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A search for a long-lived, heavy neutral lepton (N ) in 139 fb−1 of
ffiffiffi
s

p ¼ 13 TeV pp collision data
collected by the ATLAS detector at the Large Hadron Collider is reported. TheN is produced viaW → N μ
or W → N e and decays into two charged leptons and a neutrino, forming a displaced vertex. The N mass
is used to discriminate between signal and background. No signal is observed, and limits are set on the
squared mixing parameters of the N with the left-handed neutrino states for the N mass range
3 GeV < mN < 15 GeV. For the first time, limits are given for both single-flavor and multiflavor mixing
scenarios motivated by neutrino flavor oscillation results for both the normal and inverted neutrino-mass
hierarchies.
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The observations of neutrino flavor oscillations [1,2] can
be explained by postulating the existence of right-handed
neutrino states that carry no standard model (SM) gauge
charges, allowing them to have Majorana masses. The
resulting “type-I seesaw” model [3–9] explains the light
neutrino masses and predicts heavy mass eigenstates,
referred to as “heavy neutral leptons” (HNLs) and denoted
byN henceforth. The existence ofHNLs can also explain the
baryon asymmetry of the Universe via leptogenesis [10–12],
which is efficient for HNL masses down to the sub-GeV
range [13–17]. Moreover, a model with three HNLs can
incorporate a dark matter candidate [14,18–21].
Each HNL state carries a small admixture of the left-

handed neutrino of flavor α ¼ fe; μ; τg. It can therefore
participate in weak interactions, controlled by dimension-
less mixing coefficients Uα, where jUαj ≪ 1. Previous
searches were interpreted only in terms of a one-HNL
model with single-flavor mixing (1SFH) [22–32]. This
model is a useful benchmark but is not phenomenologically
viable as it predicts neutrino masses that are too large and
does not account for two neutrino mass splittings or
neutrino flavor oscillations [33–35]. The simplest viable
model is that of two quasidegenerate HNLs (2QDH), with
close masses and couplings, where all Uα are nonzero. A
reinterpretation of ATLAS HNL searches in such HNL
scenarios has been performed [35]. However, no experi-
ment has directly explored 2QDH models yet.

The search reported here considers the production of
HNLs via W → Nlα, where α ¼ fe; μg indicates the
flavor of the “prompt” lepton lα. The HNL decays into
two oppositely charged leptons and a neutrino: N →
lβlγνγ via an intermediate W� boson, or N → νβlγlγ

via a Z� boson, where β; γ ¼ e or μ, as shown in Fig. 1 (the
lepton-number-violating processes are shown in Fig. 1 of
the Supplemental Material [36]).
The search focuses on the mixing and mass range

(up to 20 GeV) in which the HNL is long-lived. The
resulting HNL lifetime can be approximated by τN ≈
ð4.3 × 10−12 sÞjUj−2ðmN =1 GeVÞ−5 [37], where jUj2 ≡P

β jUβj2 is taken from Ref. [38]. The HNL decay occurs
at a significantly displaced position from the proton-proton
(pp) collision point, forming a displaced vertex (DV) of
two charged leptons, lβlγ or lγlγ. The measured final
states are labeled according to the prompt and displaced

(a) (b)

FIG. 1. Feynman diagrams for the HNL production and decay
modes targeted in this analysis. Only lepton-number-conserving
processes are shown. The flavors of the leptons in the diagrams,
labeled by α, β, and γ, are either muons or electrons. If the
charged leptons in the HNL decay have the same flavor, then both
the diagrams with the virtualW (a) and virtual Z (b) contribute to
the process. Equivalent processes are also valid for an initial state
W− boson.
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charged leptons therein, denoted by “lα–lβlγ” (explicitly
listed in Table I). Decays of the W or N to τ leptons were
determined to have negligible contribution to the analysis,
since the leptonic branching fractions of the τ and the soft
lepton spectrum make their selection highly inefficient. In
1SFH scenarios, the analysis is sensitive to the squared
mixing parameter jUμj2 via the final states μ−μμ, μ−μe,
and μ−ee, while jUej2 is accessible via e − ee, e − eμ,
and e−μμ. In 2QDH scenarios, the combination of the six
final states provides sensitivity to jUej2, jUμj2, and jUτj2.
For both scenarios, bounds on the mixing parameters are
extracted in the “Dirac limit” of lepton-number-conserving
(LNC) HNL interactions, where the W�-mediated final
state is l�

α –l
∓
α l�

γ , and in the “Majorana limit” of equal
branching fractions for LNC and lepton-number-violating
(LNV, l�

α –l�
β l

∓
γ ) decays [36]. The analysis can separate

LNC and LNV decays only by using an explicit charge
requirement for the 1SFH model in the μ−μe and e−eμ
channels, where the displaced leptons are experimentally
distinguishable by their different flavors. The bounds are
tighter than and supersede those of Ref. [22], where only
the final states μ−μμ and μ−μe were studied.
This search is performed with 139 fb−1 of 13 TeV pp

collision data collected by the ATLAS experiment at the
LHC from 2015 to 2018. To study the signal sensitivity,
Monte Carlo (MC) signal samples were generated using
PYTHIA8.212 [39] with the A14 set of tuned parameters [40]
and the NNPDF2.3LO PDF set [41]. The impact of multiple
pp interactions per bunch crossing was modeled by
adding simulated minimum-bias events generated with
PYTHIA 8.210 using the A3 tune [42] and NNPDF2.3LO PDF
set. Particles were propagated through a detector simu-
lation [43] based on GEANT4 [44]. To properly simu-
late spin correlations between W-boson decay products
[35,45,46], which are not accounted for in PYTHIA8,
events are weighted to reproduce the angular distributions
obtained with MADGRAPH5_AMC@NLO2.9.3 [47] using the
HEAVYN model [48,49]. The weighting procedure is
validated by comparing the momentum spectra of each
of the charged-lepton flavors and the neutrino between the
weighted PYTHIA8 and MADGRAPH5_AMC@NLO samples.
For each lα–lβlγ final state, signal samples were generated
with HNL masses in the range 3 GeV < mN < 20 GeV
and proper decay lengths cτN ¼ 1, 10, 100 mm.
The ATLAS detector [50–52] is a cylindrical detector

with forward-backward symmetry and nearly 4π solid-angle
coverage [53]. It is composed of three major subsystems: the
inner detector (ID) closest to the pp interaction point (IP),
the electromagnetic and hadronic calorimeters, and the
muon spectrometer farthest from the IP. The ID is used
to reconstruct the trajectories of charged particles (tracks) in
an almost uniform 2 T magnetic field, and comprises three
subsystems: pixel, silicon microstrip tracker (SCT), and
transition radiation tracker. An extensive software suite [54]

is used in the reconstruction and analysis of data and MC
events, in detector operations, and in the trigger and data
acquisition systems of the experiment.
Events in the signal region (SR) of this analysis were

selected with triggers [55] that require a single isolated
electron [56] or muon [57] with a minimum transverse
momentum (pT) of 20–26 GeV, depending on the lepton
flavor and year. Events passing the trigger are required by a
filter algorithm to contain at least one lepton [58,59] with
pT > 28 GeV and jηj < 2.5.
To ensure isolation of this lepton from hadronic activity,

the scalar sum of the pT of other tracks within a cone of

size ΔR ¼ 0.3 around the lepton momentum (Σpð0.3Þ
T ) is

required to be less than 5% of the lepton pT . The filter also
requires at least one additional lepton with pT > 5 GeV,

jηj < 2.5, and
P

pð0.3Þ
T =pT < 1.0. To reduce the number of

events with prompt decays while maintaining efficiency for
displaced leptons, the second lepton must have a transverse
impact parameter (d0) with respect to the IP of jd0j >
0.1 mm (jd0j > 1 mm) for muons (electrons). Events that
pass the filter are then processed with a large-radius
tracking (LRT) algorithm [60], that is efficient for tracks
with jd0j < 300 mm. The LRT is run using hits leftover
after the standard tracking [61], which is efficient only for
jd0j < 10 mm. Standard and large-radius tracks are com-
bined with muon-spectrometer tracks (electromagnetic
energy clusters) to reconstruct muons (electrons). Events
are required to contain a reconstructed primary vertex (PV)
with at least two tracks, each having pT > 500 MeV.
When more than one PV is reconstructed, the one with
the highest Σp2

T is used, where the sum is over the tracks
associated with the PV.
Event selection relies on the reconstruction of two

physics objects: a prompt lepton and a DV. The prompt-
lepton candidate, lα, is taken to be the highest-pT muon
(electron) that satisfies pT > 3 (4.5) GeV, jd0j < 3 mm, and
jðz0 − zPVÞ sin θj < 0.5 mm, where z0 is the track’s longi-
tudinal impact parameter and zPV is the z coordinate of the
PV. If a prompt muon and a prompt electron have an angular
separation ΔR < 0.05, the event is rejected. Reconstruction
of DVs is performed with an optimized version of the
secondary vertexing algorithm described in Ref. [62]. First,
“seed” DVs are formed from pairs of tracks from both the
standard tracking and LRT algorithms. Subsequently, tracks
are added to the DVs, and closely spaced DVs are merged.
The secondary vertexing is run with the following configu-
ration changes relative to Ref. [62]: seed DVs are formed
from leptons only, with at least one lepton satisfying
jd0j > 1 mm, and each having at least eight pixel plus
SCT hits; leptonic and hadronic tracks are subsequently
attached to the DVs, but selected DVs must have exactly
two leptons and no additional tracks.
Events must contain a prompt lepton and a DV compris-

ing a pair of leptons with opposite-sign (OS) electric
charge, although same-sign (SS) DVs are retained and
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used for background studies. If a displaced track is
identified as both a muon and an electron, the track is
taken to be a muon (electron) if the muon- (electron-)
identification quality is stricter. The displaced muons
(electrons) must have pT > 3 (4.5) GeV. If a displaced
track in the DV is within ΔR ¼ 0.05 of the prompt lepton,
the event is rejected. The DV radial position (rDV) must
satisfy 4 mm < rDV < 300 mm. The invariant mass of the
DV and the prompt lepton, which is generally smaller than
the W mass, must satisfy 40 GeV < mDVþl < 90 GeV.
Background arises from five sources: DVs from particle

interactions with detector material; decays of metastable
SM particles; Z → ll decays; cosmic-ray muons; and
DVs from random crossings of lepton tracks. The follow-
ing SR selection is designed to retain high signal efficiency
and suppress the first four types of background to
negligible levels, with random-crossing remaining the
dominant background. Cosmic-ray muons, which can be
reconstructed as two back-to-back muons in a DV, are
rejected by requiring the two displaced tracks to satisfyffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΣηÞ2 þ ðπ − ΔϕÞ2

p
> 0.05 [63]. Dielectron (ee) DVs

have the most background from particle interactions with
detector material, so those selected must be in regions
without detector material, determined from a three-
dimensional map of the ID [64]. The displaced dilepton’s
invariant mass (mDV), which is generally smaller than mN
due to the unobserved final-state neutrino, is used to
suppress background from J=ψ and other heavy-flavor
decays. For μμ DVs, mDV > 5.5 GeV is required. For eμ
and ee DVs, the selection efficiency is smaller, motivating
looser requirements that exploit correlations between rDV
and mDV. These requirements are: mDV > 5.5 GeV for
rDV < ð225=7Þmm; mDV > 2 GeV for rDV > ð750=7Þmm;
and mDV > 7 GeV × ½1 − rDV=ð150 mmÞ� between these
rDV regions [36].
Background from Z → ll decays, in which one of

the leptons forms a DV with a third lepton, is suppressed
by vetoing events where the invariant mass of the
prompt lepton and the displaced lepton with the same
flavor (i.e., α ¼ β) and opposite charge satisfies
80 GeV < mðl�

α l
∓
β Þ < 100 GeV. In channels with eμ

DVs, the random crossing background is reduced by
roughly 50% for 1SFH, LNC interpretations, by requiring
the prompt and displaced lepton with the same flavor to
have opposite charges: μ�−μ∓e� or e�−e∓μ�.
The four-momentum of the HNL is obtained by

applying four-momentum conservation in the W and N
decays, using the kinematics of the charged leptons, the
known W mass, an approximation where the leptons and
neutrino are massless, and the flight direction of the N ,
given by the vector connecting the PV and DV (see the
Appendix). This calculation yields a quadratic equation
with two solutions. The positive-radical solution is used to
define the invariant mass (mHNL) of the HNL candidate. In
MC signal events, the distribution of mHNL peaks at the
generated value mN , as shown in Fig. 2(a).

The final SR selection is mHNL < 20 GeV. The
maximum signal selection efficiency is approximately
4%. A control region (CR) is defined as events with
20 GeV < mHNL < 50 GeV. Since HNLs with mN >
20 GeV and jUαj2 values that the search is sensitive to
are short-lived, they fail the rDV requirements, resulting in
negligible signal contamination in the CR.
A validation region (VR) is used for data-driven back-

ground modeling and evaluation of systematic uncertain-
ties. The VR comprises events that passed a variety of
triggers, underwent LRT reconstruction, and do not contain
a prompt lepton. The DVs in the VR must satisfy the rDV
requirements and pass the cosmic-ray muon veto. For ee
DVs, the detector material veto is also applied. The
expected signal contamination in the VR is less than
two events for a 100% HNL branching fraction into the
channel of interest. Since the VR contains more than 100
events in each DV channel, the signal contamination is
negligible.
Background from random track crossings is expected

to yield equal numbers of OS and SS DVs, given the large
number of tracks produced in each event. By contrast,
background from Z → ll or cosmic-ray muons yields
only OS DVs, and backgrounds from particle interactions
with detector material or from decays of metastable
hadrons preferentially yield OS DVs. Figure 2(b) shows
the mDV distributions for SS and OS DVs in the VR.
Good agreement is seen between the yield and shape
of the distributions, shown for eμ DVs. This indicates
that the dominant source of background in the SR is
random lepton crossings. Therefore, the background
model described next focuses on this background type.
A systematic uncertainty related to this assumption is
described below.
The signal and background yields are obtained with the

following fit. The fit uses a data-driven background
model obtained from a sample of “shuffled events.”
This sample is created by combining each OS DV in
the VR with each prompt lepton found in a non-VR event
that contains an SS DV satisfying loose requirements:
mDV > 1 GeV, with no lepton identification criteria
imposed on its displaced leptons. For each channel, the
shuffled sample has at least 2 × 103 times the number of
events in the “unshuffled” data sample, in which the DV
and the prompt lepton are from the same event. As with
an unshuffled event, a shuffled event may have mHNL <
20 GeV (SR) or 20 GeV < mHNL < 50 GeV (CR). The
background model in the SR and CR is given by the shuffled
events [shown in Fig. 2(a)] with an independent floating
normalization factor for each channel. The signal model for
the fit is taken from simulation and is assigned a single
floating signal strength for all channels. The input to the fit
is the OS event yields observed in the SR and CR. Inclusion
of the CR in the fit directly constrains the predicted
background yield in the SR.
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The shuffled-event background model relies on the
assumption that the absence of correlation between the
randomly crossing tracks results in an absence of correla-
tion between the DVand the prompt lepton. The validity of
this assumption is checked by comparing the mHNL dis-
tributions and the mDVþl distributions of shuffled events
with the distributions of unshuffled events. Only SS DVs
are used in this test. In order to have a sufficient number of
unshuffled events, the requirements on mHNL, mðl�

α l
∓
β Þ,

and mDVþl are removed, and that on mDV is loosened to
mDV > 2 GeV. The unshuffled-event samples have
between 36 and 187 events in each channel, and the
shuffled-event samples are more than 50 times larger.
The comparison based on a Kolmogorov-Smirnov test
yields probabilities ranging from 20% to 99% for the

different channels, indicating the validity of the no-
correlation assumption.
Systematic uncertainties in the background model, taken

to be 100% correlated between the CR and the SR, are
evaluated for two sources. The first estimates the uncer-
tainty from the assumption that nonrandom backgrounds
are negligible and is estimated from differences between
the mHNL distributions of shuffled events created from SS
and OS DVs. This uncertainty varies between 5% for the
e−eμ channel and 79% for the μ−μμ channel. The second
uncertainty accounts for statistical fluctuations in the mHNL
distribution of the shuffled sample due to the finite number
of prompt leptons used therein. It is estimated from the
differences between the mHNL distributions for shuffled
events of two types: in type 1 (2), the combined DV and
prompt lepton originate from events in identical (different)
DV channels (ee, μμ, eμ). This uncertainty is largest for the
μ−μe channel, reaching 5%.
The total systematic uncertainty of the signal efficiency

varies between 8% and 42% depending on the channel,mN ,
and cτN . Its largest contribution (up to 28%) arises from the
reconstruction of displaced tracks and vertices. This is
evaluated by comparing K0

S → πþπ− event yields in the
VRwith those inMC samples produced with PYTHIA8.186 in
bins ofpT and rDV, as in Ref. [65]. An additional uncertainty
of 3% in the track reconstruction efficiency is calculated by
randomly removing tracks from each signalMC eventwith a
pT- and η-dependent probability [66].
Uncertainties due to data-MC differences in the trigger

efficiency [56,57] range up to 1%, and those due to lepton
reconstruction, identification, and impact parameter reso-
lution are between 2% and 17% [59,67] for the different
channels. As in Ref. [68], an uncertainty in lepton-
identification is estimated as the difference in selection
efficiency between large and small jd0j tracks. Its maximal

(a) (b)

FIG. 2. (a) The mHNL distribution in the signal (SR) and control (CR) regions for the observed data, the shuffled-event-model
background normalized by the fit described in the text with its uncertainty, and simulated signal for three different mass hypotheses.
(b) The mDV distributions for the OS and SS eμ DVs in the validation region. The marker is offset from the central position for
visualization purposes.

TABLE I. Numbers (yields) of estimated postfit background
events and of observed events in the signal and control regions.
The background yields shown are from the 2QDH, inverted-
hierarchy, Majorana-limit fit described in the text, and include
both systematic and statistical uncertainties. The observed yields
are shown for all final states. The last two rows show the 1SFH
Dirac-limit, LNC configuration l�

α –l
∓
α l�

γ .

Signal region Control region

Channel Background Observed Background Observed

e−ee 0.4� 0.3 2 3.6� 1.8 2
μ−ee 0.2� 0.1 1 1.8� 1.3 1
e−eμ 0.9� 0.4 0 4.1� 1.9 5
μ−μe 2.8� 0.8 2 12.2� 3.2 13
e−μμ 1.2� 0.9 1 2.8� 1.6 3
μ−μμ 2.2� 1.4 2 8.7� 2.9 9

e�–e∓μ� 0.6� 0.3 0 2.4� 1.4 3
μ�–μ∓e� 1.9� 0.6 0 8.1� 2.6 10
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value is 7%. The uncertainty in the W-boson production
cross section and modeling is 3% [69], and that in the HNL
branching fractions and decay modeling is 5%, arising
mainly from the QCD corrections to the HNL hadronic
decay width [38,70]. Other uncertainties, including the
impact of pileup on signal selection, luminosity uncertainty
[71,72], and uncertainty from the filtering selection used for
the extended track reconstruction, each contribute at <3%.
Table I shows the postfit estimated and observed yields

in the SR and CR for all channels (including the 1SFH,
LNC scenario with the requirement l�

α –l
∓
α l�

γ ); a signal
plus background hypothesis is used (postfit signal is
compatible with zero). The SR contains two OS events

in each of the e−ee, μ−μe, and μ−μμ channels and one
OS event in each of the μ−ee and e−μμ channels. No OS
e−eμ events are observed. These yields are consistent with
the estimated backgrounds shown. The observed yields in
the CR are consistent with the CR background estimates.
Limits are set at 95% confidence level (CL) on jUαj2 vs.

mN for each HNL scenario, using the CLs prescription [73]
implemented in TRExFitter [74–76]. All systematic uncer-
tainties are included in the fit by using nuisance param-
eters, whose postfit values do not show any significant pull
or constraint. Each MC signal sample corresponds to
specific values of jUαj2 vs mN , for which the efficiency
is evaluated and a hypothesis test is performed with 104

pseudoexperiments.
Figure 3 shows the excluded parameter space in the

1SFH and 2QDH scenarios for both the Dirac limit and the
Majorana limit. In the 2QDH scenarios, exclusion limits are
shown for the two neutrino-mass hierarchy scenarios. In the
inverted-hierarchy case, the relative mixing coefficients are
taken to be xα ≡ jUαj2=jUj2 ¼ 1=3 (α ¼ e, μ, τ); for the
normal-hierarchy case, the values xe ¼ 0.06, xμ ¼ 0.48,
and xτ ¼ 0.46 are used [35,77]. These values are at the
centers of the regions consistent with the neutrino flavor
oscillation data. The observed limits are consistent with the
expected limits. The feature visible near mN ¼ 5 GeV is
due to the rDV-dependent mDV selection, which limits the
sensitivity at low mass.
In conclusion, a search for long-lived heavy neutral

leptons is conducted in a 139 fb−1 data sample of
ffiffiffi
s

p ¼
13 TeV pp collisions collected with the ATLAS detector at
the LHC. No excess is observed, and limits are set at 95%
CL on the squared mixing coefficient jUαj2 in different
HNL scenarios for HNL masses in the approximate range
3 GeV < mN < 15 GeV. The observed limits exclude a
region with wider ranges of jUμj2 and mN than previously
excluded by ATLAS, and the limits on jUej2 are novel in
ATLAS. For the first time, limits are evaluated for the case
of multiflavor mixing scenarios that agree with the neutrino
flavor oscillation data, for both the normal and inverted
neutrino-mass hierarchies. The strongest limits are observed
for multiflavor mixing with the inverted hierarchy.
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Appendix: A HNL mass.—The HNL mass (mHNL) can
be obtained using energy–momentum conservation in the
HNL production (W → Nl1) and decay (N → l2l3ν),
where l1 is the prompt lepton and l2 and l3 are the
charged leptons in the DV. The problem can be
summarized with the following equations. Four-
momentum conservation in the N decay gives

pμ
N ¼ pμ

2 þ pμ
3 þ pμ

ν ≡ pμ
23 þ pμ

ν : ðA1Þ

Four-momentum conservation in the W decay gives

pμ
W ¼ pμ

1 þ pμ
N ¼ pμ

1 þ pμ
23 þ pμ

ν : ðA2Þ

The following are defined:

p2
23 ¼ E2

23 − jp⃗23j2 ≡m2
23;

pk
23 ≡ p⃗23 · v̂;

p⊥
23 ≡ jp⃗23 − pk

23v̂j;

where m, E, and jp⃗j are the mass, energy, and
momentum-vector magnitude of the particles indicated

by their subscript and v̂ is the flight direction of the
HNL given by the vector connecting the PV and DV.
The solution to the HNL mass is presented in the

coordinate system k ¼ ðx̂0; ŷ0; ẑ0Þ, which is rotated relative
to the ATLAS coordinate system, such that the origin of the
k frame is at the PV and the z0 axis points along the flight
direction of the HNL. The definition of this coordinate
system is

ẑ0 ¼ v̂; x̂0 ¼ p⃗23 × ẑ0

jp⃗23 × ẑ0j ; ŷ0 ¼ ẑ0 × x̂0:

The momenta of l2 and l3 constrain the components of the
neutrino momentum orthogonal to p⃗N . This means that
energy-momentum conservation in the W and N decays
can be expressed in terms of one unknown variable α,
which is the component of neutrino momentum in the ẑ0
direction. To express Eqs. (A1) and (A2) in terms of α, the
following quantities are defined:

p⃗0
23 ≡ q⃗; ðA3Þ

q⃗ ¼ ð0; jp⃗23 × ẑ0j≡ q⊥; p⃗23 · ẑ0 ≡ qzÞ; ðA4Þ

p⃗0
ν ¼ ð0;−q⊥; αÞ; ðA5Þ

E0
ν ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2⊥ þ α2

q
: ðA6Þ

Squaring Eq. (A2) gives

p02
W ¼m2

W ¼m2
1þm2

ν þm2
23þ 2p0

1 · ðp0
23þp0

νÞþ 2p0
23 ·p

0
ν;

ðA7Þ

where

p0
1 · ðp0

23 þ p0
νÞ ¼ E0

1ðE0
23 þ E0

νÞ − p0
1;zðqz þ αÞ;

p0
23 · p

0
ν ¼ E0

23E
0
ν þ q2⊥ − qzα:

In the energy regime of interest, the charged leptons and
neutrino can be treated as massless particles, such that
m1 ¼ mν ¼ 0. Rearranging Eq. (A7) to solve for Eν gives

E0
ν ¼ Aþ Bα; ðA8Þ

where

A¼ðm2
W −m2

23Þ=2−E0
1E

0
23þp0

1;zqz−q2⊥
E0
1þE0

23

; B¼p0
1;zþqz

E0
1þE0

23

:

Subtracting Eq. (A8) from Eq. (A6) gives the following
quadratic expression in α
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ðB2 − 1Þα2 þ 2ABαþ A2 − q2⊥ ¼ 0:

The solution for α is therefore

α ¼ −AB�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðB2 − 1Þq2⊥ þ A2

p
ðB2 − 1Þ : ðA9Þ

Both solutions for α were studied using simulated HNL
events and it was noted that the solution that led to a smaller
jp⃗N j typically led to a value formHNL that was closer to the
simulatedmN . This solution often corresponded to forward
emission of the neutrino with respect to the HNL decay.
Therefore, the definition of mHNL in the analysis uses the
solution with the positive radical.
The expression for α in Eq. (A9) depends on mW .

ATLAS has measured the W-boson pole mass to be MW ¼
80.370� 0.019 GeV [79]. This measurement is combined
in Ref. [2] with results from other collider experiments to
provide a measurement of the W-boson width, ΓW ¼
2.195� 0.083 GeV. Since the W mass has a width, then
if mW ¼ MW in Eq. (A9) it is possible that there is no real
solution for α. Instead of rejecting these events, mW is set
equal to the median W mass in the kinematically allowed
region (mW;med). This ensures that α (and correspondingly
mHNL) always has a real solution.
To define the kinematically allowed region, the mini-

mum W mass that is consistent with the charged-lepton
decay products (mW;min) is computed. From Eq. (A7), the
mass of the W boson is given by

m2
W ¼ m2

23 þ 2ðE0
1E

0
23 þ E0

νðE0
1 þ E0

23Þ
− p0

1;zqz þ q2⊥ − αðp0
1;z þ qzÞÞ ðA10Þ

and mW;min occurs where

dðm2
W=2Þ
dα

¼ ðE0
1 þ E0

23Þ
dE0

ν

dα
− ðp0

1;z þ qzÞ ¼ 0: ðA11Þ

Using

dE0
ν

dα
¼ d

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2⊥ þ α2

p
dα

¼ α

E0
ν

in Eq. (A11), the chosen value of α that gives the minimum
mW is

α ¼ q⊥Bffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − B2

p : ðA12Þ

Substituting Eq. (A12) into Eq. (A10), the minimum W
boson mass is

m2
W;min ¼ m2

23 þ 2

�
E0
1E

0
23 þ ðE0

1 þ E0
23Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2⊥ þ q2⊥B2

1 − B2

r

− p0
1;zqz þ q2⊥ − ðp0

1;z þ qzÞ
q⊥Bffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − B2

p
�
:

The cumulative probability for the W boson to have a
mass greater than mW;min is used to find the median of the
remaining distribution. The probability density function (f)
for m2

W satisfies

fðm2
WÞ ∝

1

ðm2
W −M2

WÞ2 þM2
WΓ2

W
:

Therefore, the cumulative distribution function (F) is

Fðm2
WÞ ¼

1

π
arctan

�
m2

W −M2
W

MWΓW

�
þ 1

2
: ðA13Þ

The midpoint of the allowed kinematic region has a value
of

Fmed ¼
1þ Fðm2

W;minÞ
2

:

Rearranging Eq. (A13) for m2
W gives

m2
W ¼ M2

W þ ΓWMW tan

�
π

�
F −

1

2

��
: ðA14Þ

Substituting F ¼ Fmed in Eq. (A14) gives an expression for
the median W mass in the kinematically allowed region

m2
W;med ¼ M2

W þ ΓWMW tan

�
π

�
1þ Fðm2

W;minÞ
2

−
1

2

��
:

This value of mW;med is used in Eq. (A9) to solve for α.
From Eq. (A1) and the definitions in Eq. (A3) to (A6),

the expression for the HNL mass in terms of α is

m2
HNL ¼ m2

23 þ 2p0
ν · p0

23

¼ m2
23 þ 2E0

23

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2⊥ þ α2

q
þ 2q2⊥ − 2qzα: ðA15Þ

Substituting the expression for α in Eq. (A9) into Eq. (A15)
gives the solution for the HNL mass.
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35fInstitute of Applied Physics, Mohammed VI Polytechnic University, Ben Guerir, Morocco

36CERN, Geneva, Switzerland
37Affiliated with an institute covered by a cooperation agreement with CERN

38Affiliated with an international laboratory covered by a cooperation agreement with CERN
39Enrico Fermi Institute, University of Chicago, Chicago, Illinois, USA
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77bUniversità degli Studi di Trento, Trento, Italy
78Universität Innsbruck, Department of Astro and Particle Physics, Innsbruck, Austria

79University of Iowa, Iowa City, Iowa, USA
80Department of Physics and Astronomy, Iowa State University, Ames, Iowa, USA

81aDepartamento de Engenharia Elétrica, Universidade Federal de Juiz de Fora (UFJF), Juiz de Fora, Brazil
81bUniversidade Federal do Rio De Janeiro COPPE/EE/IF, Rio de Janeiro, Brazil

81cInstituto de Física, Universidade de São Paulo, São Paulo, Brazil
81dRio de Janeiro State University, Rio de Janeiro, Brazil

82KEK, High Energy Accelerator Research Organization, Tsukuba, Japan
83Graduate School of Science, Kobe University, Kobe, Japan

84aAGH University of Science and Technology, Faculty of Physics and Applied Computer Science, Krakow, Poland
84bMarian Smoluchowski Institute of Physics, Jagiellonian University, Krakow, Poland

85Institute of Nuclear Physics Polish Academy of Sciences, Krakow, Poland
86Faculty of Science, Kyoto University, Kyoto, Japan

87Kyoto University of Education, Kyoto, Japan
88Research Center for Advanced Particle Physics and Department of Physics, Kyushu University, Fukuoka, Japan

89Instituto de Física La Plata, Universidad Nacional de La Plata and CONICET, La Plata, Argentina
90Physics Department, Lancaster University, Lancaster, United Kingdom

91Oliver Lodge Laboratory, University of Liverpool, Liverpool, United Kingdom
92Department of Experimental Particle Physics, Jožef Stefan Institute and Department of Physics,

University of Ljubljana, Ljubljana, Slovenia
93School of Physics and Astronomy, Queen Mary University of London, London, United Kingdom

94Department of Physics, Royal Holloway University of London, Egham, United Kingdom
95Department of Physics and Astronomy, University College London, London, United Kingdom

96Louisiana Tech University, Ruston, Los Angeles, USA
97Fysiska institutionen, Lunds universitet, Lund, Sweden

98Departamento de Física Teorica C-15 and CIAFF, Universidad Autónoma de Madrid, Madrid, Spain
99Institut für Physik, Universität Mainz, Mainz, Germany

100School of Physics and Astronomy, University of Manchester, Manchester, United Kingdom
101CPPM, Aix-Marseille Université, CNRS/IN2P3, Marseille, France
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