TeV. Nr with masses of less than
3.5 (3.6) TeV are excluded in the electron (muon) channel
at m(Wr) = 4.8 TeV for the Majorana neutrinos, and lim-
its of m(NR) up to 3.6 TeV for m(Wr) = 5.2 (5.0) TeV in
the electron (muon) channel are set for the Dirac neutrinos.
These constitute the most stringent exclusion limits to date
for the model considered.

1 Introduction

The very small mass of neutrinos is one of the biggest puzzles
in the Standard Model (SM) of particle physics. The seesaw
mechanism [1-3] is a proposed solution, in which the light
neutrinos acquire their Majorana masses through heavy right-
handed neutrinos. From the effective field theory point of
view, this is equivalent to dimension-5 operators [4] through
electroweak symmetry breaking. Several types of the seesaw
mechanism are proposed; for example, Type-1 with right-
handed neutrinos [1-3], Type-II with a scalar triplet [5—7]
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and Type-III with at least two fermion triplets [5, 8] scenarios.
Type-I and Type-II models can further be embedded into the
Left-Right Symmetric Model (LRSM) [9-11]. The LRSM
attempts to explain the broken parity symmetry of the weak
interaction in the SM and can introduce, depending on the
form of the model, right-handed counterparts to the W and Z
bosons (WR and Zg), and right-handed heavy neutrinos Nr
as the parity gauge partners of the corresponding left-handed
neutrino fields.

In this analysis, a search for Wr bosons decaying to Nr
and a charged lepton £ in proton—proton ( pp) collisions at a
centre-of-mass energy /s = 13 TeV with the ATLAS detec-
tor is presented, where £* denotes an electron/positron (e™)
or amuon (uF). The exact process of interest is the Keung—
Senjanovi¢ (KS) process [11]. In the case where the mass of
Wr is larger than the Nr mass, m(WRr) > m(NR), Ngr decays
into a charged lepton and an off-shell WR(WQ). In the case
of m(WR) < m(NRr), a WR produced off-shell decays into a
pair of Nr and £, and the NR subsequently decays via the Wr
resonant state. The charge of the final state leptons is a key
feature of the analysis, as it determines the Dirac or Majorana
nature of Nr. The focus of the search is on hadronic decays of
the final-state ng*) because of their high branching fractions.
The leading-order Feynman diagrams for the KS process tar-
geted by this analysis are shown in Fig. 1. Depending on the
target mass range, two types of analyses are performed; one
requiring that the two quarks in the final state are clearly sep-
arated geometrically and are reconstructed as two separate
jets (hereafter labelled as the “resolved” channel), with the
second one targeting the m(Wr) > m(Ngr) region where
particles from the Nr decay are merged due to the Lorentz
boost, and are reconstructed as a single large-radius (large- R)
jet (the “boosted” channel) [12,13].

Multiple experimental results can give constraints on the
target signal of this analysis [14, 15]. The LRSM can enhance
some low-energy processes, such as K-K and By s‘ﬁ,s
oscillations, via WR contributions in the box diagram. The
lower limit on m (WR) from the latest mixing results is about
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Fig. 1 The Keung—Senjanovic¢

process for the m(Wr) > m(NR)

(left) and the m(NR) > m(WR)

(right) cases. The asterisk (*) on

the WR denotes an off-shell

particle. In the case of Majorana

NR, the final state appears with q
two same-sign charged leptons

50% of the time, violating the

lepton number conservation

q

3 TeV [16,17], assuming equal mixing matrices for left- and
right-handed quarks. A Majorana right-handed electron neu-
trino and WR boson can contribute to the neutrinoless double
beta decay (OvBB) diagram. Assuming purely right-handed
contributions to the OvBB decay, the non-observation of this
lepton number violating process can be used to set limits
on the WR and Nr masses in the LRSM. As an example, at
m(Wr) = 3 TeV (5 TeV), the upper limit on the Ng mass is
about 180 GeV (20 GeV) [18,19].

The pp collisions at the Large Hadron Collider (LHC)
offer a window into a unique phase space for this search,

allowing the exploration of m (NR ) in arange from O (100) GeV

to a few TeV. Searches by the ATLAS [20-22] and CMS
[23-27] collaborations have excluded signals in the LRSM
with m(WR) up to about 4.7 TeV and 5 TeV in the electron
and muon final states, respectively, for a m(NR) range from
100 GeV to 3 TeV.

2 Signal model

The theoretical framework of LRSM offers the prediction of a
right-handed charged current and a mass-generating mecha-
nism for light and heavy neutrinos. The small left-handed
neutrino masses are naturally explained via right-handed
neutrinos in the Type-I seesaw mechanism, or via SU(2)-
triplet scalars in the Type-II seesaw model. Both Type-I and
Type-II contributions can coexist in the LRSM.

In the minimal LRSM, the left-handed (i.e. SM-like) neu-
trinos as well as the right-handed neutrinos are predicted
to be Majorana particles. The model thus features the vio-
lation of the global lepton number symmetry. In the target
KS process, same- and opposite-sign lepton pairs would be
equally observed in a 50-50% admixture of signal events. In
the LRSM variants that include the inverse seesaw mecha-
nism [28-31], the Nr neutrinos are pseudo-Dirac particles
formed by two Majorana particles with identical masses [32].
For simple versions of LRSMs incorporating the inverse see-
saw mechanism, lepton-number-violating processes are not
expected [33]. In this paper we explore both “Dirac” and
“Majorana” interpretations of the LRSM.
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q
3 ATLAS detector

The ATLAS experiment [34] at the LHC is a multipurpose
particle detector with a forward—backward symmetric cylin-
drical geometry and a near 47 coverage in solid angle.!
It consists of an inner tracking detector surrounded by a
thin superconducting solenoid providing a 2T axial magnetic
field, electromagnetic and hadron calorimeters, and a muon
spectrometer (MS). The inner tracking detector covers the
pseudorapidity range |n| < 2.5. It consists of silicon pixel,
silicon microstrip, and transition radiation tracking detectors.
Lead/liquid-argon (LAr) sampling calorimeters provide elec-
tromagnetic (EM) energy measurements with high granular-
ity. A steel/scintillator-tile hadron calorimeter covers the cen-
tral pseudorapidity range (|n| < 1.7). The endcap and for-
ward regions are instrumented with LAr calorimeters for both
the EM and hadronic energy measurements up to || = 4.9.
The MS 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 detector. The MS includes
asystem of precision tracking chambers and fast detectors for
triggering. A two-level trigger system is used to select events.
The first-level trigger (L1) is implemented in hardware and
uses a subset of the detector information to accept events at
a rate below 100 kHz. This is followed by a software-based
high-level trigger (HLT) that reduces the accepted event rate
to 1 kHz on average depending on the data-taking conditions.
An extensive software suite [35] is used in the reconstruction
and analysis of real and simulated data, in detector opera-
tions, and in the trigger and data acquisition systems of the
experiment.

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. Cylindrical coordinates
(r, @) are used in the transverse plane, ¢ being the azimuthal angle
around the z-axis. The pseudorapidity is defined in terms of the polar
angle 6 as n = —Intan(6/2). Angular distance is measured in units of
AR =/(An)? + (Ag)2.
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4 Dataset and simulated event samples

The data used in this analysis were collected with the ATLAS
detector between 2015 and 2018, and correspond to an inte-
grated luminosity of 139 fb~!. The average number of pp
interactions per bunch crossing (“pile-up”) in the dataset is
33.7. Only high-quality data, collected when the LHC has
declared the beams to be stable and all of the ATLAS sub-
detectors are reported to be operating well, are analysed
[36,37]. All events are required to have a vertex with at least
two associated ID tracks with pt > 500 MeV [38,39]. The
one with the highest p% of the associated tracks is selected
as the primary vertex.

The dataset was collected by single or dilepton triggers
with a variety of transverse momentum (pr) and isolation
requirements, which depend on the data-taking period. In
both resolved and boosted channels, only events in the region
of trigger efficiency plateau [40,41] are used. Trigger thresh-
olds are no higher than (24 GeV, 24 GeV) for dielectrons
and (22 GeV, 8 GeV) for dimuons in the resolved chan-
nel, and 140 GeV for electrons and 50 GeV for muons in
the boosted channel. The trigger efficiency for most signal
points for both resolved and boosted channels ranges from
90 to 95%, dropping to 85% in the m(WR) ~ m(NR) region
where the compressed phase space affects the charged lepton
kinematics. For the resolved analysis, the eu trigger is used
for the 7 background estimation. In addition, for the study
of mis-identified leptons in the resolved analysis (Sect. 6)
some non-isolated, heavily-prescaled single lepton triggers
were also used.

Monte-Carlo (MC) simulated events are used to opti-
mise the event selections, and to estimate the background
contribution and the systematic uncertainties. For all MC
events, the response of the ATLAS detector is simulated using
the GEANT4 toolkit [42]. The same reconstruction and trig-
ger algorithms are applied for data and simulated events,
using the default ATLAS software [43]. Multiple overlaid
pp collisions are simulated with the soft QCD processes of
Pythia 8.230[44] using the A3 set of tuned parameters [45]
and the NNPDF2.3LO parton distribution function (PDF) set
[46]. MC events are reweighted so that the distribution of the
average number of interactions per bunch crossing agrees
with the data (“pile-up reweighting”).

Table 1 summarises the simulation packages used for the
SM background processes. More details are found in other
recent ATLAS publications, for example Refs. [47-50]. The
multijet and y + jets samples are used only in the boosted
channel.

The signal events for pp — ng*) — Llgq’ in the
LRSM are generated at leading-order (LO) using FeynRules
[51] implemented in MadGraph5_aMC@NLO [52] and fur-
ther modified as described in Ref. [53], where ¢ includes
the tau lepton. The generated events are interfaced with

Cross section
NNLO+NNLL [63-69]
NLO (VV) [70)/
NNLO (VVV) [71]

NNLO [58]
O
LO

Sherpa default
Al4 tune [54]
Sherpa default
Sherpa default
Al4 tune [54]

UE tune

Sherpa default [57]
Sherpa default
Sherpa default
Pythia 8.230

Parton shower
Pythia 8.230

Matrix element
NLO@nparion < 2
LO@nparion = 3, 4,5
NLO

NLO@nparion < 1
LO@nparion = 2,3
LO@nparion < 3

LO for dijet events

Powheg-Box v2 [59-62]
Sherpa 2.2.1 or 2.2.2 [56]

Sherpa 2.2.11 [56]
Sherpa 2.1 [56]
Pythia 8.230 [44]

Table 1 Summary of the simulated background events used in this analysis, including name of the event generator, accuracy in QCD when the matrix element is calculated, parton shower
algorithm, underlying event (UE) tune, and accuracy in QCD when the cross section is calculated. NLO, NNLO and NNLL denote the next-to-leading order, next-to-next-to-leading order, and
Generator

next-to-next-to-leading logarithm, respectively, and nparton is the number of partons in the matrix-element calculation. V denotes a W or Z boson

Sample

Z — €L + jets and
W — Lv + jets

tt and single-
VVand VVV

y + jets

Multijet
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Pythia 8.230 [44] for parton showering and hadronisation.
The A14 parameter set is used for tuning the shower [54].
The NNPDF3.1NLO [55] PDF set enters in the matrix ele-
ment calculation and the NNPDF2.3LO is used in the parton
shower.

Lepton flavour mixing, albeit possible in principle in the
LRSM, is not considered in this analysis. The branching frac-
tions for the electron, muon and tau channels for Wr decays
to Nr of equal masses are assumed to be exactly one-third
for each flavour due to lepton universality. For sufficiently
heavy Wr masses, m(WRr) > m;, the hadronic final state
also includes the W — tb channel. However, b-jets are
vetoed in this search to reduce the top background contam-
ination, effectively limiting the phase space to hadronic Wr
decays excluding b-quarks. At very low N masses of less
than 50 GeV, the decay length of NR is greater than 1 mm
[53]. This mass range can be explored by dedicated ATLAS
and CMS analyses requiring a displaced vertex, and is beyond
the scope of this paper. The m(Wr) and m(NR) are sampled
from 1 TeV to 7 TeV and from 50 GeV to 4 TeV, respectively,
at intervals of about 500 GeV. In the m(WR) > 10 x m(NR)
region, which is the focus of the boosted channel, the Ng
mass is further sampled in steps of 100 GeV. The simulation
assumes a Majorana NR, giving a 50% mixture of same-sign
and opposite-sign lepton pairs. For the Dirac neutrino case,
only the opposite-sign events are used in the analysis as no
other differences are expected, and the production cross sec-
tion is adjusted appropriately.

5 Object reconstruction

The definitions of the physics objects used in this analy-
sis are summarised in Table 2. Physics objects in the events
(electrons, muons, jets, and missing transverse momentum)
are separately defined for the resolved and boosted analyses.
The orthogonality between the two channels is not enforced:
the same event can be used in both analyses, which are not
statistically combined.

Electrons are reconstructed as ID tracks, matched to
energy clusters in the EM calorimeter within || < 2.47
[72]. The electron candidates in the crack region of the
EM calorimeter (1.37 < |n| < 1.52) are discarded.
The electron identification utilises a multivariate likelihood-
based discriminant that exploits the shower shapes in the
EM calorimeter and the associated track properties. There
are ‘Loose’, ‘Medium’ and ‘Tight’ identification work-
ing points described in Ref. [72]. To further suppress
the mis-identified electrons, an isolation criterion can be
applied to the electron candidates. Several isolation work-
ing points are defined in Ref. [72] e.g. ‘Loose’ and
‘HighPtCaloOnly’. Slightly different pt thresholds are
used across the resolved and boosted channels to ensure
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the operation at a region of constant trigger efficiency. For
the resolved analysis, electrons are required to have pt >
25 GeV and to satisfy Tight identification and Loose
isolation criteria. For the boosted analysis, electrons must
have ptr > 25 GeV, and satisfy Medium identification
and Loose isolation criteria. Additional cuts are applied
for the highest-pt electron candidate in the boosted chan-
nel (Sect. 7.1), to ensure that pt > 200 GeV, and to satisfy
the Tight identification and HighPtCaloOnly isolation
criteria. Tighter isolation criteria are required in the boosted
channel because the multijet process with a mis-identified
electron is a major source of background.

Muons are reconstructed from MS tracks matching ID
tracks in the |n| < 2.5 region. There are several muon
identification working points described in Ref. [73], namely
‘Loose’, ‘Medium’,'Tight’and ‘High-pt’. Theresolved
channel uses muons with ptr > 25 GeV satisfying the
Medium identification working point. For muons with pt >
300 GeV, the High- pt working point requirements must be
met. For the boosted channel, muons with pr > 28 GeV
satisfying the Medium working point are used. As with
electrons, several muon isolation working points are defined
in Ref. [73], e.g. ‘FixedCutTightTrackOnly’ and
‘Tight’. The resolved channel requires muons to satisfy the
FixedCutTightTrackOnly working point. In the
boosted channel, no isolation criterion is required on the
muon from the Ng — uqq’ decay, as it is not expected to
be clearly isolated from the hadrons. Further selection cuts
are applied for the highest- pt muon candidate in the event,
namely to have pt > 200 GeV and satisfy the Tight iden-
tification and Tight isolation criteria (Sect. 7.1).

For both electrons and muons, track-to-vertex association
requirements are employed by using the impact parameter
observables. The longitudinal impact parameter of the lepton
track, zo, is required to satisfy |zpsinf| < 0.5 mm, where
0 is the polar angle of the track. In addition, the transverse
impact parameter divided by its uncertainty, |dy|/o (dp), is
required to be less than 5 (3) for electrons (muons). The
leptons’ reconstruction, identification, isolation and trigger
efficiencies differ slightly between simulation and data. The
simulation is corrected with scale factors to match the data
efficiencies [72,73].

Apart from the baseline leptons described above, lep-
tons with modified requirements are employed for con-
trol samples for the estimation of jets misidentified as lep-
tons or non-prompt leptons from decays of hadrons. In the
resolved channel, the isolation requirement is inverted and
the Loose identification is employed. In the boosted chan-
nel, the fraction of events containing fake muons surviving
the pr > 200 GeV requirement for the leading lepton is
negligibly small. To estimate the hadrons mis-identified as
electrons, electron candidates satisfying the Loose but fail-
ing the HighPtCaloOnly isolation criterion are used.
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Table 2 Definitions of the electrons, muons, small-R and large-R jets,
used in this analysis. Optimisations of the object selections are per-
formed separately for the resolved and boosted analyses. See text about

the definitions of ‘Baseline’ and ‘Leading’ leptons as well as leptons
for ‘Fake estimation’

Resolved Boosted
Baseline Fake estimation Baseline Leading Fake estimation
In| (0,1.37] or [1.52,2.47]
pr (GeV) > 25 > 25 > 200
Electrons Quality Tight Loose Medium Tight
Isolation Loose Fail Loose or Tight Loose HighPtCaloOnly Loose but fail
HighPtCaloOnly
Baseline Fake estimation Baseline Leading
pr (GeV) > 25 > 28 > 200 —
Muons In| <2.5 <2.5 —
Quality High-pr if pT > 300 GeV else Medium Medium Tight —
Isolation FixedCutTightTrackOnly fail FixedCutTightTrackOnly — Tight —
pr (GeV) > 20
Small-R jet nl <25
pr (GeV) — > 200
Large-R jet nl o <2

Jets are reconstructed from particle-flow objects [74]
using the anti-k; algorithm [75,76] with radius parameter
R = 0.4. They are referred to as ‘small-R jets’ hereafter. A
detailed description of the calibration of these jets is found
in Ref. [77]. Only small-R jets with pt > 20 GeV and
[n| < 2.5 are considered. Small-R jets with ptr < 60 GeV
and |n| < 2.4 from pile-up interactions are suppressed using
a jet-vertex tagging (JVT) discriminant [78]. Small-R jets
containing b-flavoured hadrons (b-jets) are identified with
the DL 1r multivariate b-tagging algorithms [79,80]. A work-
ing point to achieve 77% efficiency for b-jets is employed,
which has a rejection factor of 5 for c-jets and 169 for light
jets. It is only used to veto events containing jets identified
as b-jets.

The missing transverse momentum, with magnitude EIT“iSS,
is calculated using the baseline electrons and the small-R jets
in each event as described in Refs. [81,82] using the Tight
working point. The particle-flow track-based soft term, built
from tracks that are matched to the primary vertex but not
associated with any other objects, is also used in the calcu-
lation. The E‘TniSS is used only in the electron channel, and
muons are not considered in the calculation, since the muon
momentum resolution is significantly degraded in the high-
pr region and affects the EXS calculation.

To avoid cases where the detector response to a single
physical object is reconstructed as two different final-state
objects, e.g. an electron reconstructed as both an electron and
a jet, several steps are followed, as summarised in Table 3.
To improve the efficiency for muons from Nr decays in the
boosted analysis, the last step of muon-jet overlap removal
is considered only for the highest- pt muon in the event.

In the boosted analysis, the hadronic jets from the NR
decay are reconstructed as a single large- R jet. The large-R
jet is reconstructed from the small-R jets described above,
using the anti-k; algorithm with R = 1.0. For such large-R

jets, ‘re-clustered” from small- R jets, the small- R jet calibra-
tion can be propagated. Large-R jets with pt > 200 GeV
and |n| < 2.0 are considered.

6 Resolved channel: event selection and background
estimate

6.1 Event reconstruction and selection

The resolved channel targets signals with a mass splitting
between WR and Ng, i.e. Am = m(WR) — m(NR), up to
4 TeV. Events passing the following requirements are filtered
into datasets comprising signal regions (SRs), namely regions
where the presence of signal is hypothesised by the theoreti-
cal models and the analysis is expected to have high sensitiv-
ity. The definitions of the SRs are summarised in Table 4.
Events are required to have exactly two baseline, same-
flavour charged leptons, with pt > 40 GeV for the leading
lepton, and at least two small- R jets with pr > 100 GeV. To
suppress the Z + jets background, the dilepton invariant mass
must satisfy mg, > 400 GeV. Since the focus of this search
is the high WRr mass region, the following requirements are
imposed on the dijet invariant mass (2 ), and the scalar sum
of the transverse momentum of the leptons and the two lead-
ing small-R jets (h1): m;; > 110 GeV and At > 400 GeV.
Events are further separated into two categories based on
the charge product of the two leptons: same- (xSRSS) or
opposite-sign (rSROS) lepton pairs, where r denotes the
resolved channel and SR the classification as signal region.
The relatively small SM background in rSRSS increases the
search sensitivity for Majorana Ng signals where half of the
events are expected to appear with same-sign lepton pairs.
The AR between the two leptons is required to be less than
3.9 in rSRSS to reduce some mismodelling of the simulated
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Ay? + A¢?, where Ay and Ag are the rapidity and azimuthal-angle differences between two objects. The

variables pr(e), pr(w), pr(j) and pr(trk) are the transverse momenta of the corresponding electron, muon, small-R jets, and all tracks associated with the small-R jet. The baseline definitions of

Table 3 The order of overlap removal used in this analysis. AR is defined as AR

@ Springer

electrons and muons are used. In the boosted channel, the last step of muon-jet overlap removal is considered only for the highest- pr muon in the event. Large- R jets are reclustered from small-R

jets after the overlap removal

Object kept Matching condition

Object discarded

Order

If two electrons share a track, discard the softer electron

Electron

Electron

If they share a track and the muon type is calorimeter-tagged [73]

Electron

Muon

If they share a track with the remaining muon

Muon

Electron

Electron AR < 0.2, but step is skipped if jet is b-tagged and pr(e) < 100 GeV
AR < 0.4

Small-R jet

Small-R jet

Electron

AR < 0.2, number of tracks associated to the jet < 3, pr(u)/pr(j) > 0.5 and pr(n)/ Y pr(trk) > 0.7

Muon
AR <04

Small-R jet

Small-R jet

Muon

diboson background without a signal efficiency loss. Finally,
the SRs are separated into electron and muon channels. The
four resulting SRs (rSROS2e, xSROS2mu, rSRSS2e and
rSRSS2mu) are orthogonal to each other and combined for
a statistical analysis in the Majorana NR interpretation. For
the Dirac VR interpretation, only rSROS2e and rSROS2mu
are considered.

In rSROS, the Wr mass is reconstructed by combining
the two charged leptons and the two leading small-R jets
(mgej;j), and used as the final discriminant for signal points in
the m(WR) > m(NR) region. The 0 < myyj; < 5TeV region
is scanned with a step size of 500 GeV, with one additional
overflow bin that includes all events with mg;; > 5 TeV. For
signals with m(WR) < m(NRr), the m ; is used instead as a
discriminant, with a similar 500 GeV binning in 0 < m j; <
3 TeV, and one additional overflow bin for m;; > 3 TeV.
The significance of yields is checked in every bin for both
discriminants (m¢;; and m j;) and the appropriate one is used
for each (m(WR), m(NR)) hypothesis for the interpretation.
In the smaller-background rSRSS subset, the variable At
offers slightly better sensitivity and is used instead as the final
discriminant. This variable is segmented into five bins: 400-
600 GeV, 600-1000 GeV, 1-1.5 TeV, 1.5-2.2 TeV, and >
2.2 TeV, which take into consideration the signal resolution
and MC statistical uncertainty in each bin.

6.2 Background estimation

The composition of the SM background is substantially dif-
ferent between rSROS and rSRSS, requiring different esti-
mation techniques in the two categories. SM backgrounds
containing two prompt leptons are estimated using simu-
lations in both cases. An overall normalisation correction
obtained from the observed data in control regions (CRS) is
used for the main background sources: Z + jets, diboson,
and t7 processes. CRs are kinematically similar to SRs, and
enriched in the process for which the normalisation correc-
tion is applied. Signal contamination is very low (typically 1—
2%). A different normalisation correction factor is assigned
to each process, and typically treated as a free parameter in the
fit discussed in Sect. 9. The validity of the normalisation cor-
rection factor is confirmed in validation regions (VRs). The
component containing non-prompt or mis-identified leptons
is estimated separately by employing a data-driven method.
The definitions of SRs, CRs and VRs for the resolved channel
are visualised in Fig. 2.

6.2.1 Opposite-sign category

The main SM backgrounds contributing to rSROS are events
with top quarks (mainly ¢7) and Z + jets production, with
contributions of 41% and 45% respectively in rSROS2e and
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Table 4 Definition of signal regions in the resolved channel. The baseline definitions of electrons and muons are used
Variable rSRSS2e rSRSS2mu  rSROS2e rSROS2mu
Number of electrons 2 0 2 0
Number of muons 0 2 0 2
Lepton charge same sign opposite sign
Leading lepton pt [GeV | > 40
Dilepton mass m¢¢ [GeV ] > 400
ARpy <39 —
Number of small-R jets with pt > 100 GeV >2
Number of b-tagged jets 0
Dijet mass m;; [GeV | > 110
ht = pr(6) + pr(&) + pr(j1) + pr(/2) [GeV ] > 400
'SROS26 ~ 0.7 at mj; = 3 TeV. The ratio r is parameterised by
erer | roRosze VROSze (binned in m; or miy) the Novosibirsk function, as discussed in Ref. [21]. The r is
used to apply an event-by-event correction to the Z + jets
W [roROS2mu rVROS2mu (binr:esg{ S?nz,,r?;: i) simulated sample in the OS channel. The method corrects
not only the m j; shape but also the normalisation of Z + jets
epF rVROSemu (bim:gx ncn)?ne.,n:»lrj ) in the simulation. Therefore, rCROS is not used in the final
distribution fit discussed in Sect. 9.
ete* (Umg"::‘vg (bi’r?:;ﬁsifiﬁ VRSS2e (bi’f:;fjsifiﬁ The t7 background is estimated with the same selection
as rSROS, but by requiring a different flavour for the two
L rCRSS2mu whRssamu|  FSRSS2mu charged leptons i.e. m,, > 400 GeV (rCROSemu). The
(binned in hr) (binned in hr) . . . .
L normalisation factor is treated as a free parameter in the final
60 110 300 400 Gev] i fit, but determined mainly in rCROSemu due to its high
my e

Fig. 2 Resolved channel: Schematic view of SR/CR/VRs definitions.
The grey coloured regions are contributing simultaneously to the final
fit in the electron or muons channels. The remaining regions are used
to verify the background estimations (see text for details)

41% and 48% in rSROS2mu. Minor contributions arise from
diboson processes (mainly ZW — ££jj and ZZ — £4jj).
The normalisation factor for Z + jets is estimated in a
control region defined by the same selection as ¥rSROS with
a modification in the dilepton mass selection: 60 < myp <
110 GeV (xCROS). There is a known issue in the jet mul-
tiplicity description of the Z + jets MC sample observed
in a previous analysis [21], leading to the mis-modelling
of the dijet invariant mass m ;;. Following the prescription
described therein, a data-driven method is employed to cor-
rect for this effect. Electron and muon channels are combined
and used to derive the m ;j-dependent correction factor. The
rCROS data is used after subtracting the top-quark (3%) and
other minor prompt-lepton (2%) background contributions
evaluated with MC simulation, leaving a distribution with a
size of about 94% of the original dataset. The normalisation
of the Z + jets MC sample is then scaled to match the result-
ing rCROS distribution. The data-to-Z + jets MC ratio, r,
reaches a maximum value of about 1.05 atm j; = 300 GeV,
and decreases at the higher-mass region to reach a value of

purity in t7(~ 80%), with dibosons being the other main
component (~ 19%).

The validity of the background estimations described
above is checked in the validation region rVROS, defined
in an intermediate mg, region between SR and CR, i.e.
110 < myge < 400 GeV. An additional validation region is
defined with the same selection as rSROS but with an e pair
instead of two same-flavour charged leptons (r VROSemu).
Validation results are presented in Sect. 9.1.

6.2.2 Same-sign category

Diboson processes (mainly WZ — {¢£ and same-sign
WEW* — ¢*yety) are the main background source
in rSRSS. In particular, about 83% of the background in
rSRSS2mu can be attributed to dibosons. In addition, there
are non-negligible contributions from Z(— ee) + jets and
top-quark events with charge mis-identification in rSRSS2e.
The background contributions from diboson and charge mis-
identified processes in rSRSS2e are 29% and 39%.

The diboson background is estimated with the same selec-
tion as rSRSS, but by requiring 110 < m., < 300 GeV
or 60 < my, < 300 GeV (xCRSS). To increase the CR
dataset size, no selection is applied on it or m ;. The valid-
ity of the background estimation technique is confirmed in
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the 300 < myy < 400 GeV validation region (r VRSS), with
validation results shown in Sect. 9.1.

The charge-mis-identified background consists of events
with two opposite-sign electrons, one of which has its charge
sign mis-measured. The most frequent cause of electron
charge flip is the bremsstrahlung effect. The probability of
an electron undergoing charge mis-identification is measured
in the data [83] and compared to the MC prediction. A cor-
rection factor is then derived for the charge flip probability
and applied to simulated events featuring same-sign elec-
tron pairs. The method is validated in a same-sign dielectron
region with |m,, —mz| < 15 GeV, which does not overlap
with the rCRSS region (110 < m., < 300 GeV). The data
agrees well with the corrected prediction within uncertain-
ties. This result confirms the validity of the correction factor
for the charge-flip probability in a limited m,, range, but does
not cover a possible mis-modelling of the extended m,, dis-
tribution. Unlike opposite-sign Z + jets, the normalisation of
the same-sign Z + jet sample is therefore free to float and
determined mainly in rCRSS2e.

Another smaller background contribution comes from
mis-identified leptons originating from non-isolated, non-
prompt electrons and muons produced by secondary decays
of light- or heavy-flavour hadrons. Another significant com-
ponent of fake electrons arises from photon conversions,
as well as from jets that are misreconstructed as electrons.
The contribution of events with mis-identified leptons is
estimated by a data-driven technique, known as the “fake-
factor” method. The fake factor F is defined as the ratio of
mis-identified leptons satisfying the baseline lepton criteria
(labelled as Tight in this section) to those satisfying the
selection criteria for fake estimation (Loose). The factors
are estimated separately for electrons and muons. The fake
factors calculated in Ref. [84] are used in this analysis, as
common object definitions are employed. Fake factors are
measured in data as a function of lepton pr and 7 in control
samples that are orthogonal to the SR, VR, and CRs used in
this analysis.

The contribution of mis-identified leptons in SR, VR, and
CRs is estimated as follows. The calculated F is applied to
events satisfying the same selection criteria as in SR, VR,
and CRs but by lowering the lepton ID requirement from
Tight to Loose for at least one lepton. The signal con-
tamination in these regions is found to be small (typically 1-
2%) and ignored here. Three categories are considered sepa-
rately, depending on the identification criteria satisfied by the
leading and sub-leading leptons: they are the LT (Loose—
Tight), TL (Tight-Loose) and LL (Loose-Loose)
categories. Data events are weighted with fake factors accord-
ing to the loose-lepton multiplicity of the region:

N = [F(N71 + Nir) = F*NiLlaaa

£ onl
—[F(NTL + Ni1) — F2Npp Jpper ™ O™ (1)
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with N7p, Npr, N denoting the number of events in the
corresponding category. The prompt lepton contribution in
the events with Loose leptons is subtracted using the MC
simulation to account for the prompt-lepton contamination
in the given category.

The composition of rCRSS is dibosons (32%), charge
mis-identified background (45%) and fakes (20%) in the elec-
tron channel, and dibosons (65%), fakes (27%) and charge
mis-identified background (8%) in the muon channel.

7 Boosted channel: event selection and background
estimate

7.1 Event reconstruction and selection

The boosted analysis is designed for signals in the Am >
4 TeV region by using the large-R jet to reconstruct the
hadrons from the Nr decay. The signal events have a very
energetic charged lepton and Nr from the Wr decay pro-
duced back-to-back in the x—y plane. In the highest Am
region, the large-R jet overlaps with the lepton from the Nr
decay. In the muon channel, such a muon inside the jet can
be identified, and a single SR (bSR2mu) with two baseline
muons is used to cover the full Am range. On the other hand,
in the electron channel, calorimeter clusters from the elec-
tron from the Nr decay overlap with other hadron activities,
making its identification challenging. Two signal regions,
bSR1e and bSR2e, are thus defined requiring exactly one and
two baseline electrons in the event, respectively, to cover the
higher and lower Am ranges. The Wr mass is reconstructed
from the large-R jet and the electron (m,.y) in bSR1e, and
from the large-R jet and the two charged leptons (m..; and
My, or collectively mypy) in bSR2e and bSR2mu. Due
to the relatively small background after the event selections,
the sensitivity gain by separating SR into same- and opposite-
sign events is marginal, hence the lepton charge is not con-
sidered in the boosted analysis.

For all three SRs, the requirement that only one large-R jet
is reconstructed in the event is imposed, which is expected to
cover about 90% of signal events. This selection cut is useful
in suppressing the multijet background, and improving the
fake-lepton, multijet and y + jets modelling by the LO sim-
ulation with the exception of an overall normalisation factor.
Assuming well-isolated and highly-boosted leptons from the
prompt Wr decay, tighter identification and isolation criteria
(as detailed in Sect. 5) are required for the lepton with the
highest-pr in the event. The azimuthal difference between
the large-R jet and the highest-pr lepton is required to be
greater than 2. In addition, to suppress the top-quark back-
grounds, the number of b-tagged small-R jets is required to
be zero.
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7.1.1 One-electron category (bSR1e)

Region bSR1e requires exactly one electron from the Wr
decay, with the large-R jet encapsulating all decay products
of the heavy neutrino Nk — eqq’. A Efrniss < 200 GeV
selection is applied to suppress the main background pro-
cess, W(— ev) + jets. The high-p electron and low E%‘iss
requirements bias the W + jets events towards higher helic-
ity angles, |[cos@| ~ 1.0, where 6 is the polar angle of
the electron from the W boson decay in the rest frame of
the W.2 The |cos@| > 0.7 region is used for the signal
search. The |cosf| < 0.7 region is used for the normali-
sation of the W + jets contribution. To further reduce the
y + jets and dijet contributions, a selection on the 5 dif-
ference between the large-R jet and the electron candidate,
An = |n(J) —n(e)| < 2 is applied. The bSR1e definition
is summarised in Table 5.

7.1.2 Two-electrons category (bSR2e)

Region bSR2e covers the intermediate Am region between
bSR1e and the resolved analysis. The events are selected if
they contain exactly two electrons and one large-R jet. The
EITniss < 200 GeV selection is applied to further reduce the
tf background. The dominant background source is Z(—
ee) + jets. To remove contributions from the pole mass of the
Z boson, am,, > 200 GeV selection is applied. The bSR2e
definition is summarised in Table 5. bSR1e and bSR2e are
orthogonal to each other and are statistically combined to
obtain the final results.

7.1.3 Two-muons category (bSR2mu)

Events are selected in bSR2mu if they contain exactly two
muons and one large-R jet. A m,, > 200 GeV selection is
applied. The upper cut on E%“iss is not useful in this channel
due to the deteriorated momentum resolution for very high-
pr muons. Instead, the dimuon system’s pr is required to
be greater than 200 GeV to suppress the ¢7 background. The
bSR2mu definition is also summarised in Table 5.

7.1.4 Event categorisation for the background estimation

The normalisations of the main background sources, W (—
ev) + jets and Z(— ££) + jets, as well as for the processes
with less reliable yield predictions, y + jets and multijet, are
estimated from data in control regions and adjusted by using
the SR-to-CR ratio in the simulation.

2 The W boson rest frame is calculated from the E%‘i“ and the recon-

structed electron by solving the kinematic equation for the neutrino
momentum in the z-axis direction (p; ) and by assuming a W boson
mass of 80.4 GeV.

In each category, the reconstructed Wr mass distribution
is segmented into four bins; 1-2 TeV, 2-3 TeV, 3-4 TeV,
and > 4 TeV, having considered the search sensitivity for
signals with various Wr masses and the stability of the back-
ground estimation. High-mass WR signals are expected to be
observed in the third and fourth bins, which are designated
bins 1 and 2 of the SR for each channel (for example, bins
1 and 2 of bSR2mu for the two-muon case). The first bin of
the Wr mass histogram is used for the SM background deter-
mination in a region where the presence of lower-mass Wr
signals is negligibly small, given exclusion limits obtained
in previous ATLAS analyses [22]. For the two-electron and
two-muon categories, the first bin is used to estimate the
Z + jets background normalisation in designated bCRZ2e
and bCRZ2mu, respectively. In the one-electron case, the
1-2 TeV m(WR) bin is used to distinguish between y + jets
and W + jets events. If there is an additional ID track with
opposite charge within AR < 0.3 and |Azpsinf| < 0.5
from the electron candidate track, the electron is possibly
coming from a photon conversion and the events are cate-
gorised into bCRy 1e. The remaining events are categorised
into bCRLow le. The fractions of W + jets, Z + jets, multijet
and y +jets are about 33%, 10%, 24% and 30%, respectively,
in bCRy le, and approximately 73%, 17%, 3% and 1% in
bCRLowle.

The normalisation for W (— ev) + jets and multijet events
is estimated in the dedicated control regions, oCRW1le and
bCRFakele, requiring | cosf| < 0.7 and the inverted elec-
tron isolation cut, respectively, with the remaining selection
identical to that of bCRLowle. The purity of the W + jets
and multijet events in b.CRW le and bCRFakele is about 83%
and 91%. One should note that the y + jets contribution in
bCRFakele is not large since mis-identified electrons from
photon conversions can satisfy the tight isolation require-
ment.

The estimated CR normalisation factors are extrapolated to
higher-mass bins. The validity of the method is first checked
in the second bin (m(WR) = [2, 3] TeV) in each channel:
bVR2e, bVR2mu and bVRle, for bSR2e, bSR2mu and
bSR1e, before the third and fourth bins are tested. In addi-
tion, the regions with |cos 8| < 0.7 and the inverted electron
isolation in the one-electron channel are used to check the
extrapolation of W + jets and multijet normalisations from
the lower to the higher Wr mass bins. The regions are seg-
mented into 2-3 TeV and > 3 TeV and labelled as bVRW e
and bVRFakele, respectively.

To check the extrapolation of the Z + jets normalisation
from the lower to the higher Wr mass bins, additional val-
idation regions are defined (bVRZ2e and bVRZ2mu), but
which are not used in the final fit. They require 120 < my; <
200 GeV instead of > 200 GeV.
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Table 5 Definition of the signal regions in the boosted analysis. The baseline definitions of electrons and muons are used. Two regions in the
electron channel cover higher- and lower-Am regions, where Am denotes the mass difference between Wr and Ng

Region bSR1e bSR2e bSR2mu
(higher Am) (lower Am)

Number of large-R jets

Number of electrons 1 2 0

Number of muons 0 0 2

Leading lepton pt [GeV ] > 200

ErT’rliSS [GeV | < 200 —

|cos 8| > 0.7 — —

Ady e, > 2.0

AT] J.,6 <2.0 — —

Dilepton pt (GeV) — — > 200

Dilepton mass mg¢[GeV ] — > 200

Number of b-tagged small-R jets

The definitions of SRs, CRs and VRs for the boosted chan-
nel are visualised in Fig. 3. Validation results are presented
in Sect. 9.2.

7.2 Background estimation

For the W + jets and Z + jets estimation in the boosted analy-
sis, since the number of jets is forced to be one, the correction
for jet multiplicity mis-modelling used in the resolved anal-
ysis is not required. The simulated Wr mass distributions
for W + jets in bVRWle (with |cosf| < 0.7) and those
for Z + jets bVRZ2e and bVRZ2mu agree well with the
observed data. The Wr mass distributions in these regions
are only used to confirm the normalisation methodology for
each process and these are within the considered uncertain-
ties.

The fake lepton contribution is negligibly small in bSR2e
and bSR2mu after the requirement of a high- pt selection on
the leading lepton. It is, however, not negligible at the higher
Wr mass tail in bSR1e. MC simulation is used to estimate
the non-prompt electron contribution with a data-driven cor-
rection factor obtained in the CR. The simulated Wr mass in
bVRFakele agrees well with the multijet sample within the
uncertainties considered. In the final fits the normalisation is
mainly constrained by bCRFakele and its validity in the SR
relies on the good simulation of the isolation efficiency for
fake electrons. To check the validity of this approach, two
additional regions beyond those shown in Fig. 3 are defined,
corresponding to bSR1e and bCRFakele: the electron can-
didate is forced to satisfy the Medium identification but fail
the Tight identification criterion in order to be orthogonal
to the SR, CRs and VR. The remaining selection is the same as
in bSR1e (bCRFakele), with the requirement to satisfy (fail)
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the HighPtCaloOnly isolation criterion. In both regions,
the purity of the multijet process is greater than 90%. By
comparing data to MC in both regions, it is found that the
simulated isolation efficiency for fake electrons agrees with
the data within the considered uncertainties. A small data/MC
disagreement on m (WR ) distribution is considered as an addi-
tional uncertainty on the multijet estimation in bSR1e.

The y + jets contribution with isolated electrons from pho-
ton conversions is also estimated by MC simulation with a
normalisation factor determined in a data-driven way. Addi-
tional validation regions are defined requiring exactly one
reconstructed photon instead of an electron, with the remain-
ing selection the same as in bSR1e. The purity of y + jets
sample in this region is about 70%, and the fraction of multi-
jet events is 30%. The reconstructed Wr mass with the pho-
ton (in the place of the electron) and the large-R jet agrees
between data and MC within the considered uncertainties.
The pt- and n-dependent photon conversion rate may change
the reconstructed Wr mass distribution for the y + jets pro-
cess, but this rate mainly depends on the detector geometry
anditis well modelled in the simulation. The normalisation of
the y + jets contribution is estimated mainly from bCRy le,
by requiring an additional ID track close to the electron. The
modelling of the fraction of events with an ID track close to
the electron in simulated W + jets and multijets can affect the
y +jets estimation, so a comparison is carried out with data in
bCRW e and bCRFakele. For the y + jets contribution, the
same check is performed in the An > 2.0 region. The purity
of y + jets in this region is about 50%, and a conservative
uncertainty on the other background subtraction is included
in the study.
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Fig. 3 Boosted channel: Schematic view of SR/CR/VRs definitions for
bSR1e (a), (b), bSR2e (¢) and bSR2mu (d). a and b show the regions
for the estimation of W + jets and multijet backgrounds, respectively.
The labels bSR1e, bVR1e, bCRLowle and bCRy 1e shown in bold in
the two figures correspond to the same regions. The dark-grey coloured

8 Systematic uncertainties

Several experimental and theoretical systematic uncertain-
ties are considered, affecting both the background and sig-
nal predictions as well as the total event yield. In addition,
the statistical uncertainty of the MC simulated events is also
considered. These uncertainties also affect the shape of the
variables used in the fit, with the exception of the luminosity
and cross-section uncertainties.

The uncertainty on the integrated luminosity is 1.7% [85],
Itis obtained using the LUCID-2 detector [86] for the primary
luminosity measurements. The uncertainty due to the pile-up
reweighting procedure is estimated by varying the amount of
pile-up in the simulation to cover the uncertainty in the ratio
of the predicted and measured inelastic cross section [87].

A set of experimental systematic uncertainties arise from
the energy and momentum calibrations of leptons and jets,
the lepton reconstruction, isolation and trigger efficiencies,

regions in a, b and ¢ are contributing simultaneously to the final fit in the
electron channel, while the light-grey coloured regions in d are used for
the muon channel, separately. The remaining regions are used to verify
the background estimations (see text for details)

and the jet vertex tagger and flavour-tagging efficiencies.
The largest uncertainty in the total SM yield arises from the
energy calibration and smearing of jets, derived in Ref. [77],
and is between 1 and 6% in the SS and about 4% in the OS in
the resolved channel, and between 5 and 12% in the boosted
channel, depending on the signal region. Uncertainties asso-
ciated with lepton reconstruction, identification, isolation and
trigger efficiencies, as well as energy or momentum calibra-
tion [41,72,88] and b-jet tagging [79,89], vary between 5%
(OS) and 13% (SS) of the total SM yield in the resolved
analysis, and between 2 and 5% in the boosted. These uncer-
tainties are propagated to the E%li“ calculation. In addition,
uncertainties on the scale and resolution of the ‘soft term’ of
the E‘T]fliss are taken into account [81]. In bSR2mu, the muon
pr is further smeared by taking into account the impact of
MS outliers on the muon resolution not described by the sim-
ulation. This additional effect is considered as the high-prt
muon uncertainty.
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There are three additional sources of systematic uncer-
tainty associated with the background estimation tech-
niques. In ¥SRSS, the uncertainty related to the charge mis-
identification probability of electrons arises from the statisti-
cal uncertainty of the data and simulated samples of Z + jets
events used in this measurement. The uncertainty is around
6.8% with a mild dependence on the electron ET and 7 [90].
The uncertainty on the fake estimation arises from the limited
knowledge in the composition of fakes, as well as from the
statistical uncertainty and prompt lepton subtraction used to
derive F in the fake-enriched regions. The uncertainty due to
the composition of fakes is estimated by varying the nominal
criteria defining the selection sample used in the fake-factor
measurement [84]. The effect on the SM yields is 3.8% (elec-
trons) and 0.8% (muons). In ¥rSROS, an additional uncer-
tainty is associated with the m j; reweighting of the Z + jets
process. This is evaluated by comparing the shape difference
between the reweighted simulated m ;; distribution and the
one measured in data, using r¥VROS: the uncertainty in the
reweighting factor is found to vary between 0.4 and 0.8%, as
a function of the dijet invariant mass. This observed differ-
ence covers all possible mismodellings of the Z + jets shape,
hence additional theoretical uncertainties for the Z + jets
process are not considered in the resolved channel.

In the boosted channel, the theory uncertainties estimated
for the W + jets, Z + jets, diboson, multijet and y + jets back-
ground processes are considered, which include the choice
of QCD renormalisation (i) and factorisation (u r) scales,
choice of the PDF set and ag, as well as CKKW match-
ing scale and the resummation scale. The QCD scale uncer-
tainty is estimated by varying u, and ¢ to half and twice
their nominal values. The PDF uncertainty is estimated using
the envelope of the NNPDF3.0 PDF set, as recommended in
Ref. [91]. In addition, the MMHT2014 [92] and CT14NNLO
[93] PDF sets are used to estimate the uncertainty due to the
PDF choice. Moreover, the uncertainty due to «g is evalu-
ated by varying its nominal value of 0.118 by £0.001. The
CKKW matching scale is the parameter to remove the overlap
between jets from the matrix element calculation and the par-
ton shower algorithm. The nominal value is 20 GeV, and the
uncertainty is estimated by varying it to 30 GeV and 15 GeV.
The uncertainty on the resummation scale of soft gluon emis-
sion is estimated by varying the parameter to half and twice
the nominal value. The largest theory uncertainties generally
originate from the CKKW matching and Sherpa resumma-
tion scales (~ 20%), and QCD scales variations which range
between 10% and 20%, depending on the simulated process
and the mass of the target signal.

The theory uncertainties associated with t7 processes
are as follows. The uncertainty from hard scatter gener-
ation is evaluated by comparing the Powheg-Box and
MG5_aMC@NLO generators, both interfaced to the Pythia
8.186 [94] parton shower model. The uncertainty due to

@ Springer

the hadronisation and fragmentation model is determined
by comparing the nominal Powheg-Box + Pythia 8.186
generated sample with the one generated by Powheg-Box
interfaced to Herwig [95] (version 7.13). The uncertainty
related to the amount of initial- and final-state radiation (ISR
and FSR) is assessed by varying parton shower settings.
The largest theory uncertainty generally originates from the
amount of initial- and final-state radiation and is between
0.4-0.5% (ISR) and 0.6% (FSR) of the t7 process yield.

In the boosted analysis, additional uncertainties are con-
sidered by comparing different MC samples on the possible
variations of the reconstructed m (WR), cos 6 and the isolation
efficiency for the fake electrons. For W/Z + jets, the nominal
Sherpa 2.2.11 samples are compared with the samples gen-
erated with MadGraph5_aMC@NLO+Pythia 8.186. For
y + jets, the nominal Sherpa 2.1 sample is compared with
the alternative sample generated with Pythia 8.235 [44].
The nominal Pythia 8.230 multijet MC sample is com-
pared with the sample generated with Sherpa 2.2.5. For
the multijet sample, an additional uncertainty on the m(Wg)
shape is considered by taking the residual non-closure in
studies employing different electron identification discussed
in Sect. 7.2. The possible mis-modelling of the bCRy 1e to
bCRLowle ratio is evaluated by considering the observed
discrepancy in the CRs.

The theory uncertainty of the signal efficiency times
acceptance amounts to 20%. It is evaluated by varying renor-
malisation and factorisation scales as described above and
by using alternative PDF sets, CTEQG6 [96] and MSTW [97].
The g emission scale factor is also varied to half and twice
the nominal value. The uncertainty is dominated by the varia-
tion in factorisation scale. The variations are performed using
SysCalc [98].

The systematic uncertainties in each SR are summarised in
Fig. 4. Individual uncertainties can be correlated with others,
and do not necessarily add in quadrature towards the total
background uncertainty.

9 Statistical analysis and results

The search for a Wr and NR signal is carried out using the
theoretical model described in Sect. 2. The statistical treat-
ment is done separately for samples containing electrons and
muons since there is no theoretical motivation that the Nr
should have the same mass across different flavours. The
resolved and boosted channels are analysed independently.
The statistical interpretation is performed by carrying out
binned maximum-likelihood fits using the HistFitter [99]
framework. The likelihood is a product of Poisson proba-
bility density functions, describing the observed number of
events in each bin of regions involved in the fit, and Gaus-
sian distributions that describe the nuisance parameters asso-
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ciated with each of the systematic uncertainties. Systematic
uncertainties that are correlated between different samples
and different regions are accounted for via a common nui-
sance parameter.

A “background-only” fit is carried out first by using the
observed event yield in CRs assuming that no signal con-
tributes in these regions, and by applying the resulting nor-
malisation factor to the number of background events pre-
dicted by simulation for the equivalent process in the valida-
tion regions. The normalisation factors of the background
processes are allowed to vary freely. The VRs are only
employed to confirm the validity of the background mod-
elling in the background-only CR fits, and do not contribute
to the search results presented here.

A non-zero signal contribution for each m(Wgr) and
m(NR) mass point is then allowed involving both SR and
CRs in the fit, as summarised in Figs. 2 and 3. The normalisa-
tion factors of the various (signal or background) processes
are allowed to vary freely. Upper limits at 95% CL on the
signal strength of the KS process are calculated using the
CL method [100] and the profile likelihood-ratio as the test

(b)

statistic. The asymptotic method [101] was used, but similar
results were obtained with toy MC tests.

9.1 Resolved channel

In the resolved channel, the mg;; distribution is used in the
rSROS fit when m(WR) > m(NR). In the m(WR) < m(NR)
case, the fit results are obtained by employing the m ;; distri-
bution. The At distribution is used in the rSRSS fit. For the
scenario in which the N neutrino is a Majorana particle, the
OS and SS channels are fitted simultaneously, whereas for
the Dirac neutrino scenario, only the OS channel is used in
the fit.

A combined “background-only” fitis first carried out in the
rCROSemu, rCRSS2e and rCRSS2mu regions. The free
normalisation factors for the 77 and diboson processes are
estimated mainly from rCROSemu and rCRSS2mu. The
validity of the evaluated normalisation factors for same-
sign Z + jets, t7 and diboson samples is confirmed by
applying them in the rVROS2e, rVROS2mu, rVRSSemu,
rVRSS2e, and rVRSS2mu regions. All systematic uncer-

@ Springer



1164 Page 14 of 35 Eur. Phys. J. C (2023) 83:1164
_9107'1""|""|""|*"‘|""|"'~—§ 1) I L B A B
§ qop ATLAS o Data = & 0% atLas * Data E
e I Wlwwon 2 D b g e E

l:| Top E 40 - - Multiboson i
1 04 D Z+jets q% C - Charge-Flip ]
108 S fotal SM (10) é 30 :_ R total SM (£16) _:
102 é C ]
10 = 20F -
1 : ; ;
107" 10 3
107 - ]
) ) 0 | I Lo

3 14E j“ S 14FF i i g
3 Mheesgeadinhiiiang 8 At
s 08 X I ‘\ir\\\\\ RRRNRR 8 0.8F E
0.6E 0.6E 3
e T2 3 4 85 6 7 e 05 ] 5 525 3
m,,; [TeV] h. [TeV]

() (b)

Fig. 5 VR fits in the resolved channel: a mg¢;; in rVROS2mu and b
h distribution in ¥VRSS2e. ‘“Top’ refers to all processes containing at
least one top quark. ‘Multiboson’ refers to V'V and V V'V processes,
where V = W or Z. The expected background is determined via a fit

on the CR data. The hatched band (‘total SM”) includes all post-fit sys-
tematic uncertainties, having taken into account all correlations among
various sources. A blue arrow indicates an out-of-range data point for
a given bin
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Fig. 6 CR/VR/SR fits in the resolved channel: Integrated number of
events for observed data and expected background in ep (OS), and ee
and upu (SS) CR, ee and i (OS), and ee, i and epr VR and ee and o
(both OS and SS) SRs. ‘“Top’ refers to all processes containing at least
one top quark. ‘Multiboson’ refers to V'V and V V'V processes, where

tainties described in Sect. 8 are considered as nuisance
parameters. Figure 5 shows an example of the post-fit myy;;
distribution in r VROS2mu and At distribution in rVRSS2e,
showing a good agreement between the observed data and the
expected background.

The integrated event counts for the observed data and the
estimated background for the CR, VR and SR regions are
shown in Fig. 6. The post-fit m;; and m ;; distributions in
rSROS and /At distributions in rSRSS are shown in Fig. 7. In
all cases, no significant deviation above the expected back-
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V = W or Z. The expected background is determined via a fit on the
CR data. The hatched bands (‘total SM”) include all post-fit systematic
uncertainties, having taken into account all correlations among various
sources

ground is observed in the data. The largest excess is observed
in rSRSS2e around Ay ~ 1.0 TeV (Fig. 7e): 39 events are
observed in a region where 24.0 £ 2.4 background events are
expected. The observed deviation is in a background-rich
region and is not consistent with the shape of the signal.
Exclusion limits at 95% CL on the signal strength of the
KS process as a function of m(Wg) and m(NR) are calcu-
lated. The results are shown in Fig. 9. For electron Majo-
rana neutrinos, the excluded region extends to a Wr mass of
5.6 TeV and to a Nr mass of 3.5 TeV. For muon Majorana
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neutrinos, Wr masses of up to 5.7 TeV were excluded, and
Nr masses of up to 3.6 TeV. For electron Dirac neutrinos, the
excluded region extends to a Wr mass of 5.9 TeV and to a
Ng mass of 3.6 TeV. For muon Dirac neutrinos, Wr masses

(e)

€]

of up to 5.8 TeV were excluded, and Nr masses of up to
3.8 TeV. Compared to the previous ATLAS analysis in the
resolved channel [21], the exclusion limits on the Wr masses
are extended by 0.8—1.2 TeV in the case of m(WR) > m(NR).
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Fig. 8 CR/VR/SR fits in the boosted channel: Integrated number of
events for observed data and expected background in bCRWle and
bCRFakele (a), and observed m(WR) distributions in le (b), 2e (c¢)
and 2mu (d) categories. For b—d, the first and second bins are used as
CR and VR, and the third and fourth bins correspond to the SR. ‘“Top’
refers to all processes containing at least one top quark. ‘Multiboson’

9.2 Boosted channel

In the boosted channel, the reconstructed m (WR) distribution
(mey or mygy) is used exclusively since m(Wr) > m(NR).
In the electron channel, the normalisations of W + jets,
Z + jets, y + jets and multijet samples are simultaneously
estimated by the fit in the CRs and SRs. In the muon channel,
only the Z + jet contribution is estimated by the fit.

@ Springer

(d

refers to V'V and V V'V processes, where V = W or Z. The expected
background is determined via a fit on the CR data. The hatched bands
(‘total SM’) include all post-fit systematic uncertainties, having taken
into account all correlations among various sources. A blue arrow indi-
cates an out-of-range data point for a given bin

A combined “background-only” fit is performed sepa-
rately in the electron and muon channels in the bCRW e,
bCRFakele, bCRyle, bCRLowle and bCRZ2e, and
bCRZ2mu regions, respectively. The normalisation factors
for W + jets, Z + jets, y + jets and multijet are free to float
in the electron channel, while only the Z + jets normalisa-
tion is treated as a free parameter in the muon channel. The
validity of the method is confirmed by applying the normali-



Eur. Phys. J. C (2023) 83:1164

Page 170f35 1164

Vs =13 TeV, 139 fb™, Al limits at 95% CL

ATLAS Resolved 36 fb'

JHEP 01 (2019) 016

ATLAS Boosted 80 fb™!
Phys.Lett.B 798 (2019) 134942
_____ CMS Combined 138 !

T JHEP 04 (2022) 047

5 [— - Boosted Expected (+10,,,)

exp:

Electron channel
7

ATLAS
Majorana scenario

m(N) [TeV]
TTT \O‘j\ TTT

Resolved Expected (+1 °exp)

4 — Boosted Observed
C = = Resolved Observed ——
3j
- N
2 N
C N
17 D
" N
4 E\\ - \\ ROUTRINNY SRNNNN =V
VAN S s e\ I o
1 2 3 4 5 6 7
(W_)[TeV]
(a)
7 Electron channel Vs =13 TeV, 139 fb'W, All limits at 95% CL

ATLAS Resolved 36 fb”!
JHEP 01 (2019) 016

ATLAS
Dirac scenario

,,,,,,, Boosted Expected (+16,,)

m(N.) [TeV]
()]

Resolved Expected (£106,y,)

Boosted Observed

L/ NN L L L L L I L L R

4
— — Resolved Observed
3
2
1
\\\\\\ ,—v"‘"’
||M"'7"'|—__|'—I\\\\‘\\||r|

A NN

3 4 5 6 7
m(WR) [TeV]

(©

Vs = 13 TeV, 139 fb™", All limits at 95% CL

ATLAS Resolved 36 b

JHEP 01 (2019) 016

ATLAS Boosted 80 fb”'
Phys.Lett.B 798 (2019) 134942
_____ CMS Combined 138 !

T JHEP 04 (2022) 047

,,,,,,, Boosted Expected (+10,

Muon channel
7

ATLAS
Majorana scenario

m(N) [TeV]
[e)]

exp)

Resolved Expected (+1 Gexp)

Boosted Observed

—— — Resolved Observed

_\
]\/II\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\

[N

4;4/4

PN A

\\\\\\\\\\\\\\ \\\\\
AR

2 3

7
m(WR) [TeV]

(b)

Muon channel Vs =13 TeV, 139 fb™, All limits at 95% CL

~

ATLAS Resolved 36 fb™!

JHEP 01 (2019) 016 ATLAS

7777777 Boosted Expected (+10y,) Dirac scenario

m(N_) [TeV]
o

Resolved Expected (£16,,,)

Boosted Observed

4

[~ — Resolved Observed
3
2= .

r 7

e
s

PRI L
1 7

m(WR) [TeV]
(d)

Fig. 9 Expected and observed 95% CL upper limits for the Majorana (top) and Dirac (bottom) neutrino interpretations in the electron (left) and
muon (right) channels. Exclusion limits from previous ATLAS [21,22] and CMS [27] searches are overlaid for comparison

sation factors obtained with the fit in the bVR1e and bVR2e
regions in the electron channel, and the bVR2mu region in
the muon channel. As shown in Fig. 8, a good agreement
between data and the estimated SM background is found in
all CRs and VRs.

The post-fit m(WR) distributions for le, 2e and 2mu cat-
egories are found in Fig. 8. The first bin in the le category
shows the sum of bCRLowle and bCRy 1e. Again, no sig-
nificant deviation above the expected background is observed
in the data.

Exclusion limits at 95% CL on the signal strength of
the KS process as a function of m(Wgr) and m(NR) are
calculated again, with the results shown in Fig. 9. For Majo-
rana neutrinos, the most stringent lower limit on the Wr mass
is 6.4 TeV, observed in both electron and muon channels at
m(NR) < 1 TeV. This result is an improvement over pre-
vious ATLAS searches, and extends the exclusion limits on

m(WR) by about 1.5 TeV. There is a particular improvement
in the m(NRr) < 100 GeV region via the incorporation of the
new bSRle region and the optimisation of bSR2mu. The
observed limit on m(WgR) is 6.2 (6.1) TeV in the electron
(muon) channel at m(Ng) = 50 GeV.

10 Conclusion

A search for right-handed Wg bosons and heavy right-handed
Majorana or Dirac neutrinos NR is presented. The analysis
uses various final states depending on the mass difference
between Wr and NR: two jets and a pair of charged leptons
(€Ljj), one large-R jet and two charged leptons (££J), or
one large-R jet and one electron (eJ), with £ = e, u. It
is performed with a 139 fb~! sample of pp collisions at
/s =13 TeV recorded by the ATLAS detector at LHC. No

@ Springer



1164  Page 18 of 35

Eur. Phys. J. C (2023) 83:1164

evidence of WR bosons or Majorana or Dirac heavy neutrinos
is found assuming the KS process, and lower limits are set
on m(WR) and m(NR), assuming equality of left- and right-
handed weak couplings (g7 = gr). The excluded region for
the Majorana neutrinos extends to about m(Wr) = 6.4 TeV
form(Nr) = 1 TeV in both electron and muon channels. The
m(NNR) limits reach about 3.5 TeV in the electron channel and
3.6 TeV in the muon channel (for m(Wgr) = 4.8 TeV). For
Dirac neutrinos, limits reach about m(Wgr) = 6.4 TeV for
m(NR) = 1 TeV in both electron and muon channels. Limits
of m(NR) up to 3.6 TeV in the electron channel and 3.8 TeV
in the muon channel for m(WR) = 5.0 TeV are set. The new
results constitute the most stringent limits to date for the KS
process.
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