
EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)

Submitted to: PRL CERN-EP-2022-017
April 25, 2022

Search for heavy neutral leptons in decays of 𝑾
bosons using a dilepton displaced vertex in

√
𝒔 = 13 TeV 𝒑 𝒑 collisions with the ATLAS detector

The ATLAS Collaboration

A search for a long-lived, heavy neutral lepton (N ) in 139 fb−1 of
√
𝑠 = 13 TeV 𝑝𝑝 collision

data collected by the ATLAS detector at the Large Hadron Collider is reported. The N is
produced via 𝑊 → N𝜇 or 𝑊 → N𝑒 and decays into two charged leptons and a neutrino,
forming a displaced vertex. TheN 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.

© 2022 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.



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 by N henceforth. The
existence of HNLs 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 = {𝑒, 𝜇, 𝜏}. It can
therefore participate in weak interactions, controlled by dimensionless mixing coefficients 𝑈𝛼, where
|𝑈𝛼 | � 1. Previous searches were interpreted only in terms of a one-HNL model with single-flavor mixing
(1SFH) [22–30]. 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 [31–33]. The simplest viable model is that of two quasi-degenerate HNLs (2QDH), with close
masses and couplings, where all𝑈𝛼 are nonzero. A reinterpretation of ATLAS HNL searches in such HNL
scenarios has been performed [33]. However, no experiment has directly explored 2QDH models yet.

The search reported here considers the production of HNLs via𝑊 → Nℓ𝛼, where 𝛼 = {𝑒, 𝜇} 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 = 𝑒 or 𝜇.
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 ≈ (4.3 × 10−12 s) |𝑈 |−2(𝑚N/1 GeV)−5 [34] where
|𝑈 |2 ≡ ∑

𝛽 |𝑈𝛽 |2, is taken from Ref. [35]. 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 charged leptons therein,
denoted by “ℓ𝛼–ℓ𝛽ℓ𝛾” (explicitly listed in Table 1). Decays of the𝑊 or N to 𝜏-leptons were determined to
have negligible impact on 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 |𝑈𝜇 |2 via the final states 𝜇−𝜇𝜇, 𝜇−𝜇𝑒, and 𝜇−𝑒𝑒, while |𝑈𝑒 |2 is accessible via 𝑒−𝑒𝑒,
𝑒−𝑒𝜇, and 𝑒−𝜇𝜇. In 2QDH scenarios, the combination of the six final states provides sensitivity to |𝑈𝑒 |2,
|𝑈𝜇 |2, and |𝑈𝜏 |2. For both scenarios, bounds on the mixing parameters are extracted in the “Dirac limit”
of lepton-number-conserving (LNC) HNL interactions, where the𝑊∗-mediated final state is ℓ±𝛼–ℓ∓𝛼ℓ±𝛾 , and
in the “Majorana limit” of equal branching fractions for LNC and lepton-number-violating (LNV, ℓ±𝛼–ℓ±𝛽ℓ

∓
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. 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 performedwith 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 Pythia 8.212 [37] with the A14 set of tuned parameters [38] and the NNPDF2.3lo PDF set [39].
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 [40] and NNPDF2.3lo PDF set. Particles
were propagated through a detector simulation [41] based on Geant4 [42]. To properly simulate spin
correlations between𝑊-boson decay products [33, 43, 44], which are not accounted for in Pythia 8, events
are weighted to reproduce the angular distributions obtained with MadGraph5_aMC@NLO2.9.3 [45]
using the HeavyN model [46, 47]. The weighting procedure is validated by comparing the momentum
spectra of each of the charged-lepton flavors and the neutrino between the weighted Pythia 8 and
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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 = 1, 10, 100 mm.

The ATLAS detector [48–50] is a cylindrical detector with forward-backward symmetry and nearly 4𝜋
solid-angle coverage.1 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 [51] 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 [52] that require a single
isolated electron [53] or muon [54] 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 [55, 56] with 𝑝T > 28 GeV and |𝜂 | < 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 = 0.3 around the lepton momentum (Σ𝑝 (0.3)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, |𝜂 | < 2.5, and Σ𝑝 (0.3)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 |𝑑0 | > 0.1 mm
(|𝑑0 | > 1 mm) for muons (electrons). Events that pass the filter are then processed with a large-radius
tracking (LRT) algorithm [57], that is efficient for tracks with |𝑑0 | < 300 mm. The LRT is run after standard
tracking [58], which is efficient only for |𝑑0 | < 10 mm. Standard and large-radius tracks are combined 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 > 500MeV.
When more than one PV is reconstructed, the one with the highest Σ𝑝2T 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,
|𝑑0 | < 3 mm, and | (𝑧0 − 𝑧PV) sin 𝜃 | < 0.5 mm, where 𝑧0 is the track’s longitudinal 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. [59]. 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 configuration changes relative
to Ref. [59]: seed DVs are formed from leptons only, with at least one lepton satisfying |𝑑0 | > 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 comprising a pair of leptons with opposite-sign (OS) electric
charge, although same-sign (SS) DVs are retained and used for background studies. If a displaced track
is identified as both a muon and an electron, the track is taken to be either a muon or an electron based
on its muon- and electron-identification quality, and for DVs with electrons, quality criteria optimized

1 ATLAS uses a right-handed coordinate system with its origin at the nominal IP in the center of the detector and the 𝑧-axis
along the beam pipe. The 𝑥-axis points from the IP to the center of the LHC ring, and the 𝑦-axis points upward. Cylindrical
coordinates (𝑟 , 𝜙) are used in the transverse plane, 𝜙 being the azimuthal angle around the 𝑧-axis. The pseudorapidity is defined
in terms of the polar angle 𝜃 as 𝜂 = − ln tan 𝜃/2. Angular distance is measured in units of Δ𝑅 ≡

√︁
(Δ𝜂)2 + (Δ𝜙)2.
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for displaced tracks are applied [60]. If a displaced track in the DV is within Δ𝑅 = 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 the𝑊 mass, must satisfy
40 GeV < 𝑚DV+ℓ < 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 following 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 satisfy

√︁
(Σ𝜂)2 + (𝜋 − Δ𝜙)2 > 0.05 [61]. 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 [62]. 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 < (225/7) mm;
𝑚DV > 2 GeV for 𝑟DV > (750/7) mm; and 𝑚DV > 7 GeV × (1 − 𝑟DV/(150 mm)) 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 = 𝛽) and opposite charge satisfies 80 GeV < 𝑚(ℓ±𝛼ℓ∓𝛽 ) < 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 the𝑊 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 [36]. 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 Figure 1(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 |𝑈𝛼 |2 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 background modeling and evaluation of systematic
uncertainties. 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 1(b) shows the 𝑚DV distributions for SS
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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.
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Figure 1: (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.

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 Figure 1(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.

The shuffled-event background model relies on the assumption that the absence of correlation between the
randomly crossing tracks results in an absence of correlation between the DV and the prompt lepton. The
validity of this assumption is checked by comparing the 𝑚HNL distributions and the 𝑚DV+ℓ 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, 𝑚(ℓ±𝛼ℓ∓𝛽 ), and 𝑚DV+ℓ 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 uncertainty from the assumption that nonrandom
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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 𝐾0S → 𝜋+𝜋− event yields in the VR with those in MC
samples produced with Pythia 8.186 in bins of 𝑝T and 𝑟DV, as in Ref. [63]. An additional uncertainty of
3% in the track reconstruction efficiency is calculated by randomly removing tracks from each signal MC
event with a 𝑝T- and 𝜂-dependent probability [64].

Uncertainties due to data–MC differences in the trigger efficiency [53, 54] range up to 1%, and those due to
lepton reconstruction, identification, and impact parameter resolution are between 2% and 17% [56, 65] for
the different channels. As in Ref. [60], an uncertainty in lepton-identification is estimated as the difference
in selection efficiency between large and small |𝑑0 | tracks. Its maximal value is 7%. The uncertainty in the
𝑊-boson production cross section and modeling is 3% [66], and that in the HNL branching fractions and
decay modeling is 5%, arising mainly from the QCD corrections to the HNL hadronic decay width [35,
67]. Other uncertainties, including the impact of pileup on signal selection, luminosity uncertainty [68,
69], and uncertainty from the filtering selection used for the extended track reconstruction, each contribute
at < 3%.

Table 1 shows the post-fit estimated and observed yields in the SR and CR for all channels (including the
1SFH, LNC scenario with the requirement ℓ±𝛼–ℓ∓𝛼ℓ±𝛾 ); a signal plus background hypothesis is used (post-fit
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.

Table 1: Numbers (yields) of estimated post-fit 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∓𝛼ℓ±𝛾 .

Channel Signal region Control region
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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Limits are set at 95% confidence level (CL) on |𝑈𝛼 |2 vs. 𝑚N for each HNL scenario, using the CLs
prescription [70] implemented in TRExFitter [71–73]. All systematic uncertainties are included in the fit
by using nuisance parameters, whose post-fit values do not show any significant pull or constraint. Each
MC signal sample corresponds to specific values of |𝑈𝛼 |2 vs. 𝑚N , for which the efficiency is evaluated and
a hypothesis test is performed with 104 pseudoexperiments.

Figure 2 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 ≡ |𝑈𝛼 |2/|𝑈 |2 = 1/3 (𝛼 = 𝑒, 𝜇, 𝜏); for the normal-hierarchy case, the values 𝑥𝑒 = 0.06, 𝑥𝜇 = 0.48 and
𝑥𝜏 = 0.46 are used [33, 74]. 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 = 5 GeV is due to the 𝑟DV-dependent 𝑚DV selection, which limits the sensitivity at low mass.
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Figure 2: (a) The observed and expected 95% CL limits on |𝑈𝛼 |2 vs. 𝑚N in the Majorana-limit case, with green and
yellow bands showing the one and two standard deviation (𝜎) spreads for the expected limits. (b,c) The observed
limits in the 2QDH scenario with inverted (IH) and normal (NH) mass hierarchy, and in 1SFH scenarios where the
HNL mixes with only 𝜈𝜇 or 𝜈𝑒.
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In conclusion, a search for long-lived heavy neutral leptons is conducted in a 139 fb−1 data sample of√
𝑠 = 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 |𝑈𝛼 |2 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 |𝑈𝜇 |2 and 𝑚N than previously excluded by ATLAS, and the limits on |𝑈𝑒 |2 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.

We wish to acknowledge our late colleague, Philippe Mermod (1978–2020), for his efforts in pioneering
this search and his widespread engagement in searches for long-lived feebly interacting particles beyond the
ATLAS experiment. The search we present here could not be what it is without his vision and hard work.
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Appendix

𝑊+

ℓ+𝛼

ℓ−
𝛽

ℓ+𝛾

𝜈𝛾

N 𝑊+∗

(a)

𝑊+

ℓ+𝛼

𝜈𝛽

ℓ+𝛾

ℓ−𝛾

N 𝑍∗

(b)

𝑊+

ℓ+𝛼

ℓ+
𝛽

ℓ−𝛾

𝜈̄𝛾

N 𝑊−∗

(c)

𝑊+

ℓ+𝛼

𝜈̄𝛽

ℓ+𝛾

ℓ−𝛾

N 𝑍∗

(d)

Figure 3: Feynman diagrams for the HNL production and decay modes targeted in this analysis. 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,c) and virtual 𝑍 (b,d) contribute to
the process. Lepton number conserving (a,b) and lepton number violating (c,d) processes are shown. Equivalent
processes are also valid for an initial state𝑊− boson.
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Figure 4: The 𝑚DV distributions of OS and SS DVs in the validation region, for (a) 𝜇𝜇 and (b) 𝑒𝑒 DVs. These
demonstrate that the SS and OS DV distributions generally agree well, in line with the assumption that the dominant
residual background for the search is that of random-crossing vertices, which is then estimated by a data-driven
method. The disagreements which are visible here in part result from the remaining nonrandom-crossing backgrounds
and these are accounted for with a systematic uncertainty. The markers are offset from the central positions for
visualization purposes.
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Figure 5: The two-dimensional distribution of 𝑚DV and 𝑟DV. Shown is the difference between the OS- and SS-vertex
distributions. The vertices used in the selection are from the validation region, in which events containing prompt
leptons are vetoed. The 𝑧-axis maximum is set to 30 to provide a scale that distinguishes between small positive
(more OS- than SS-DVs) and small negative (more SS- than OS-DVs) entries. The solid red line represents the DV
selection that is applied in each channel to remove background from heavy-flavor decays. The larger reconstruction
efficiency for 𝜇𝜇 DVs results in a number of displaced 𝐽/𝜓 → 𝜇𝜇 decays. For this reason, the 𝑟DV–𝑚DV correlation
selection, which is applied in the 𝑒𝑒 and 𝑒𝜇 channels, is not sufficient to remove heavy-flavor 𝜇𝜇 decays. Instead, an
𝑚DV > 5.5 GeV selection is applied in channels with 𝜇𝜇 DVs.
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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

𝑝
𝜇

N = 𝑝
𝜇

2 + 𝑝
𝜇

3 + 𝑝
𝜇
𝜈 ≡ 𝑝

𝜇

23 + 𝑝
𝜇
𝜈 . (1)

Four-momentum conservation in the𝑊 decay gives

𝑝
𝜇

𝑊
= 𝑝

𝜇

1 + 𝑝
𝜇

N = 𝑝
𝜇

1 + 𝑝
𝜇

23 + 𝑝
𝜇
𝜈 . (2)

The following are defined

𝑝223 = 𝐸
2
23 − | ®𝑝23 |2 ≡ 𝑚223

𝑝
‖
23 ≡ ®𝑝23 · 𝒗̂
𝑝⊥23 ≡ | ®𝑝23 − 𝑝 ‖23𝒗̂ |

where 𝑚, 𝐸 , and | ®𝑝 | 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 = (𝒙′, 𝒚′, 𝒛′), which is rotated
relative to the ATLAS coordinate system, such that the origin of the 𝑘-frame is at the PV and the 𝑧′-axis
points along the flight direction of the HNL. The definition of this coordinate system is

𝒛′ = 𝒗̂, 𝒙′ =
®𝑝23 × 𝒛′

| ®𝑝23 × 𝒛′ |
, 𝒚′ = 𝒛′ × 𝒙′.

The momenta of ℓ2 and ℓ3 constrain the components of the neutrino momentum orthogonal to ®𝑝N . 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 𝒛′ direction. To express Eqs. (1)
and (2) in terms of 𝛼, the following quantities are defined

®𝑝′23 ≡ ®𝑞 (3)
®𝑞 = (0, | ®𝑝23 × 𝒛′ | ≡ 𝑞⊥, ®𝑝23 · 𝒛′ ≡ 𝑞𝑧) (4)
®𝑝′𝜈 = (0, −𝑞⊥, 𝛼) (5)

𝐸 ′
𝜈 =

√︃
𝑞2⊥ + 𝛼2. (6)

Squaring Eq. (2) gives

𝑝
′2
𝑊 = 𝑚2𝑊 = 𝑚21 + 𝑚

2
𝜈 + 𝑚223 + 2𝑝

′
1 · (𝑝

′
23 + 𝑝

′
𝜈) + 2𝑝′23 · 𝑝

′
𝜈 (7)
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where

𝑝′1 · (𝑝
′
23 + 𝑝

′
𝜈) = 𝐸 ′

1(𝐸
′
23 + 𝐸

′
𝜈) − 𝑝′1,𝑧 (𝑞𝑧 + 𝛼)

𝑝′23 · 𝑝
′
𝜈 = 𝐸 ′

23𝐸
′
𝜈 + 𝑞2⊥ − 𝑞𝑧𝛼.

In the energy regime of interest, the charged leptons and neutrino can be treated as massless particles, such
that 𝑚1 = 𝑚𝜈 = 0. Rearranging Eq. (7) to solve for 𝐸𝜈 gives

𝐸 ′
𝜈 = 𝐴 + 𝐵𝛼 (8)

where

𝐴 =
(𝑚2

𝑊
− 𝑚223)/2 − 𝐸

′
1𝐸

′
23 + 𝑝

′
1,𝑧𝑞𝑧 − 𝑞

2
⊥

𝐸 ′
1 + 𝐸

′
23

, 𝐵 =
𝑝′1,𝑧 + 𝑞𝑧
𝐸 ′
1 + 𝐸

′
23

Subtracting Eq. (8) from Eq. (6) gives the following quadratic expression in 𝛼

(𝐵2 − 1)𝛼2 + 2𝐴𝐵𝛼 + 𝐴2 − 𝑞2⊥ = 0.

The solution for 𝛼 is therefore

𝛼 =
−𝐴𝐵 ±

√︃
(𝐵2 − 1)𝑞2⊥ + 𝐴2

(𝐵2 − 1)
. (9)

Both solutions for 𝛼 were studied using simulated HNL events and it was noted that the solution that led to
a smaller | ®𝑝N | typically led to a value for 𝑚HNL that was closer to the simulated 𝑚N . 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. (9) depends on 𝑚𝑊 . ATLAS has measured the 𝑊-boson pole mass to be
𝑀𝑊 = 80.370±0.019 GeV [75]. This measurement is combined in Ref. [2] with results from other collider
experiments to provide a measurement of the 𝑊-boson width, Γ𝑊 = 2.195 ± 0.083 GeV. Since the 𝑊
mass has a width, then if 𝑚𝑊 = 𝑀𝑊 in Eq. (9) it is possible that there is no real solution for 𝛼. Instead of
rejecting these events, 𝑚𝑊 is set equal to the median𝑊 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 minimum𝑊 mass that is consistent with the charged-lepton
decay products (𝑚𝑊 ,min) is computed. From Eq. (7), the mass of the𝑊 boson is given by

𝑚2𝑊 = 𝑚223 + 2
(
𝐸 ′
1𝐸

′
23 + 𝐸

′
𝜈 (𝐸 ′

1 + 𝐸
′
23) − 𝑝

′
1,𝑧𝑞𝑧 + 𝑞

2
⊥ − 𝛼(𝑝′1,𝑧 + 𝑞𝑧)

)
(10)

and 𝑚𝑊 ,min occurs where

𝑑 (𝑚2
𝑊
/2)

𝑑𝛼
= (𝐸 ′

1 + 𝐸
′
23)
𝑑𝐸 ′

𝜈

𝑑𝛼
− (𝑝′1,𝑧 + 𝑞𝑧) = 0. (11)
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Using

𝑑𝐸 ′
𝜈

𝑑𝛼
=
𝑑

√︃
𝑞2⊥ + 𝛼2

𝑑𝛼
=
𝛼

𝐸 ′
𝜈

in Eq. (11), the chosen value of 𝛼 that gives the minimum 𝑚𝑊 is

𝛼 =
𝑞⊥𝐵√
1 − 𝐵2

. (12)

Substituting Eq. (12) into Eq. (10), the minimum𝑊 boson mass is

𝑚2𝑊 ,min = 𝑚
2
23 + 2

©­«𝐸 ′
1𝐸

′
23 + (𝐸 ′

1 + 𝐸
′
23)

√︄
𝑞2⊥ +

𝑞2⊥𝐵
2

1 − 𝐵2
− 𝑝′1,𝑧𝑞𝑧 + 𝑞

2
⊥ − (𝑝′1,𝑧 + 𝑞𝑧)

𝑞⊥𝐵√
1 − 𝐵2

ª®¬ .
The cumulative probability for the𝑊 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

𝑓 (𝑚2𝑊 ) ∝ 1
(𝑚2

𝑊
− 𝑀2

𝑊
)2 + 𝑀2

𝑊
Γ2
𝑊

.

Therefore, the cumulative distribution function (𝐹) is

𝐹 (𝑚2𝑊 ) = 1
𝜋
arctan

(
𝑚2

𝑊
− 𝑀2

𝑊

𝑀𝑊 Γ𝑊

)
+ 1
2
. (13)

The midpoint of the allowed kinematic region has a value of

𝐹med =
1 + 𝐹 (𝑚2

𝑊 ,min)
2

Rearranging Eq. (13) for 𝑚2
𝑊
gives

𝑚2𝑊 = 𝑀2𝑊 + Γ𝑊𝑀𝑊 tan
(
𝜋

[
𝐹 − 1

2

] )
. (14)

Substituting 𝐹 = 𝐹med in Eq. (14) gives an expression for the median𝑊 mass in the kinematically allowed
region

𝑚2𝑊 ,med = 𝑀
2
𝑊 + Γ𝑊𝑀𝑊 tan

(
𝜋

[
1 + 𝐹 (𝑚2

𝑊 ,min)
2

− 1
2

])
.

This value of 𝑚𝑊 ,med is used in Eq. (9) to solve for 𝛼.
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From Eq. (1) and the definitions in Eqs. (3) to (6), the expression for the HNL mass in terms of 𝛼 is

𝑚2HNL = 𝑚
2
23 + 2𝑝

′
𝜈 · 𝑝′23

= 𝑚223 + 2𝐸
′
23

√︃
𝑞2⊥ + 𝛼2 + 2𝑞2⊥ − 2𝑞𝑧𝛼. (15)

Substituting the expression for 𝛼 in Eq. (9) into Eq. (15) gives the solution for the HNL mass.
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