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A search for heavy neutral leptons (HNLs) decaying in the CMS muon system is presented. A data
sample is used corresponding to an integrated luminosity of 138 fb−1 of proton-proton collisions atffiffiffi
s

p ¼ 13 TeV, recorded at the CERN LHC in 2016–2018. Decay products of long-lived HNLs could
interact with the shielding materials in the CMS muon system and create hadronic and electromagnetic
showers detected in the muon chambers. This distinctive signature provides a unique handle to search
for HNLs with masses below 4 GeV and proper decay lengths of the order of meters. The signature is
sensitive to HNL couplings to all three generations of leptons. Candidate events are required to contain a
prompt electron or muon originating from a vertex on the beam axis and a displaced shower in the muon
chambers. No significant deviations from the standard model background expectation are observed. In the
electron (muon) channel, the most stringent limits to date are set for HNLs in the mass range of 2.1–3.0
(1.9–3.3) GeV, reaching mixing matrix element squared values as low as 8.6ð4.6Þ × 10−6.
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I. INTRODUCTION

The observation of neutrino oscillations [1–3] provides
experimental evidence for nonzero neutrino masses [4].
Cosmological considerations [5,6] and direct measure-
ments [7] imply that the neutrino masses are much smaller
than both the masses of other standard model (SM)
fermions and the vacuum expectation value of the Higgs
field, hinting at a different mechanism for generating
masses of neutrinos compared with that for the masses
of charged fermions.
One possible explanation of the nonzero neutrino masses

is the existence of heavy neutral leptons (HNLs) with right-
handed chirality, giving rise to the gauge-invariant mass
terms for the SM neutrinos through the “seesaw” mecha-
nism [8–15]. The HNLs are singlets with respect to the SM
gauge groups and therefore do not interact with SM
particles through the electroweak or strong interactions,
but can be produced through mixing with the SM electron,
muon, and τ neutrinos [16–20]. There can be either distinct
HNL particles and antiparticles [(pseudo-)Dirac type], or
the HNL can be its own antiparticle (Majorana type). An
HNL is characterized by its mass mN and its mixing matrix
elements VNl, with l ¼ e, μ, τ, respectively. The HNL

lifetime is inversely proportional to m5
N jVNlj2 [21], and

HNLs can be macroscopically long-lived for suffici-
ently low values of mixing matrix elements. Models with
HNLs are well motivated because they can explain
the baryon asymmetry of the Universe through CP viola-
tion in the HNL system [22,23], provide a dark matter
candidate [24], and explain the observed anomalous mag-
netic moment of the muon [25,26].
Past searches for HNLs have covered a wide range of

masses ranging from a few keV to several TeV [27–33]. At
the CERN LHC, searches conducted by the ATLAS, CMS,
and LHCb Collaborations [34–40] have targeted both
prompt and long-lived HNL decays. The search presented
in this paper focuses on HNLs with masses between 1 and
4 GeV. In this region, the most stringent prior limits for the
muon (electron) mixing parameter jVNμj2 (jVNej2) have
been set by the BEBC, CHARM, and NuTeV experiments
[27,28,30] below about 1.9 (2.1) GeV and by the CMS
searches [38,41] for masses above 1.9 (2.1) GeV. The most
stringent prior limits for the τmixing parameter jVNτj2 have
been set by the DELPHI and CHARM experiments [28,29].
This search aims to extend the discovery reach toward
the lowest values of jVNlj2 achieved in the 1–4 GeV
mass range.
In this paper, a search for Dirac andMajorana HNLs with

mean proper decay lengths (cτ0) in the range of 0.1–10 m is
performed. A data sample collected by the CMS experi-
ment in 2016–2018 and corresponding to an integrated
luminosity of 138 fb−1 is used. An HNL that decays via a
virtualW boson can result in a final state with two charged
leptons and a neutrino, or one lepton and two quarks.
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Figure 1 shows the Feynman diagram for the production of
an HNL viaW boson decay, where the prompt lepton from
the W boson decay originates from a vertex on the beam
axis and serves as a clean signature for triggering. We
search for HNL decays occurring within the muon detector
system. The hadrons and electrons from the HNL decays,
including those resulting from an intermediate τ lepton,
could produce a particle shower as they interact with the steel
shieldingmaterial of themuon detectors. This process results
in the striking signature of a localized high-multiplicity
cluster of muon detector hits, referred to as a muon detector
shower (MDS) object. Because of the macroscopic distance
from the primary interaction point to the muon detectors and
its large volume of geometric acceptance, this signature is
sensitive to a large class of models involving long-lived
particles (LLPs). It is uniquely sensitive to HNLs with cτ0 in
the range 0.1–10 m, extending the search sensitivity to
unprecedentedly low mixing parameter values in the mN
range of 1–3 GeV. We follow an analysis strategy for MDS
objects that is similar to one used by CMS in Ref. [42].
The outline of the paper is as follows: a brief description

of the CMS detector is given in Sec. II. The dataset and the

simulated samples of events are detailed in Sec. III,
followed by a description of the event selection and
categorization in Sec. IV. A description of the backgrounds
and the method used to estimate them is given in Sec. V.
Sources of systematic uncertainty affecting the expected
numbers of signal and background events are discussed
in Sec. VI. The results and their interpretations are
presented in Sec. VII, followed by a summary of the paper
in Sec. VIII. The numerical results of this paper can be
found in its HEPData [43] record.

II. THE CMS DETECTOR

The central feature of the CMS detector is a super-
conducting solenoid of 6 m internal diameter, providing a
magnetic field of 3.8 T. Within the solenoid volume are a
silicon pixel and strip tracker, a lead tungstate crystal
electromagnetic calorimeter (ECAL), and a brass and
scintillator hadron calorimeter (HCAL), each composed
of a barrel and two end cap sections. The ECAL consists of
75,848 lead tungstate crystals, which cover jηj < 1.48 in
the barrel region and 1.48 < jηj < 3.00 in the two end cap
regions. The HCAL is composed of cells of width 0.087 in
η and azimuth (ϕ, in radians) for the region jηj < 1.74,
progressively increasing to a maximum of 0.174 for larger
values of jηj, along with the forward calorimeters extending
the η coverage provided by the barrel and end cap detectors.
Muons are measured in the pseudorapidity range of

jηj < 2.4, with detection planes embedded in the steel flux-
return yoke outside the solenoid and made using three
technologies: drift tubes (DTs), cathode strip chambers
(CSCs), and resistive-plate chambers (RPCs).
The barrel DT detectors cover jηj < 1.2 and are organ-

ized into four layers (“stations”), labeled MB1–MB4. The
stations are located approximately 4–7 m in radial distance
(r) from the interaction point. Each station is a concentric
ring of chambers, interleaved with the layers of the steel
flux-return yoke of the solenoid and is divided along the
beamline axis (z) into five wheels. In the first three stations,
every DT chamber consists of three “superlayers” (SLs),
each comprising four staggered layers of parallel DT cells,
for a total of 12 layers. The innermost and outermost SLs
measure the hit coordinate in the rϕ plane, and the central
SL measures in the z direction, along the beamline. The
fourth station (MB4) contains only two SLs measuring the
hit position in the rϕ plane. The DT cells are designed to
provide a uniform electric field, such that the position of a
traversing charged particle can be inferred from the
measured arrival time and the constant drift velocity.
Individual hits have a resolution of about 600 μm which
can be improved to about 260 μm by incorporating
information from hits in the same SL [44].
The CSC detectors cover 0.9 < jηj < 2.4 and comprise

four stations in each end cap, labeled ME1–ME4. Each
station is a ring of chambers interleaved between two layers
of steel flux-return yoke at approximately the same value

FIG. 1. Feynman diagrams for the production of a Majorana
HNL NM (upper) and a Dirac HNL ND (lower) via a W− boson
decay and through its mixing with an SM neutrino of the same
flavor. The prompt lepton from the W− boson serves as a clean
signature for triggering, whereas the decay products of the HNL
are reconstructed as a cluster of muon detector hits.
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of z. The stations are located approximately 7, 8, 9.5, and
10.5 m from the interaction point along the beamline
axis on both ends of the detector. Each chamber con-
sists of six layers containing cathode strips along the
radial direction and anode wires perpendicular to the
central strip. Position and timing measurements of
traversing charged particles are extracted from the elec-
trical signals on the anode wires and the cathode strips in
each chamber, for which the typical resolutions are
400–500 μm and 5 ns.
The RPC detectors are placed alongside the DTand CSC

detectors and are primarily designed to provide timing
information for the muon trigger.
Events of interest are selected using a two-tiered

trigger system. The first level, composed of custom
hardware processors, uses information from the calorim-
eters and muon detectors to select events at a rate of
around 100 kHz within a fixed latency of about 4 μs
[45]. The second level, known as the high-level trigger,
consists of a farm of processors running a version of the
full event reconstruction software optimized for fast
processing and reduces the event rate to around 1 kHz
before data storage [46]. A more detailed description of
the CMS detector, together with a definition of the
coordinate system used and the relevant kinematic
variables, is reported in Ref. [47].

III. SIMULATED SAMPLES

Simulated samples of Drell-Yan produced Z þ jets are
used to validate the MDS object reconstruction efficiency.
They are produced using POWHEG 2.0 [48–50] and normal-
ized to next-to-next-to-leading-order (NNLO) precision
[51,52]. Signal samples for HNL production are generated
at leading order with the Monte Carlo (MC) generator
MadGraph5_aMC@NLO 2.3.3 [53–56]. This matrix element
level calculation includes only the W-channel production
of HNLs with up to two additional partons. The simulated
events are interfaced with PYTHIA 8.226 [57] to simulate the
parton shower and hadronization of partons and the under-
lying event description.
The branching fraction of W boson decays into an HNL

plus a lepton is proportional to the mixing parameter
jVNlj2. The signatures considered in this search are
sensitive to mixing with νe, νμ, or ντ since the decay
products of the HNL in the muon detector system are
reconstructed as particle showers. The final states consist of
one prompt lepton (e or μ) from the W boson decay and
HNL decay products. To account for higher order effects,
the cross sections of the signal samples are scaled to the
NNLO W boson production cross section, which is
20510� 770 pb [58] including the branching fraction to
one lepton flavor, multiplied by the square of the HNL
mixing matrix elements. The branching ratios to all three
lepton generations are assumed to be the same. To obtain a
more accurate description of the boost of the HNL signal,

W-boson-pT-dependent corrections based on an MC sam-
ple generated with DYTurbo1.3.2 at next-to-next-to-next-to-
leading-logarithm and next-to-NNLO accuracy [59,60] are
computed and applied as an event-by-event weight.
Signals corresponding to both Dirac and Majorana

HNLs are considered in this search, for cτ0 values in the
range of 0.1–10 m. Lepton number violating (LNV) decays
are only possible for Majorana HNLs, whereas lepton
number conserving (LNC) decay channels are available for
both Majorana and Dirac HNLs. This distinction implies
that the widths of the Dirac HNL are exactly half of that of
the Majorana HNLs for the same mN and mixing matrix;
therefore, the lifetime of the Dirac HNLs will be twice the
Majorana ones [56]. In this search, the charged lepton from
the HNL decay is either not detected or its charge is not
measured, resulting in identical detector response between
LNVand LNC events. Therefore, we can predict the signal
yields of a simulated Majorana sample as those from a
Dirac HNL sample with twice the lifetime.
Generated events are processed through a simulation of

the detector geometry and response using Geant4 [61]. The
same reconstruction software is applied to both data and
simulated events. Simulated events include an expected
distribution of the number of additional pp interactions
within the same or nearby bunch crossings (pileup). All
generated events are weighted such that the distribution of
the number of collisions per bunch crossing matches the
one observed in data, with an average of approximately 23
(32) interactions per bunch crossing [62–64] in 2016
(2017–2018). The underlying PYTHIA event tune
CUETP8M1 [65] (CP5 [66]) and NNPDF3.0 [67] (3.1
[68]) parton distribution functions are used to simulate all
samples for the 2016 (2017–2018) data-taking period.
The HNL signal samples are generated for mN in the

range from 1 to 4 GeV and cτ0 in the range from 0.1 to
10 m. Since only a discrete set of lifetimes was generated,
the signal predictions for intermediate lifetimes were
estimated by performing the reweighting procedure
described below. The simulated HNLs are assumed to
couple exclusively to one of the three SM neutrino families.
The signal production cross sections and lifetimes are
determined by the values of mN and jVNlj2, which in turn
determine the signal acceptance and reconstruction effi-
ciency. Thus, for a fixed value ofmN , a simple cross section
rescaling is not sufficient to correctly reproduce the
behavior of other HNLs with the same mN but different
jVNlj2. To emulate an HNL signal sample with a specific
value of jVNlj2 (and thus cτ0), we thus apply per-event
weights to the events, such that the HNL lifetime distri-
bution (taken before the parton shower and detector
simulation) matches the predicted distribution for the
chosen jVNlj2 value. For signal scenarios withmN between
the masses of the simulated samples, we estimate the signal
yield by interpolating between the predictions from the
simulated samples at nearby mN using the fact that the
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acceptance of the muon system differs only through
the Lorentz boost factor.

IV. EVENT RECONSTRUCTION AND SELECTION

The objects in each event are reconstructed using
the particle-flow (PF) algorithm [69], which aims to
identify each individual particle in an event as an electron,
photon, muon, charged or neutral hadron, with an opti-
mized combination of information from the various ele-
ments of the CMS detector. The resulting particles are
referred to as PF candidates. Each electron is identified as a
charged-particle track that extrapolates to an ECAL energy
cluster and any nearby ECAL clusters that are consistent
with possible bremsstrahlung photons [70]. The electron
momentum is estimated by combining the energy meas-
urement in the ECAL with the momentum measurement in
the tracker. Muons are identified as tracks in the central
tracker consistent with either tracks or several hits in the
muon system and associated with calorimeter deposits
compatible with the muon hypothesis [71]. Photons
are identified as ECAL energy clusters not linked to the
extrapolation of any charged-particle trajectory to the
ECAL [72]. The energies of photons are obtained from
the ECAL measurement. Charged hadrons are identified as
charged-particle tracks neither identified as electrons nor as
muons. The energy of each charged hadron is determined
from a combination of the track momentum and the
corresponding ECAL and HCAL energies, corrected for
the response function of the calorimeters to hadronic
showers. Finally, a neutral hadron is identified as HCAL
energy clusters not linked to any charged-hadron trajectory
or as a combined ECAL and HCAL energy excess with
respect to the expected charged-hadron energy deposit.
The energy of each neutral hadron is obtained from the
corresponding corrected ECAL and HCAL energies.
To identify the electrons and muons resulting from the

decays of the W bosons, we impose additional selection
requirements to enhance the signal purities of these objects.
For each electron candidate, requirements are imposed on
the shape of the electromagnetic shower in the ECAL, the
quality of the matching between the track trajectory and the
ECAL shower, and isolation from additional particles near
the candidate. A tight working point [70] for this electron
identification is used, which has an average efficiency of
70% and a misidentification rate of about 2%. We consider
electron candidates with transverse momenta pT >
30 GeV and jηj < 2.5; a more stringent requirement of
pT > 35 GeV is imposed for the data collected in 2017–
2018 to match the increase in the pT threshold of the single
electron trigger from 27 to 32 GeV. For muon candidates,
requirements are imposed on the quality of the track in the
silicon tracker, the global compatibility of the hits in the
silicon tracker and muon detector comprising the muon
candidate, and isolation from additional particles near the
candidate. The tight working point [71] is used, which has

an efficiency above 95% and a misidentification rate of
about 0.1% for hadrons. We consider muon candidates with
pT > 25 GeV and jηj < 2.4; a more stringent requirement
of pT > 28 GeV is imposed for the data collected in 2017
to match the increase in the pT threshold of the single-muon
trigger from 24 to 27 GeV.
In this search, jets are used to veto muon detector shower

cluster objects to suppress the punchthrough jet back-
ground. Jets are reconstructed by clustering PF candidates
using the anti-kT algorithm [73,74] with a distance param-
eter ΔR ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔηÞ2 þ ðΔϕÞ2

p
¼ 0.4. Jets are required to

have pT > 10 GeV and jηj < 3.0. Pileup can contribute
additional tracks and calorimetric energy depositions to
the jet momentum. To mitigate this effect, charged particles
identified to be originating from pileup vertices are dis-
carded and an offset correction is applied to account for
remaining contributions [75]. Jet energy corrections are
derived from simulation studies so that the average mea-
sured energy of jets becomes identical to that of particle-
level jets [76].
The missing transverse momentum vector p⃗miss

T is
computed as the negative vector pT sum of all the PF
candidates in an event, and its magnitude is denoted as pmiss

T
[77]. The jet energy corrections are propagated into the
computation of pmiss

T . The primary vertex (PV) is taken to
be the vertex corresponding to the hardest scattering in the
event, evaluated using tracking information alone, as
described in Sec. 9.4.1 of Ref. [78].
We select data events triggered by the single-electron or

single-muon triggers and require the events to have exactly
one prompt-electron or prompt-muon candidate, respec-
tively, satisfying the identification and isolation criteria
described above. To further suppress the background from
SM events composed uniquely of jets produced through the
strong interaction, referred to as quantum chromodynamics
(QCD) multijet events, we require pmiss

T > 30 GeV. The
above requirements are designed to select events with an
HNL candidate produced in a W boson decay. Because the
constituents of MDS clusters are not included in the pmiss

T
calculation, typical HNL signal events would satisfy this
pmiss
T selection.

A. Muon detector shower clusters

For LLPs that decay within or just prior to the DT and
CSC muon detectors, the material in the steel flux-return
yoke structure can induce a particle shower, creating a
geometrically localized and isolated cluster of detector hits.
In CSC chambers, the detector hits are reconstructed by
combining the signal pulses from the anode wires and the
cathode strips, forming a point on a two-dimensional plane
in each chamber layer. In DT chambers, the detector hits are
reconstructed from the signal pulses from the anode wires
at the center of the DT cells. Since the DT hits only provide
measurement in either the ϕ or z dimension, the DT hit

A. HAYRAPETYAN et al. PHYS. REV. D 110, 012004 (2024)

012004-4



position is assumed to be at the center of each DT chamber
in the orthogonal direction. Together with the position of
the chambers, each CSC and DT hit is assigned a three-
dimensional coordinate in space. We cluster the CSC and
DT hits based on their η and ϕ coordinates using the
density-based spatial clustering of applications with noise
(DBSCAN) algorithm [79], which is a commonly used
density-based clustering algorithm that is robust against
outliers. A distance parameter of 0.2 and a minimum
number of hits per cluster (Nhits) of 50 is used in the
DBSCAN algorithm. We choose a minimum of 50 hits to
avoid misidentifying a minimum ionizing muon as a
cluster object. A muon is expected to produce a maximum
of 24 and 44 hits in the CSC and DT detectors, respec-
tively. The centroid of the cluster is taken to be the
geometric center of the hits in the cluster. These clusters,
which we refer to as MDS objects, provide a powerful
signature to distinguish LLP signal events from back-
ground events.
The efficiency for MDS objects to be reconstructed

depends on whether the LLP decays primarily to hadrons,
including the hadronic decays of τ leptons, or to electrons
and photons. Typically, more cluster hits are produced by
hadrons, resulting in a higher MDS reconstruction effi-
ciency for LLPs that decay to hadrons as compared
with LLPs that decay to electrons and photons. The
reconstruction efficiency is about 80 (30–45)% for had-
ronic (electron and photon) decays, depending on whether
the MDS is reconstructed in the CSCs or DTs. Muons that
are produced from HNL decays do not produce a particle
shower and are not reconstructed. Further details of the
efficiency dependence on LLP decay location can be found
in Ref. [42].
Energetic particles produced in jet hadronization or from

secondary material interactions can produce MDS clusters
by traversing the shielding material between the tracking
volume and the muon detectors without being stopped. To
suppress this process, known as the punchthrough jet
background, we veto any MDS clusters in the DT (CSC)
detectors whose centroid lies within ΔR ¼ 0.4 of a jet with
pT > 20 (10) GeV and jηj < 3.0. To suppress clusters
produced by muon bremsstrahlung, we impose a tighter
veto on any MDS clusters in the DT (CSC) detectors whose
centroid lies within ΔR ¼ 0.8 of a muon candidate with
pT > 10 (20) GeV. The pT thresholds for the jet and muon
vetoes were chosen to optimize the signal-to-background
discrimination and differ between the DT and CSC detec-
tors because of the different amounts of shielding present.
Because MDS cluster hits do not enter the p⃗miss

T calculation,
the MDS cluster tends to align with the p⃗miss

T and the
momentum of the LLP in signal events. We leverage this
feature to validate the background estimation method
discussed in Sec. V. Muons with trajectories pointing
toward two regions of the detector near the cavern
chimneys have highly reduced reconstruction efficiencies

because these regions are occupied by cables and other
support structures resulting in a smaller detector coverage.
As a result, the rate of background MDS clusters produced
by muon bremsstrahlung and passing the muon veto is
significantly increased. To suppress these backgrounds, we
veto any clusters whose centroid is within ΔR ¼ 0.3 of the
following two locations in η and ϕ coordinates: (η ¼ 0.3,
ϕ ¼ 1.70) or (η ¼ −0.3, ϕ ¼ 1.15), corresponding to the
chimney locations.
The rate of MDS clusters caused by punchthrough jets is

significantly larger for clusters with hits in the muon
detector station closest to the interaction point because
of the reduced amount of shielding material. Furthermore,
any hits observed in the stations between the interaction
point and the station containing the majority of the cluster
hits are indicative of a punchthrough jet because signal
LLPs are neutral and therefore do not produce any hits
before they decay. To further suppress such punchthrough
jets, we veto any MDS clusters in the CSCs whose centroid
lies within ΔR ¼ 0.4 of any hits observed in the two
innermost rings of the ME1 station (ME1=1 and ME1=2),
or in the RPCs located immediately next to ME1=2, or any
segments in the MB1 station. Segments are required in the
MB1 station instead of single hits because of the larger rate
of noise in the DT detectors, which would produce a larger
signal inefficiency for such a veto. For MDS clusters in the
DTs, we veto any cluster whose centroid lies within ΔR ¼
0.5 of two or more hits in the MB1 station. We also require
no more than 8 MB1 hits in the adjacent wheels within
Δϕ < π=4. As a result of the above vetoes, only clusters
located beyond the station closest to the interaction point
are accepted.
After the jet and muon vetoes, the dominant background

consists of clusters from pileup, including interactions not
in the same bunch crossing as the PV, known as out-of-time
(OOT) pileup. To eliminate the background clusters from
OOT pileup, we reconstruct a characteristic time for the
clusters in both the CSC and DT detectors. For the CSC
clusters, the cluster time is reconstructed from the mean
time of the hits comprising the cluster, where the time of
each hit is calibrated to result in a distribution centered at
zero for the triggering bunch crossing. Note that the
adjacent bunch crossings occur at �25 ns with this
definition. We require that the CSC cluster time (tCSCcluster)
is between −5.0 and 12.5 ns and that the root-mean-square
spread of the time stamps of hits comprising the cluster
(tspread) is less than 20 ns. Because hits in the DT detectors
do not have a time measurement that is independent of their
position measurement, we require that DT clusters coincide
with at least one hit in an RPC detector in the same wheel
and within Δϕ < 0.5 of the DT cluster centroid. The time
measurements of each matching RPC hit are matched to
discrete bunch crossing times. The most frequently occur-
ring bunch crossing time among the matching RPC hits is
defined as the DT cluster time (tDTcluster). The DT cluster time
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is required to coincide with the bunch crossing correspond-
ing to the PV.
Finally, additional identification requirements, devel-

oped in Ref. [42], are imposed on CSC clusters. They
are required to satisfy successively more central jηj require-
ments as the number of CSC stations containing hits
(Nstations) and the distance between the station and the
primary interaction point decrease. The jηj requirements are

(i) jηj < 1.9 if Nstations > 1,
(ii) jηj < 1.8 if Nstations ¼ 1 and the cluster is in sta-

tion 4,
(iii) jηj < 1.6 if Nstations ¼ 1 and the cluster is in station 2

or station 3, and
(iv) jηj < 1.1 if Nstations ¼ 1 and the cluster is in sta-

tion 1.
This CSC cluster identification algorithm has ∼60%
efficiency and suppresses the background by a factor of 8.
For a certain period of data taking, anomalous detector

noise in specific components of the DT detectors produced
a high rate of background MDS clusters. To suppress this
noise-induced background, we veto MDS clusters com-
prising hits detected in those particular DT chambers taken
during the affected time period. The amount of data
rejected by this veto corresponds to less than 0.1% of
the total integrated luminosity.
After applying all the cluster vetoes, we require the

events to contain at least one CSC or DT cluster with
Nhits > 50. The minimum number of hits is chosen to
exceed the number of hits that a muon is expected to create
in either CSC or DT detectors. The presence of an MDS
cluster passing the associated vetoes and identification
criteria suppresses SM background by a factor exceeding
107, whereas typical signal efficiencies are 25%–35%.

V. BACKGROUND ESTIMATION

After the event selections described in Sec. IV, two types
of background events remain, in which theMDS cluster can
be muon-induced or non-muon-induced. The non-muon-
induced background involves a hard scattering process
that produces a prompt lepton, and low momentum hadrons
from pileup or an underlying event generate an MDS
cluster. The dominant component of this background
comes from W production, and subdominant contributions
arise from QCD, tt̄, or diboson production. The muon-
induced background comes from Z → μμ events, in which
one of the two muons from the Z boson undergoes
bremsstrahlung in the muon detector and produces an
MDS cluster back to back with the other prompt muon,
mimicking the configuration of a signal event. For the non-
muon-induced background, which is present in both the
prompt-muon and prompt-electron categories, we use
an “ABCD” (matrix) method, which requires two vari-
ables that discriminate between signal and background
and are independent of one another for the background. For
the Z → μμ background, which is present only in the

prompt-muon categories, the background estimation is
derived from dedicated control regions in data.
In the ABCD method, we select the two independent

variables to be (i) the azimuthal angle between the prompt
lepton and the cluster centroid (Δϕlep) and (ii) Nhits. For
non-muon-induced events, Δϕlep is uniformly distributed
and is independent of Nhits, because the cluster and lepton
are produced from two independent processes. Figure 2
shows the shapes of the Nhits and Δϕlep distribution for
signal and background.
Two separate requirements, one on each variable, par-

tition the two-dimensional space into four bins, A, B, C,
and D, as illustrated in Fig. 3. The bin boundaries are
optimized for the best expected search sensitivity, sepa-
rately for each of the search categories. Since the HNL is
primarily produced back to back with the prompt lepton,
the bin with the best signal-to-background ratio is bin D
defined as Δϕlep > 2.8 and Nhits > 150 or 200. Similarly,
bin C is defined as Δϕlep > 2.8 and Nhits ≤ 150 or 200, bin
A is defined asΔϕlep < 2.8 andNhits > 150 or 200, and bin
B containing the least signal is defined as Δϕlep < 2.8 and
Nhits ≤ 150 or 200. The responses of the DT and CSC
detectors to shower particles are generally different with
CSC signal clusters having a larger hit multiplicity
compared with DT signal clusters. The optimal bin
boundary is found to be higher (200) for the CSC signal
regions (SRs) compared with the DT SRs (150), with a
similar signal efficiency of about 0.01% for an HNL with
a cτ0 of 1 m. Because of the independence of the two
variables, the expected background event rate in the
signal-enriched bin D can be related to the other three
bins by λD ¼ ðλAλCÞ=λB, where λX is the expected back-
ground event rate (i.e., the Poisson mean) in bin X. To
account for a potential signal contribution to bins A, B,
and C, a binned maximum likelihood fit is performed
simultaneously in the four bins, with a common signal
strength parameter scaling the signal yields in each bin.
The background component of the fit is constrained to
obey the ABCD relationship.
Because of the different background composition, we

separate events with a selected prompt electron and a
selected prompt muon into two disjoint categories. We also
separate events with clusters in the CSC and DT detectors.
Finally, for events in the category with a prompt muon and
an MDS cluster in the DT detectors, we separate events into
subcategories, which we call the DT-MB2 and DT-
MB3=MB4, depending on whether the majority of the
cluster’s hits fall in the MB2 station or the MB3 or MB4
station of the DT detector. This categorization is motivated
by the fact that the background differs for clusters in the
MB2 station because of the thinner shielding in front of it.
The additional subcategories for DT clusters are advanta-
geous for the prompt-muon channel because of its ability to
suppress the additional Z → μμ background as detailed
below. This results in a total of five SRs.
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The background estimation procedure is validated using
events in the early OOT validation region (VR), defined as
events passing all analysis selections except those related to
the cluster time; instead, a negative cluster time is required.
Additionally, the background estimation procedure is also
checked for the in-time VR, defined as events with the
azimuthal angle between the MDS cluster centroid position
and the p⃗miss

T : Δϕðcluster; p⃗miss
T Þ > 0.7. This VR is signal

depleted because the MDS cluster and p⃗miss
T tend to align,

as described in Sec. IVA. The observed and predicted
yields for these VRs are summarized in Table I and show
that the ABCD method results are consistent with observed
background yields. Similar consistencies are observed

when the validations are performed in both in-time and
OOT VRs with looser Nhits requirements than in the SRs.
The ABCD background predictions for bin D of the SRs

are listed in Table II for each of the event categories
considered in this search. The event yields for the bins A, B,
and C are shown, as well as the prediction for the back-
ground in the signal-enriched bin D.
In the prompt-muon event categories, Z → μμ events

constitute a significant background source that is not
predicted by the ABCD method. The muon veto normally
suppresses such backgrounds, but in rare cases, the muon
may not be reconstructed in the muon system due to
instrumental effects such as gaps between chambers.

FIG. 2. Distribution of Nhits (upper) and Δϕlep (lower) for DT clusters (left) and CSC clusters (right). Signal distributions of a
Majorana HNL withmN ¼ 2 GeV and cτ0 ¼ 1 m are compared with the OOT background distributions selected with tDTcluster matched to
bunch crossings earlier than the PV for DT clusters and tCSCcluster < −12.5 ns for CSC clusters. The centroids of the clusters in the signal
events are required to be within ΔR ¼ 0.4 of the HNL’s direction. The distributions are normalized to unit area. The shapes of the
distributions shown are similar for the electron and muon channels.
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These nonreconstructed muons will lead to pmiss
T in the

same direction as the cluster, and thus these events are not
present in the VRs listed in Table I.
We define a Z → μμ control region (CR) by inverting the

MB1, or ME1=1 or ME1=2 hit veto requirements for MDS
clusters in the DTor CSC detectors, respectively. After that,
bin D will be dominated by the Z → μμ background. The
Z → μμ expected background yield in bin D of the Z → μμ
CR is calculated as λCRZ→μμ;D ¼ NCR

D − λCRABCD bkg;D, where

NCR
D is the observed data yield in bin D and λCRABCD bkg;D is

the ABCD method prediction. We extrapolate λCRZ→μμ;D to
the SR by applying a transfer factor ζ, which estimates the
pass-to-fail efficiency ratio for the MB1, ME1=1, and
ME1=2 veto requirements for MDS clusters produced by
muon bremsstrahlung.
The factor ζ is measured in a sample enhanced in MDS

clusters produced by muon bremsstrahlung obtained by
selecting dileptonic decays of tt pairs with an electron and
muon in the final state. We select events with (i) one prompt
electron matched to an electron trigger object; (ii) no

reconstructed muon; (iii) one MDS cluster passing all
the veto selections except the MB1, ME1=1, or ME1=2
vetoes; and (iv) exactly two additional jets with
pT > 20 GeV, jηj < 2.4 that pass the medium working
point of the combined secondary vertex (CSV) b-tagging
algorithm [80,81], which has an efficiency of 60% and a
mistag rate of 1% for light-flavor or gluon jets. We also
require that the MDS cluster is geometrically separated by
ΔR > 0.8 from the two jets that satisfy the CSV algorithm
requirement to ensure that the MDS cluster is not produced
by a punchthrough jet. These requirements result in an
event sample that is pure in dileptonic tt events, in which
both the electron and jets cannot produce the MDS cluster,
thus ensuring that the MDS cluster is produced by the
unreconstructed muon. We measure the ζ factors separately
for MDS clusters in the DT and CSC detectors. We
observed a linear dependence of ζ on Nhits in the MB2
category. To account for this dependence, we perform a
linear fit to the data in the CR and evaluate the fitted
function at Nhits ¼ 150 as the ζ for the MB2 category.
Finally, the expected Z → μμ background contribution to
bin D of the SR is calculated as λSRZ→μμ;D ¼ ζλCRZ→μμ;D. Details
of the Z → μμ background prediction are summarized in
Table III.
To validate the Z → μμ background estimation method,

we define another VR as a subset of the MB2 SR with

TABLE I. Validation of the ABCD method in the OOT and in-time validation regions. The predictions of the
method for the signal bin (last column) are consistent with the observed number of events, shown in the second-to-
last column.

Event category Validation region A B C D D (prediction)

Muon, DT-MB2 OOT 9 6924 944 0 1.2� 0.4
Muon, DT-MB3=MB4 OOT 11 593 86 1 1.6� 0.5
Muon, CSC OOT 103 31074 4044 9 13.4� 1.3
Electron, DT OOT 14 3301 366 2 1.6� 0.4
Electron, CSC OOT 33 13774 1647 2 4.0� 0.7
Muon, DT-MB2 In time 10 5087 467 2 0.9� 0.3
Muon, DT-MB3=MB4 In time 9 785 107 2 1.2� 0.4
Muon, CSC In time 31 7445 532 1 2.2� 0.4
Electron, DT In time 8 2446 220 0 0.7� 0.3
Electron, CSC In time 7 3217 227 0 0.5� 0.2

TABLE II. The event yields in the bins A, B, and C are shown
in each of the event categories considered in the search, as well as
the prefit prediction for the ABCD background in the signal-
enriched bin D.

Channel Region A B C D (prediction)

Muon CSC 40 9316 1219 5.2� 0.8
Muon DT-MB2 16 6512 1048 2.6� 0.7
Muon DT-MB3=MB4 11 1011 229 2.5� 0.8
Electron CSC 10 3993 497 1.2� 0.4
Electron DT 15 3069 463 2.3� 0.6

FIG. 3. Definition of the ABCD plane. The area of the blue
squares illustrates the relative amount of expected events in each
of the bins, with bins B and C having the majority of the event
yields. Bin D is the signal region.
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Nhits ≤ 120 which is expected to have a negligible signal
contribution. In this VR, we define the bin boundaries for
the ABCD method to be at 2.8 in Δϕlep and at 110 in Nhits.
We perform the prediction of the Z → μμ and non-muon-
induced background events using the same method applied
to the full SR and obtain predictions of 2.7� 1.6 for the
Z → μμ background and 9.9� 1.3 for the other back-
ground, for a total background prediction of 12.6� 2.1
events. We observe an event yield of 12, which is consistent
with our background predictions.

VI. SYSTEMATIC UNCERTAINTIES

The dominant systematic uncertainties in this search are
those in the background predictions. The main source of
uncertainty for the ABCDmethod arises from the statistical

uncertainties of the background-enriched bins A, B, and C.
This uncertainty accounts for 27% and 22% (40% and
18%) of the size of the total background in the electron and
muon categories, respectively, for MDS clusters in the DT
(CSC) detector.
For the prompt-muon categories, an uncertainty in the

estimate of the Z → μμ background also contributes
significantly to the total uncertainty. The uncertainty for
that background prediction arises from the statistical
uncertainty of the ζ measurement, accounting for about
72%, 2%, and 15% of the size of the total background in the
muon channel for DT-MB2, DT-MB3=MB4, and CSC
clusters, respectively.
Systematic uncertainties in the signal yield include both

theoretical and instrumentation effects. The theoretical
uncertainty in the inclusive cross section of W boson
production is 3.8%, which is dominated by the parton
distribution function uncertainty. The uncertainty in the W
boson pT distribution is estimated by varying the renorm-
alization and factorization scales by a factor of 2, separately
and coherently, and evaluating the size of the envelope in
the resulting signal yield, which is found to be 1.6%. The
uncertainty of parton shower modeling is estimated sim-
ilarly by varying the renormalization scales for parton
showers and is found to be 4%.
The accuracy of the CMS simulation and the Geant4

software in describing the details of the evolution of
electromagnetic and hadronic showers has already been
validated extensively in past measurements. However, the

FIG. 4. Comparison of Nhits distributions for events with muons from Z → μμ between data and simulation, for CSC clusters (left) and
DT clusters (right), using data collected in 2017 and the simulation of the corresponding data-taking conditions. The data sample is
selected by requiring a two-muon-invariant mass consistent with a Z boson and one of the muons is matched to an MDS cluster. Data-to-
simulation correction factors are applied to the Z → μμ simulation. Only statistical uncertainties are included in the figure. Distributions
made using data collected in 2016 and 2018 are found to have similar shape as the 2017 data sample.

TABLE III. Summary of the Z → μμ background estimate in
different categories. The first three columns show the estimates in
theZ → μμ-enriched control region of the total background and its
Z → μμ and non-muon-induced components. The fourth column
shows the transfer factors ζ used to predict theZ → μμ background
in the signal region, shown in the fifth column.

Region NCR
D λCRABCD bkg;D λCRZ→μμ;D ζ (%) λSRZ→μμ;D

CSC 129 45� 2 84� 12 ð4.8� 1.3Þ 3.9� 1.2
DT-MB2 35 12.2� 1.5 22.8� 6.1 ð36� 31Þ 8.2� 7.4
DT-MB3=MB4 6 2.9� 0.7 3.1� 2.6 ð2� 1Þ 0.06� 0.06
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accuracy of the CMS simulation implementation of the
response of the muon detectors in an environment with a
large multiplicity of secondary particles, which affects the
simulated reconstruction efficiencies in the SR, has not
been explicitly verified. This aspect is validated by com-
paring clusters produced in Z → μμ data and simulated
events, in which one of the muons undergoes bremsstrah-
lung in the muon detectors and the associated photon
produces an electromagnetic shower. With this comparison,
we derive the uncertainties in the cluster reconstruction
efficiency for both CSC and DT clusters in simulation; they
account for 16% and 13% of the signal yield for the DTand
CSC categories, respectively. These uncertainties apply to
both electromagnetic and hadronic showers. Figure 4
illustrates this validation of the cluster simulation. Data-
to-simulation corrections on other cluster properties are
also derived with the same method, and the uncertainties in
the corrections are propagated as systematic uncertainties.
For DT clusters, a correction of 6.8% is applied for the
MB1 veto efficiency, with an uncertainty of 7.4%. For CSC
clusters, corrections are applied to account for the hit and
segment vetoes (2.8%), muon veto (6.8%), and jet veto
efficiencies (2.1%), with uncertainties of 0.1%, 4.5%, and
0.06%, respectively. Additionally, the uncertainties on
efficiencies of the CSC cluster identification, time, and
time spread requirements are estimated to be 5%, 0.9%, and
2.8%, respectively. In data, only the reconstructed hits that

have at least two cathode hits in different CSC layers and
match a given predefined pattern are read out. In contrast,
this readout condition is assumed to be satisfied in the
signal simulation, which could lead to an overestimation of
the Nhits in signal clusters. We estimated this effect by
excluding those chambers with less than 6 hits in signal
clusters and assigning the change in signal efficiency (1%)
as an uncertainty.
We also propagate additional systematic uncertainties

that have a minor impact on the signal yield prediction.
They include uncertainties due to pileup, integrated lumi-
nosity, jet energy scale, and prompt electron or muon
trigger and selection efficiencies. The integrated luminos-
ities for the 2016, 2017, and 2018 data-taking years have
1.2%–2.5% individual uncertainties [62–64], while the
overall uncertainty for the 2016–2018 period is 1.6%.
Finally, the uncertainties on the signal yields from the

limited numbers of simulated events are in the ranges
5%–10% depending on mN and lifetime. Theoretical and
experimental uncertainties that are not related to the
clusters are treated as fully correlated across different
event categories. Experimental uncertainties related to
the clusters are treated as fully uncorrelated. A full list
of systematic uncertainties affecting the predicted signal
yield is shown in Table IV.

VII. RESULTS AND INTERPRETATION

Figure 5 shows the expected and observed number of
events in the SRs of the different event categories and
the corresponding background predictions. The observed
yields agree with the predicted background in all channels.
No excess of data events over the background prediction

is observed, and upper limits on the HNL production cross
sections are evaluated using the CLs criterion [82,83], with
the binned profile likelihood ratio [84] as the test statistic.
The likelihood is constructed as the product of Poisson

TABLE IV. Summary of systematic uncertainties affecting the
signal yield prediction. For DT clusters, the systematic uncer-
tainties due to jet and muon vetoes are found to be negligible and
are omitted. The uncertainties are reported relative to their impact
on the predicted signal yield.

Systematic uncertainty Object Size of uncertainty (%)

Integrated luminosity � � � 1.6
Pileup � � � 1
W boson cross section � � � 3.8
W boson pT � � � 1.6
Parton shower modeling � � � 4
Trigger Muon <0.1
Identification Muon 0.4–0.5
Isolation Muon 0.2–0.6
Trigger Electron 0.2–0.3
Identification Electron 2.2–8.0
Jet energy scale pmiss

T 2.0
Cluster reconstruction CSC cluster 13
Cutoff-based ID CSC cluster 5.1
Jet veto CSC cluster 0.06
Muon veto CSC cluster 4.5
CSC readout CSC cluster 1.0
Hits and segment veto CSC cluster 0.1
Cluster time CSC cluster 0.9
Cluster time spread CSC cluster 2.8
Cluster reconstruction DT cluster 16
MB1 veto DT cluster 7.4

FIG. 5. The expected and observed number of events in the
signal region (bin (D) of different event categories. Signal yields
of a 2 GeV Majorana HNL with the mean proper decay length of
1 m are added to the expected background.
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FIG. 6. Expected and observed upper 95% CL limits on jVNej2 (upper), jVNμj2 (middle), and jVNτj2 (lower) as functions of the HNL
mass (mN) for a Majorana (left) and Dirac (right) type HNL. The τ neutrino mixing limit is obtained by combining the results from the
electron and muon channels. For these limit calculations, the HNL is assumed to mix with a single lepton flavor state only. The
differences between the expected and observed limits on jVNμj2 are not visible in this figure.
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distributions with mean values based on the predicted event
rates across all five event categories. The predicted event
rates in each bin include the background yields predicted
with the ABCD method plus the Z → μμ background

contribution for bin D and the signal yields obtained from
simulated events. Systematic uncertainties in the predicted
event rates are incorporated in the likelihood as nuisance
parameters with log-normal constraints. The asymptotic
formulas [85] are used to evaluate the exclusion limits for
each HNL signal scenario. The exclusion limits derived
from the asymptotic formulas are consistent within 10%
with those based on pseudoexperiments.
Due to the lower pT thresholds for the prompt muons,

the signal yields in the muon channel are larger than those
of the electron channels for the same mN and lifetime.
However, the presence of the Z → μμ background reduces
the overall sensitivity of the muon channel to a level
comparable to the electron channel. For both the muon
and electron channels, the CSC category contributes the
majority of the overall sensitivity. This is because the CSC
category has smaller background rates compared with the
DT category, hence retaining more signal events at the
optimal thresholds for background rejection.

TABLE V. Excluded ranges of jVNlj2 for Majorana and Dirac
type HNLs at select HNL masses. The chosen HNL masses are
those at which the excluded values of jVNlj2 have the smallest
magnitude.

Mixing
parameter HNL type mN (GeV) Excluded range at 95% CL

jVNej2 Majorana 2.6 8.6 × 10−6–5.0 × 10−5

jVNμj2 Majorana 2.8 5.0 × 10−6–3.9 × 10−5

jVNτj2 Majorana 1.8 2.5 × 10−4–1.8 × 10−3

jVNej2 Dirac 2.8 8.9 × 10−6–7.5 × 10−5

jVNμj2 Dirac 3.3 4.6 × 10−6–2.8 × 10−5

jVNτj2 Dirac 1.8 3.1 × 10−4–5.9 × 10−3

FIG. 7. The largest values of the Majorana (upper) and Dirac (lower) HNL mass (left) and mean proper decay length (right) parameters
that are excluded at 95% CL are shown as a function of the mixing matrix elements squared ratios fl with the three lepton generations,
considering a mean proper decay length of 1 m and a fixed mass of 1.5 GeV, respectively.
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Figure 6 shows the expected and observed upper limits
at 95% confidence level (CL) on the HNL mixing param-
eters jVNej2, jVNμj2, and jVNτj2, as functions of mN for
the Majorana and Dirac HNL interpretations. For jVNej2
(jVNμj2), only events passing the electron (muon) selections
are used to evaluate the limits. For jVNτj2, both the events
passing the electron and muon selections are used, because
the prompt τ lepton can decay into an electron or muon.
The limits of jVNlj2 versus mN feature an upper branch
(short lifetime) and a lower branch (long lifetime). The
lower acceptance in the short lifetime branch is compen-
sated by an increased cross section and thus achieves a
signal yield comparable with the long lifetime branch.
Below mN of 2.0 (1.5) GeV for electron or muon (τ) type
HNLs, we do not calculate a limit in the short lifetime
branch because the signal acceptance in the muon system
approaches zero and renders the calculation inaccurate.
Furthermore, in that region other experimental results
[27,28,30] place more stringent limits. Table V summarizes
the observed limits on jVNlj2 for Majorana and Dirac type
HNL of this search. This result sets the most stringent
limits to date in jVNlj2 for HNLmasses in the range 2.1–3.0
(1.9–3.3) GeV for electron (muon) neutrino mixing param-
eters [43]. Above 3.0 (3.3) GeV, previous CMS results [38]
place tighter limits on electron (muon) mixing parameters.
Signal yields for mixing among several different lepton

flavors are obtained by reweighting the single flavor signal
yields with the same mN and cτ0. In this case, the signal
yields for multiple neutrino species mixing are proportional
to jVNlj2. The ratio of jVNlj2 to the sumof themixingmatrix
elements squared is defined as fl ¼ jVNlj2=ðjVNej2 þ
jVNμj2 þ jVNτj2Þ and sums to unity by construction. For a
fixed value ofmN (cτ0), we scan the three fl parameters and
exclude a range in the cτ0 (mN) parameter for each set of fl
values.On the left (right) of Fig. 7,we show the largest values
of mN (cτ0) that are excluded as a function of the fl
parameters. The sensitivity across the fl plane varies mainly
because of the different trigger and reconstruction efficien-
cies of the prompt lepton. The limits at fe∶ fμ∶fτ ¼ 0∶ 1

2
∶ 1
2

and 1
3
∶ 1
3
∶ 1
3
probe parameter space consistent with the

constraints from neutrino oscillation data in the minimal
seesaw scenarios [86].

VIII. SUMMARY

A search for long-lived Dirac or Majorana HNLs has
been performed using proton-proton collision data atffiffiffi
s

p ¼ 13 TeV, corresponding to an integrated luminosity
of 138 fb−1. The search targets events with one prompt
electron or muon and an MDS that would result from HNL
decays occurring in the CMS muon detector. The presence
of the MDS signature along with the associated vetoes
and identification criteria suppresses the standard model
background by a factor exceeding 107, while maintaining
typical signal efficiencies of 25%–35%. No significant

excess over the standard model background is observed.
The results are interpreted as 95% confidence level limits
on the HNL mixing matrix elements squared jVNej2,
jVNμj2, and jVNτj2. We also present limits on the HNL
mass and mean proper decay length as a function of the
mixing matrix element squared fractions to the three lepton
generations. The most stringent limits to date for HNLs in
the mass range of 2.1–3.0 (1.9–3.3) GeV are set, reaching
squared mixing matrix element values as low as 8.6ð4.6Þ ×
10−6 in the electron (muon) channel.
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deExcelenciaMaría deMaeztu,GrantNo.MDM-2017-0765,
and Programa Severo Ochoa del Principado de Asturias
(Spain); the Chulalongkorn Academic into Its Second
Century Project Advancement Project, and the National
Science, Research and Innovation Fund via the Program
Management Unit for Human Resources and Institutional
Development, Research and Innovation, Grant
No. B37G660013 (Thailand); the Kavli Foundation; the
Nvidia Corporation; the SuperMicro Corporation; the
Welch Foundation, Contract No. C-1845; and the Weston
Havens Foundation (USA).

[1] Y. Fukuda et al. (Super-Kamiokande Collaboration), Evi-
dence for oscillation of atmospheric neutrinos, Phys. Rev.
Lett. 81, 1562 (1998).

[2] Q. Ahmad et al. (SNO Collaboration), Direct evidence for
neutrino flavor transformation from neutral-current inter-
actions in the Sudbury Neutrino Observatory, Phys. Rev.
Lett. 89, 011301 (2002).

[3] K. Eguchi et al. (KamLAND Collaboration), First results
from KamLAND: Evidence for reactor antineutrino dis-
appearance, Phys. Rev. Lett. 90, 021802 (2003).

[4] S. Bilenky, Neutrino oscillations: From a historical per-
spective to the present status, Nucl. Phys. B908, 2 (2016).

[5] S. Roy Choudhury and S. Hannestad, Updated results on
neutrino mass and mass hierarchy from cosmology with
Planck 2018 likelihoods, J. Cosmol. Astropart. Phys. 07
(2020) 037.

[6] M. Ivanov, M. Simonović, and M. Zaldarriaga, Cosmologi-
cal parameters and neutrino masses from the final Planck
and full-shape BOSS data, Phys. Rev. D 101, 083504
(2020).

[7] J. Formaggio, A. de Gouvêa, and R. Robertson, Direct
measurements of neutrino mass, Phys. Rep. 914, 1 (2021).

[8] P. Minkowski, μ → eγ at a rate of one out of 109 muon
decays?, Phys. Lett. 67B, 421 (1977).

[9] T. Yanagida, Horizontal symmetry and masses of neutrinos,
Prog. Theor. Phys. 64, 1103 (1980).

[10] M. Gell-Mann, P. Ramond, and R. Slansky, Complex
spinors and unified theories, in Supergravity, edited by P.
van Nieuwenhuizen and D. Z. Freedman (North Holland
Publishing, 1979), p. 315.

[11] S. Glashow, The future of elementary particle physics,
NATO Sci. Ser. B 61, 687 (1980).

[12] R. N. Mohapatra and G. Senjanović, Neutrino mass and
spontaneous parity nonconservation, Phys. Rev. Lett. 44,
912 (1980).

[13] J. Schechter and J. W. F. Valle, Neutrino masses in SUð2Þ ⊗
Uð1Þ theories, Phys. Rev. D 22, 2227 (1980).

[14] R. E. Shrock, General theory of weak leptonic and semi-
leptonic decays. I. Leptonic pseudoscalar meson decays,
with associated tests for, and bounds on, neutrino masses
and lepton mixing, Phys. Rev. D 24, 1232 (1981).

[15] Y. Cai, T. Han, T. Li, and R. Ruiz, Lepton number violation:
Seesaw models and their collider tests, Front. Phys. 6, 40
(2018).

[16] Z. Maki, M. Nakagawa, and S. Sakata, Remarks on the
unified model of elementary particles, Prog. Theor. Phys.
28, 870 (1962).

[17] B. Pontecorvo, Neutrino experiments and the problem of
conservation of leptonic charge, Zh. Eksp. Teor. Fiz. 53,
1717 (1967).

[18] A. Das, P. Konar, and S. Majhi, Production of heavy
neutrino in next-to-leading order QCD at the LHC and
beyond, J. High Energy Phys. 06 (2016) 019.

[19] A. Das and N. Okada, Bounds on heavy Majorana neutrinos
in type-I seesaw and implications for collider searches,
Phys. Lett. B 774, 32 (2017).

[20] G. Cottin, J. C. Helo, M. Hirsch, C. Peña, C. Wang, and S.
Xie, Long-lived heavy neutral leptons with a displaced
shower signature at CMS, J. High Energy Phys. 02 (2023)
011.

A. HAYRAPETYAN et al. PHYS. REV. D 110, 012004 (2024)

012004-14

https://doi.org/10.1103/PhysRevLett.81.1562
https://doi.org/10.1103/PhysRevLett.81.1562
https://doi.org/10.1103/PhysRevLett.89.011301
https://doi.org/10.1103/PhysRevLett.89.011301
https://doi.org/10.1103/PhysRevLett.90.021802
https://doi.org/10.1016/j.nuclphysb.2016.01.025
https://doi.org/10.1088/1475-7516/2020/07/037
https://doi.org/10.1088/1475-7516/2020/07/037
https://doi.org/10.1103/PhysRevD.101.083504
https://doi.org/10.1103/PhysRevD.101.083504
https://doi.org/10.1016/j.physrep.2021.02.002
https://doi.org/10.1016/0370-2693(77)90435-X
https://doi.org/10.1143/PTP.64.1103
https://doi.org/10.1007/978-1-4684-7197-7_15
https://doi.org/10.1103/PhysRevLett.44.912
https://doi.org/10.1103/PhysRevLett.44.912
https://doi.org/10.1103/PhysRevD.22.2227
https://doi.org/10.1103/PhysRevD.24.1232
https://doi.org/10.3389/fphy.2018.00040
https://doi.org/10.3389/fphy.2018.00040
https://doi.org/10.1143/PTP.28.870
https://doi.org/10.1143/PTP.28.870
https://doi.org/10.1007/JHEP06(2016)019
https://doi.org/10.1016/j.physletb.2017.09.042
https://doi.org/10.1007/JHEP02(2023)011
https://doi.org/10.1007/JHEP02(2023)011


[21] K. Bondarenko, A. Boyarsky, D. Gorbunov, and O.
Ruchayskiy, Phenomenology of GeV-scale heavy neutral
leptons, J. High Energy Phys. 11 (2018) 032.

[22] M. Fukugita and T. Yanagida, Baryogenesis without grand
unification, Phys. Lett. B 174, 45 (1986).

[23] E. Chun, G. Cvetič, P. Dev, M. Drewes, C. Fong, B.
Garbrecht, T. Hambye, J. Harz, J. Hernández, C. Kim, E.
Molinaro, E. Nardi, J. Racker, N. Rius, and J. Zamora-Saa,
Probing leptogenesis, Int. J. Mod. Phys. A 33, 1842005
(2018).

[24] A. Boyarsky, M. Drewes, T. Lasserre, S. Mertens, and O.
Ruchayskiy, Sterile neutrino dark matter, Prog. Part. Nucl.
Phys. 104, 1 (2019).

[25] V. Cirigliano, W. Dekens, J. de Vries, K. Fuyuto,
E. Mereghetti, and R. Ruiz, Leptonic anomalous m
agnetic moments in ν SMEFT, J. High Energy Phys. 08
(2021) 103.

[26] D. P. Aguillard et al. (Muon g − 2 Collaboration), Meas-
urement of the positive muon anomalous magnetic moment
to 0.20 ppm, Phys. Rev. Lett. 131, 161802 (2023).

[27] A. M. Cooper-Sarkar et al. (WA66 Collaboration), Search
for heavy neutrino decays in the BEBC beam dump
experiment, Phys. Lett. 160B, 207 (1985).

[28] F. Bergsma et al. (CHARM Collaboration), A search for
decays of heavy neutrinos in the mass range 0.5–2.8 GeV,
Phys. Lett. 166B, 473 (1986).

[29] DELPHI Collaboration, Search for neutral heavy leptons
produced in Z decays, Z. Phys. C 74, 57 (1997); 75, 580(E)
(1997).

[30] A. Vaitaitis et al. (NuTeV(E815) Collaboration), Search for
neutral heavy leptons in a high-energy neutrino beam, Phys.
Rev. Lett. 83, 4943 (1999).

[31] D. Liventsev et al. (Belle Collaboration), Search for heavy
neutrinos at Belle, Phys. Rev. D 87, 071102 (2013); 95,
099903(E) (2017).

[32] F. F. Deppisch, P. S. Bhupal Dev, and A. Pilaftsis, Neutrinos
and collider physics, New J. Phys. 17, 075019 (2015).

[33] J. Beacham et al., Physics beyond colliders at CERN:
Beyond the standard model working group report, J. Phys.
G 47, 010501 (2020).

[34] ATLAS Collaboration, Search for heavy neutral leptons in
decays of W bosons produced in 13 TeV pp collisions using
prompt and displaced signatures with the ATLAS detector,
J. High Energy Phys. 10 (2019) 265.

[35] ATLAS Collaboration, Search for heavy neutral leptons in
decays of W bosons using a dilepton displaced vertex inffiffiffi
s

p ¼ 13 TeV pp collisions with the ATLAS detector, Phys.
Rev. Lett. 131, 061803 (2023).

[36] CMS Collaboration, Search for heavy neutral leptons in
events with three charged leptons in proton-proton colli-
sions at

ffiffiffi
s

p ¼ 13 TeV, Phys. Rev. Lett. 120, 221801
(2018).

[37] CMS Collaboration, Search for heavyMajorana neutrinos in
same-sign dilepton channels in proton-proton collisions atffiffiffi
s

p ¼ 13 TeV, J. High Energy Phys. 01 (2019) 122.
[38] CMS Collaboration, Search for long-lived heavy neutral

leptons with displaced vertices in proton-proton collisions atffiffiffi
s

p ¼ 13 TeV, J. High Energy Phys. 07 (2022) 081.
[39] LHCb Collaboration, Search for heavy neutral leptons in

Wþ → μþμ�jet decays, Eur. Phys. J. C 81, 248 (2021).

[40] LHCb Collaboration, Search for long-lived particles
decaying to e�μ∓ν, Eur. Phys. J. C 81, 261 (2021).

[41] CMS Collaboration, Search for long-lived heavy neutral lep-
tons with lepton flavour conserving or violating decays to a jet
and a charged lepton, J. High Energy Phys. 03 (2024) 105.

[42] CMS Collaboration, Search for long-lived particles decaying
in the CMS end cap muon detectors in proton-proton
collisions at

ffiffiffi
s

p ¼ 13 TeV, Phys. Rev. Lett. 127, 261804
(2021).

[43] The CMS collaboration, Search for long-lived heavy neutral
leptons decaying in the CMS muon detectors in proton-
proton collisions at

ffiffiffi
s

p ¼ 13TeV (2023), 10.17182/hep-
data.146757.

[44] CMS Collaboration, Performance of the CMS drift tube
chambers with cosmic rays, J. Instrum. 5, T03015 (2010).

[45] CMS Collaboration, Performance of the CMS level-1 trigger
in proton-proton collisions at

ffiffiffi
s

p ¼ 13 TeV, J. Instrum. 15,
P10017 (2020).

[46] CMS Collaboration, The CMS trigger system, J. Instrum.
12, P01020 (2017).

[47] CMS Collaboration, The CMS experiment at the CERN
LHC, J. Instrum. 3, S08004 (2008).

[48] P. Nason, A new method for combining NLO QCD with
shower Monte Carlo algorithms, J. High Energy Phys. 11
(2004) 040.

[49] S. Frixione, P. Nason, and C. Oleari, Matching NLO QCD
computations with parton shower simulations: The POWHEG

method, J. High Energy Phys. 11 (2007) 070.
[50] S. Alioli, P. Nason, C. Oleari, and E. Re, A general

framework for implementing NLO calculations in shower
Monte Carlo programs: The POWHEG box, J. High Energy
Phys. 06 (2010) 043.

[51] R. Gavin, Y. Li, F. Petriello, and S. Quackenbush, FEWZ 2.0:
A code for hadronic Z production at next-to-next-to-leading
order, Comput. Phys. Commun. 182, 2388 (2011).

[52] R. Gavin, Y. Li, F. Petriello, and S. Quackenbush,W physics
at the LHC with FEWZ 2.1, Comput. Phys. Commun. 184,
208 (2013).

[53] J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni, O.
Mattelaer, H. S. Shao, T. Stelzer, P. Torrielli, and M. Zaro,
The automated computation of tree-level and next-to-leading
order differential cross sections, and their matching to parton
shower simulations, J. High Energy Phys. 07 (2014) 079.

[54] D. Alva, T. Han, and R. Ruiz, Heavy Majorana neutrinos
fromWγ fusion at hadron colliders, J. High Energy Phys. 02
(2015) 072.

[55] C. Degrande, O. Mattelaer, R. Ruiz, and J. Turner, Fully-
automated precision predictions for heavy neutrino produc-
tion mechanisms at hadron colliders, Phys. Rev. D 94,
053002 (2016).

[56] S. Pascoli, R. Ruiz, and C. Weiland, Heavy neutrinos with
dynamic jet vetoes: Multilepton searches at

ffiffiffi
s

p ¼ 14, 27,
and 100 TeV, J. High Energy Phys. 06 (2019) 049.

[57] T. Sjöstrand, S. Ask, J. R. Christiansen, R. Corke, N. Desai,
P. Ilten, S. Mrenna, S. Prestel, C. O. Rasmussen, and P. Z.
Skands, An introduction to PYTHIA 8.2, Comput. Phys.
Commun. 191, 159 (2015).

[58] Y. Li and F. Petriello, Combining QCD and electroweak
corrections to dilepton production in FEWZ, Phys. Rev. D 86,
094034 (2012).

SEARCH FOR LONG-LIVED HEAVY NEUTRAL LEPTONS … PHYS. REV. D 110, 012004 (2024)

012004-15

https://doi.org/10.1007/JHEP11(2018)032
https://doi.org/10.1016/0370-2693(86)91126-3
https://doi.org/10.1142/S0217751X18420058
https://doi.org/10.1142/S0217751X18420058
https://doi.org/10.1016/j.ppnp.2018.07.004
https://doi.org/10.1016/j.ppnp.2018.07.004
https://doi.org/10.1007/JHEP08(2021)103
https://doi.org/10.1007/JHEP08(2021)103
https://doi.org/10.1103/PhysRevLett.131.161802
https://doi.org/10.1016/0370-2693(85)91493-5
https://doi.org/10.1016/0370-2693(86)91601-1
https://doi.org/10.1007/s002880050370
https://doi.org/10.1007/BF03546181
https://doi.org/10.1007/BF03546181
https://doi.org/10.1103/PhysRevLett.83.4943
https://doi.org/10.1103/PhysRevLett.83.4943
https://doi.org/10.1103/PhysRevD.87.071102
https://doi.org/10.1103/PhysRevD.95.099903
https://doi.org/10.1103/PhysRevD.95.099903
https://doi.org/10.1088/1367-2630/17/7/075019
https://doi.org/10.1088/1361-6471/ab4cd2
https://doi.org/10.1088/1361-6471/ab4cd2
https://doi.org/10.1007/JHEP10(2019)265
https://doi.org/10.1103/PhysRevLett.131.061803
https://doi.org/10.1103/PhysRevLett.131.061803
https://doi.org/10.1103/PhysRevLett.120.221801
https://doi.org/10.1103/PhysRevLett.120.221801
https://doi.org/10.1007/JHEP01(2019)122
https://doi.org/10.1007/JHEP07(2022)081
https://doi.org/10.1140/epjc/s10052-021-08973-5
https://doi.org/10.1140/epjc/s10052-021-08994-0
https://doi.org/10.1007/JHEP03(2024)105
https://doi.org/10.1103/PhysRevLett.127.261804
https://doi.org/10.1103/PhysRevLett.127.261804
https://doi.org/10.17182/hepdata.146757
https://doi.org/10.17182/hepdata.146757
https://doi.org/10.1088/1748-0221/5/03/T03015
https://doi.org/10.1088/1748-0221/15/10/P10017
https://doi.org/10.1088/1748-0221/15/10/P10017
https://doi.org/10.1088/1748-0221/12/01/P01020
https://doi.org/10.1088/1748-0221/12/01/P01020
https://doi.org/10.1088/1748-0221/3/08/S08004
https://doi.org/10.1088/1126-6708/2004/11/040
https://doi.org/10.1088/1126-6708/2004/11/040
https://doi.org/10.1088/1126-6708/2007/11/070
https://doi.org/10.1007/JHEP06(2010)043
https://doi.org/10.1007/JHEP06(2010)043
https://doi.org/10.1016/j.cpc.2011.06.008
https://doi.org/10.1016/j.cpc.2012.09.005
https://doi.org/10.1016/j.cpc.2012.09.005
https://doi.org/10.1007/JHEP07(2014)079
https://doi.org/10.1007/JHEP02(2015)072
https://doi.org/10.1007/JHEP02(2015)072
https://doi.org/10.1103/PhysRevD.94.053002
https://doi.org/10.1103/PhysRevD.94.053002
https://doi.org/10.1007/JHEP06(2019)049
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1103/PhysRevD.86.094034
https://doi.org/10.1103/PhysRevD.86.094034


[59] S. Camarda, M. Boonekamp, G. Bozzi, S. Catani, L. Cieri,
J. Cuth, G. Ferrera, D. de Florian, A. Glazov, M. Grazzini,
M. G. Vincter, and M. Schott, DYTurbo: Fast predictions for
Drell-Yan processes, Eur. Phys. J. C 80, 251 (2020).

[60] S. Camarda, L. Cieri, and G. Ferrera, Drell-Yan lepton-pair
production: qT resummation at N3LL accuracy and fiducial
cross sections at N3LO, Phys. Rev. D 104, L111503 (2021).

[61] S. Agostinelli et al. (GEANT4 Collaboration), Geant4—A
simulation toolkit, Nucl. Instrum. Methods Phys. Res., Sect.
A 506, 250 (2003).

[62] CMS Collaboration, Precision luminosity measurement in
proton-proton collisions at

ffiffiffi
s

p ¼ 13 TeV in 2015 and 2016
at CMS, Eur. Phys. J. C 81, 800 (2021).

[63] CMS Collaboration, CMS luminosity measurement for the
2017 data-taking period at

ffiffiffi
s

p ¼ 13 TeV, CMS Physics
Analysis Summary, Report No. CMS-PAS-LUM-17-004,
2018, https://cds.cern.ch/record/2621960/.

[64] CMS Collaboration, CMS luminosity measurement for the
2018 data-taking period at

ffiffiffi
s

p ¼ 13 TeV, CMS Physics
Analysis Summary, Report No. CMS-PAS-LUM-18-002,
2019, https://cds.cern.ch/record/2676164/.

[65] CMS Collaboration, Event generator tunes obtained from
underlying event and multiparton scattering measurements,
Eur. Phys. J. C 76, 155 (2016).

[66] CMS Collaboration, Extraction and validation of a new set
of CMS PYTHIA 8 tunes from underlying-event measure-
ments, Eur. Phys. J. C 80, 4 (2020).

[67] R. D. Ball et al. (NNPDF Collaboration), Parton distribu-
tions for the LHC run II, J. High Energy Phys. 04 (2015)
040.

[68] R. D. Ball et al. (NNPDF Collaboration), Parton distribu-
tions from high-precision collider data, Eur. Phys. J. C 77,
663 (2017).

[69] CMS Collaboration, Particle-flow reconstruction and global
event description with the CMS detector, J. Instrum. 12,
P10003 (2017).

[70] CMS Collaboration, Electron and photon reconstruction and
identification with the CMS experiment at the CERN LHC,
J. Instrum. 16, P05014 (2021).

[71] CMS Collaboration, Performance of the CMS muon de-
tector and muon reconstruction with proton-proton colli-
sions at

ffiffiffi
s

p ¼ 13 TeV, J. Instrum. 13, P06015 (2018).
[72] CMS Collaboration, Performance of photon reconstruction

and identification with the CMS detector in proton-proton
collisions at

ffiffiffi
s

p ¼ 8 TeV, J. Instrum. 10, P08010 (2015).

[73] M. Cacciari, G. P. Salam, and G. Soyez, The anti-kT jet
clustering algorithm, J. High Energy Phys. 04 (2008) 063.

[74] M. Cacciari, G. P. Salam, and G. Soyez, FastJet user manual,
Eur. Phys. J. C 72, 1896 (2012).

[75] CMS Collaboration, Pileup mitigation at CMS in 13 TeV
data, J. Instrum. 15, P09018 (2020).

[76] CMS Collaboration, Jet energy scale and resolution in the
CMS experiment in pp collisions at 8 TeV, J. Instrum. 12,
P02014 (2017).

[77] CMS Collaboration, Performance of missing transverse
momentum reconstruction in proton-proton collisions atffiffiffi
s

p ¼ 13 TeV using the CMS detector, J. Instrum. 14,
P07004 (2019).

[78] CMS Collaboration, Technical proposal for the Phase-II
upgrade of the compact muon solenoid, CMS Technical
Proposal, Reports No. CERN-LHCC-2015-010, No. CMS-
TDR-15-02, 2015, http://cds.cern.ch/record/2020886.

[79] M. Ester, H.-P. Kriegel, J. Sander, and X. Xu, A density-
based algorithm for discovering clusters in large spatial
databases with noise, in Proceedings of 2nd International
Conference on Knowledge Discovery and Data Mining
(Association for the Advancement of Artificial Intelligence,
1996), p. 226, https://cdn.aaai.org/KDD/1996/KDD96-037
.pdf.

[80] CMS Collaboration, Identification of b-quark jets with the
CMS experiment, J. Instrum. 8, P04013 (2013).

[81] CMS Collaboration, Identification of heavy-flavour jets
with the CMS detector in pp collisions at 13 TeV, J. Instrum.
13, P05011 (2018).

[82] T. Junk, Confidence level computation for combining
searches with small statistics, Nucl. Instrum. Methods Phys.
Res., Sect. A 434, 435 (1999).

[83] A. L. Read, Presentation of search results: The CLs tech-
nique, J. Phys. G 28, 2693 (2002).

[84] ATLAS and CMS Collaborations, and the LHC Higgs
Combination Group, Procedure for the LHC Higgs boson
search combination in Summer 2011, Technical Reports
No. CMS-NOTE-2011-005, No. ATL-PHYS-PUB-2011-
11, 2011, https://cds.cern.ch/record/1379837.

[85] G. Cowan, K. Cranmer, E. Gross, and O. Vitells, Asymp-
totic formulae for likelihood-based tests of new physics,
Eur. Phys. J. C 71, 1554 (2011); 73, 2501(E) (2013).

[86] M. Drewes, J. Klarić, and J. López-Pavón, New benchmark
models for heavy neutral lepton searches, Eur. Phys. J. C 82,
1176 (2022).

A. Hayrapetyan,1 A. Tumasyan ,1,b W. Adam ,2 J. W. Andrejkovic,2 T. Bergauer ,2 S. Chatterjee ,2 K. Damanakis ,2

M. Dragicevic ,2 P. S. Hussain ,2 M. Jeitler ,2,c N. Krammer ,2 A. Li ,2 D. Liko ,2 I. Mikulec ,2 J. Schieck ,2,c

R. Schöfbeck ,2 D. Schwarz ,2 M. Sonawane ,2 S. Templ ,2 W. Waltenberger ,2 C.-E. Wulz ,2,c M. R. Darwish ,3,d

T. Janssen ,3 P. Van Mechelen ,3 E. S. Bols ,4 J. D’Hondt ,4 S. Dansana ,4 A. De Moor ,4 M. Delcourt ,4

H. El Faham ,4 S. Lowette ,4 I. Makarenko ,4 D. Müller ,4 A. R. Sahasransu ,4 S. Tavernier ,4 M. Tytgat ,4,e

S. Van Putte ,4 D. Vannerom ,4 B. Clerbaux ,5 G. De Lentdecker ,5 L. Favart ,5 D. Hohov ,5 J. Jaramillo ,5

A. Khalilzadeh,5 K. Lee ,5 M. Mahdavikhorrami ,5 A. Malara ,5 S. Paredes ,5 L. Pétré ,5 N. Postiau,5 L. Thomas ,5
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D. Pérez Adán ,46 E. Ranken ,46 A. Raspereza ,46 B. Ribeiro Lopes ,46 J. Rübenach,46 A. Saggio ,46 M. Scham ,46,gg,cc

S. Schnake ,46,cc P. Schütze ,46 C. Schwanenberger ,46,bb D. Selivanova ,46 M. Shchedrolosiev ,46

R. E. Sosa Ricardo ,46 D. Stafford,46 F. Vazzoler ,46 A. Ventura Barroso ,46 R. Walsh ,46 Q. Wang ,46 Y. Wen ,46

K. Wichmann,46 L. Wiens ,46,cc C. Wissing ,46 Y. Yang ,46 A. Zimermmane Castro Santos ,46 A. Albrecht ,47

S. Albrecht ,47 M. Antonello ,47 S. Bein ,47 L. Benato ,47 M. Bonanomi ,47 P. Connor ,47 M. Eich,47 K. El Morabit ,47

Y. Fischer ,47 A. Fröhlich,47 C. Garbers ,47 E. Garutti ,47 A. Grohsjean ,47 M. Hajheidari,47 J. Haller ,47

H. R. Jabusch ,47 G. Kasieczka ,47 P. Keicher,47 R. Klanner ,47 W. Korcari ,47 T. Kramer ,47 V. Kutzner ,47 F. Labe ,47

J. Lange ,47 A. Lobanov ,47 C. Matthies ,47 A. Mehta ,47 L. Moureaux ,47 M. Mrowietz,47 A. Nigamova ,47

Y. Nissan,47 A. Paasch ,47 K. J. Pena Rodriguez ,47 T. Quadfasel ,47 B. Raciti ,47 M. Rieger ,47 D. Savoiu ,47

J. Schindler ,47 P. Schleper ,47 M. Schröder ,47 J. Schwandt ,47 M. Sommerhalder ,47 H. Stadie ,47 G. Steinbrück ,47

A. Tews,47 M. Wolf ,47 S. Brommer ,48 M. Burkart,48 E. Butz ,48 T. Chwalek ,48 A. Dierlamm ,48 A. Droll,48

N. Faltermann ,48 M. Giffels ,48 A. Gottmann ,48 F. Hartmann ,48,hh R. Hofsaess ,48 M. Horzela ,48 U. Husemann ,48

J. Kieseler ,48 M. Klute ,48 R. Koppenhöfer ,48 J. M. Lawhorn ,48 M. Link,48 A. Lintuluoto ,48 S. Maier ,48

S. Mitra ,48 M. Mormile ,48 Th. Müller ,48 M. Neukum,48 M. Oh ,48 M. Presilla ,48 G. Quast ,48 K. Rabbertz ,48

B. Regnery ,48 N. Shadskiy ,48 I. Shvetsov ,48 H. J. Simonis ,48 M. Toms ,48,r N. Trevisani ,48 R. Ulrich ,48

J. van der Linden ,48 R. F. Von Cube ,48 M. Wassmer ,48 S. Wieland ,48 F. Wittig,48 R. Wolf ,48 S. Wunsch,48

X. Zuo ,48 G. Anagnostou,49 G. Daskalakis ,49 A. Kyriakis,49 A. Papadopoulos,49,hh A. Stakia ,49 P. Kontaxakis ,50

G. Melachroinos,50 A. Panagiotou,50 I. Papavergou ,50 I. Paraskevas ,50 N. Saoulidou ,50 K. Theofilatos ,50

E. Tziaferi ,50 K. Vellidis ,50 I. Zisopoulos ,50 G. Bakas ,51 T. Chatzistavrou,51 G. Karapostoli ,51 K. Kousouris ,51

I. Papakrivopoulos ,51 E. Siamarkou,51 G. Tsipolitis,51 A. Zacharopoulou,51 K. Adamidis,52 I. Bestintzanos,52

I. Evangelou ,52 C. Foudas,52 P. Gianneios ,52 C. Kamtsikis,52 P. Katsoulis,52 P. Kokkas ,52

P. G. Kosmoglou Kioseoglou ,52 N. Manthos ,52 I. Papadopoulos ,52 J. Strologas ,52 M. Bartók ,53,ii C. Hajdu ,53

D. Horvath ,53,jj,kk F. Sikler ,53 V. Veszpremi ,53 M. Csanád ,54 K. Farkas ,54 M. M. A. Gadallah ,54,ll Á. Kadlecsik ,54

P. Major ,54 K. Mandal ,54 G. Pásztor ,54 A. J. Rádl ,54,mm G. I. Veres ,54 P. Raics,55 B. Ujvari ,55 G. Zilizi ,55

G. Bencze,56 S. Czellar,56 J. Karancsi ,56,ii J. Molnar,56 Z. Szillasi,56 T. Csorgo ,57,mm F. Nemes ,57,mm T. Novak ,57

J. Babbar ,58 S. Bansal ,58 S. B. Beri,58 V. Bhatnagar ,58 G. Chaudhary ,58 S. Chauhan ,58 N. Dhingra ,58,nn

A. Kaur ,58 A. Kaur ,58 H. Kaur ,58 M. Kaur ,58 S. Kumar ,58 K. Sandeep ,58 T. Sheokand,58 J. B. Singh ,58

A. Singla ,58 A. Ahmed ,59 A. Bhardwaj ,59 A. Chhetri ,59 B. C. Choudhary ,59 A. Kumar ,59 A. Kumar ,59

M. Naimuddin ,59 K. Ranjan ,59 S. Saumya ,59 S. Baradia ,60 S. Barman ,60,oo S. Bhattacharya ,60 S. Dutta ,60

S. Dutta,60 P. Palit ,60 S. Sarkar,60 M. M. Ameen ,61 P. K. Behera ,61 S. C. Behera ,61 S. Chatterjee ,61 P. Jana ,61

P. Kalbhor ,61 J. R. Komaragiri ,61,pp D. Kumar ,61,pp L. Panwar ,61,pp P. R. Pujahari ,61 N. R. Saha ,61 A. Sharma ,61

A. K. Sikdar ,61 S. Verma ,61 S. Dugad,62 M. Kumar ,62 G. B. Mohanty ,62 P. Suryadevara,62 A. Bala ,63

S. Banerjee ,63 R. M. Chatterjee,63 M. Guchait ,63 Sh. Jain ,63 S. Karmakar ,63 S. Kumar ,63 G. Majumder ,63

K. Mazumdar ,63 S. Parolia ,63 A. Thachayath ,63 S. Bahinipati ,64,qq A. K. Das,64 C. Kar ,64 D. Maity ,64,rr P. Mal ,64

T. Mishra ,64 V. K. Muraleedharan Nair Bindhu ,64,rr K. Naskar ,64,rr A. Nayak ,64,rr P. Sadangi,64 P. Saha ,64

S. K. Swain ,64 S. Varghese ,64,rr D. Vats ,64,rr S. Acharya ,65,ss A. Alpana ,65 S. Dube ,65 B. Gomber ,65,ss

B. Kansal ,65 A. Laha ,65 B. Sahu ,65,ss S. Sharma ,65 H. Bakhshiansohi ,66,tt E. Khazaie ,66,uu M. Zeinali ,66,vv

S. Chenarani ,67,ww S. M. Etesami ,67 M. Khakzad ,67 M. Mohammadi Najafabadi ,67 M. Grunewald ,68

M. Abbrescia ,69a,69b R. Aly ,69a,69c,xx A. Colaleo ,69a,69b D. Creanza ,69a,69c B. D’Anzi ,69a,69b N. De Filippis ,69a,69c

M. De Palma ,69a,69b A. Di Florio ,69a,69c W. Elmetenawee ,69a,69b,xx L. Fiore ,69a G. Iaselli ,69a,69c M. Louka,69a,69b

G. Maggi ,69a,69c M. Maggi ,69a I. Margjeka ,69a,69b V. Mastrapasqua ,69a,69b S. My ,69a,69b S. Nuzzo ,69a,69b

A. Pellecchia ,69a,69b A. Pompili ,69a,69b G. Pugliese ,69a,69c R. Radogna ,69a G. Ramirez-Sanchez ,69a,69c D. Ramos ,69a

A. Ranieri ,69a L. Silvestris ,69a F. M. Simone ,69a,69b Ü. Sözbilir ,69a A. Stamerra ,69a R. Venditti ,69a

P. Verwilligen ,69a A. Zaza ,69a,69b G. Abbiendi ,70a C. Battilana ,70a,70b D. Bonacorsi ,70a,70b L. Borgonovi ,70a

A. HAYRAPETYAN et al. PHYS. REV. D 110, 012004 (2024)

012004-18

https://orcid.org/0000-0001-6195-3102
https://orcid.org/0000-0001-9850-6170
https://orcid.org/0000-0001-7200-5175
https://orcid.org/0000-0003-0355-102X
https://orcid.org/0000-0003-4423-2631
https://orcid.org/0000-0003-3240-7393
https://orcid.org/0000-0002-3974-589X
https://orcid.org/0000-0002-2633-4696
https://orcid.org/0000-0001-7327-1870
https://orcid.org/0000-0002-1029-0318
https://orcid.org/0000-0001-9127-7408
https://orcid.org/0000-0002-1194-2306
https://orcid.org/0000-0002-0429-2448
https://orcid.org/0000-0002-3273-5859
https://orcid.org/0000-0002-9017-9504
https://orcid.org/0000-0002-5336-4399
https://orcid.org/0000-0002-7669-4294
https://orcid.org/0000-0003-1610-8844
https://orcid.org/0009-0009-8755-3698
https://orcid.org/0000-0002-8427-3748
https://orcid.org/0000-0002-8705-0857
https://orcid.org/0000-0003-2375-1563
https://orcid.org/0000-0001-7707-919X
https://orcid.org/0000-0002-6506-5177
https://orcid.org/0000-0001-8532-2356
https://orcid.org/0000-0002-2047-951X
https://orcid.org/0000-0002-8331-8166
https://orcid.org/0000-0002-2351-9265
https://orcid.org/0000-0002-7876-3134
https://orcid.org/0000-0002-4683-6669
https://orcid.org/0000-0003-3416-0726
https://orcid.org/0000-0001-7472-5029
https://orcid.org/0000-0003-2167-498X
https://orcid.org/0000-0003-0823-447X
https://orcid.org/0000-0002-7385-3317
https://orcid.org/0000-0001-9494-2151
https://orcid.org/0000-0003-3409-6584
https://orcid.org/0000-0003-4802-6990
https://orcid.org/0000-0001-6699-6662
https://orcid.org/0000-0002-7031-9434
https://orcid.org/0000-0003-3510-2093
https://orcid.org/0000-0002-2240-6699
https://orcid.org/0000-0001-8111-9318
https://orcid.org/0000-0003-3233-6636
https://orcid.org/0000-0002-3872-4114
https://orcid.org/0000-0003-3804-3244
https://orcid.org/0000-0002-8724-9604
https://orcid.org/0000-0002-4423-4461
https://orcid.org/0000-0002-5090-8004
https://orcid.org/0009-0009-3430-0558
https://orcid.org/0000-0001-9302-3102
https://orcid.org/0000-0001-6004-6180
https://orcid.org/0000-0002-5960-6803
https://orcid.org/0000-0001-9094-482X
https://orcid.org/0000-0001-9387-7407
https://orcid.org/0000-0001-5135-7489
https://orcid.org/0000-0003-3629-6264
https://orcid.org/0000-0003-2500-1061
https://orcid.org/0000-0001-5886-220X
https://orcid.org/0000-0002-3184-1457
https://orcid.org/0000-0001-5094-2256
https://orcid.org/0000-0003-0634-5539
https://orcid.org/0000-0003-0748-8494
https://orcid.org/0000-0001-9347-7657
https://orcid.org/0000-0003-2444-1014
https://orcid.org/0000-0003-3457-2755
https://orcid.org/0000-0002-7004-9227
https://orcid.org/0000-0001-8017-5502
https://orcid.org/0000-0002-7004-0214
https://orcid.org/0000-0003-1985-3807
https://orcid.org/0000-0002-1870-9443
https://orcid.org/0000-0001-7513-6330
https://orcid.org/0000-0002-5376-0877
https://orcid.org/0000-0001-7379-4540
https://orcid.org/0000-0002-0433-4484
https://orcid.org/0000-0002-2310-9266
https://orcid.org/0000-0002-8522-8500
https://orcid.org/0000-0002-2208-5178
https://orcid.org/0000-0002-2877-9744
https://orcid.org/0000-0003-2360-351X
https://orcid.org/0009-0005-5995-6685
https://orcid.org/0000-0003-0797-2606
https://orcid.org/0000-0001-6794-7475
https://orcid.org/0009-0006-6551-0660
https://orcid.org/0000-0001-5628-6827
https://orcid.org/0000-0001-8058-9828
https://orcid.org/0000-0002-0052-597X
https://orcid.org/0000-0001-5746-7371
https://orcid.org/0000-0002-0513-8119
https://orcid.org/0000-0002-8355-2761
https://orcid.org/0000-0003-3002-2430
https://orcid.org/0000-0001-8988-2035
https://orcid.org/0000-0002-2403-5801
https://orcid.org/0000-0002-8009-3723
https://orcid.org/0000-0001-7804-9902
https://orcid.org/0000-0001-6506-3107
https://orcid.org/0000-0003-0193-3032
https://orcid.org/0000-0001-6696-349X
https://orcid.org/0000-0001-8989-8387
https://orcid.org/0009-0008-4575-5729
https://orcid.org/0000-0002-3190-7962
https://orcid.org/0000-0002-6198-8388
https://orcid.org/0000-0003-1644-7678
https://orcid.org/0000-0002-0869-5631
https://orcid.org/0000-0002-6256-5715
https://orcid.org/0000-0002-8597-9259
https://orcid.org/0000-0002-0726-1452
https://orcid.org/0000-0001-9828-9778
https://orcid.org/0000-0002-3060-2278
https://orcid.org/0000-0003-0456-7250
https://orcid.org/0000-0003-4337-0098
https://orcid.org/0000-0003-2618-9203
https://orcid.org/0000-0003-2808-7315
https://orcid.org/0000-0002-4021-4260
https://orcid.org/0000-0001-7040-9846
https://orcid.org/0000-0003-1539-923X
https://orcid.org/0000-0001-9894-2095
https://orcid.org/0000-0002-7069-9019
https://orcid.org/0000-0002-7467-2980
https://orcid.org/0000-0002-7703-3973
https://orcid.org/0000-0002-5223-9342
https://orcid.org/0000-0002-2535-402X
https://orcid.org/0000-0002-7174-781X
https://orcid.org/0000-0002-6237-5209
https://orcid.org/0000-0002-0408-2811
https://orcid.org/0000-0003-3887-5358
https://orcid.org/0000-0001-9456-383X
https://orcid.org/0000-0002-0029-493X
https://orcid.org/0000-0001-6070-7698
https://orcid.org/0000-0001-6277-7171
https://orcid.org/0000-0002-4860-5979
https://orcid.org/0000-0002-7992-2686
https://orcid.org/0000-0002-2375-5401
https://orcid.org/0000-0001-6958-4196
https://orcid.org/0000-0001-8448-883X
https://orcid.org/0000-0003-4958-0408
https://orcid.org/0000-0001-5680-8357
https://orcid.org/0000-0001-5212-4353
https://orcid.org/0000-0003-0287-1937
https://orcid.org/0000-0002-4280-2541
https://orcid.org/0000-0002-6360-0869
https://orcid.org/0000-0002-8440-0487
https://orcid.org/0000-0002-5903-5481
https://orcid.org/0009-0003-7233-0738
https://orcid.org/0009-0009-3752-6253
https://orcid.org/0000-0002-7440-4396
https://orcid.org/0000-0003-3247-8909
https://orcid.org/0000-0002-9937-3063
https://orcid.org/0000-0002-2225-7160
https://orcid.org/0000-0002-4440-2701
https://orcid.org/0000-0002-7193-800X
https://orcid.org/0000-0003-0091-477X
https://orcid.org/0000-0001-9608-3901
https://orcid.org/0000-0001-9783-0315
https://orcid.org/0000-0002-3154-6925
https://orcid.org/0000-0003-1740-6974
https://orcid.org/0000-0002-8305-6661
https://orcid.org/0000-0001-5559-0106
https://orcid.org/0000-0002-5476-0414
https://orcid.org/0000-0002-3966-7182
https://orcid.org/0000-0003-0707-9762
https://orcid.org/0000-0001-8810-0388
https://orcid.org/0000-0002-5440-4356
https://orcid.org/0000-0003-0498-4265
https://orcid.org/0000-0002-0480-0000
https://orcid.org/0000-0003-0802-7665
https://orcid.org/0000-0002-9110-9663
https://orcid.org/0000-0002-1451-6484
https://orcid.org/0000-0001-6253-4356
https://orcid.org/0000-0002-4080-4156
https://orcid.org/0000-0003-1992-0336
https://orcid.org/0000-0002-8392-9610
https://orcid.org/0000-0003-0168-3336
https://orcid.org/0000-0001-6974-4129
https://orcid.org/0000-0002-7200-6204
https://orcid.org/0000-0003-3609-4777
https://orcid.org/0000-0002-1640-9180
https://orcid.org/0000-0002-8659-7092
https://orcid.org/0000-0002-3440-2767
https://orcid.org/0000-0002-2405-915X
https://orcid.org/0000-0002-3220-3668
https://orcid.org/0000-0001-9029-2462
https://orcid.org/0000-0003-2550-139X
https://orcid.org/0000-0002-4500-8853
https://orcid.org/0000-0002-7544-3258
https://orcid.org/0000-0001-7495-1923
https://orcid.org/0000-0001-5029-1887
https://orcid.org/0000-0002-5180-6595
https://orcid.org/0000-0003-3407-4094
https://orcid.org/0000-0003-4542-386X
https://orcid.org/0000-0002-5540-3750
https://orcid.org/0000-0001-7842-9518
https://orcid.org/0000-0001-9860-7262
https://orcid.org/0000-0001-8891-1674
https://orcid.org/0000-0002-8110-4957
https://orcid.org/0000-0001-9650-8121
https://orcid.org/0000-0002-1948-029X
https://orcid.org/0000-0002-1909-9843
https://orcid.org/0000-0002-1527-2266
https://orcid.org/0000-0002-0798-2727
https://orcid.org/0000-0003-0185-9872
https://orcid.org/0000-0001-5310-5170
https://orcid.org/0000-0002-5892-3743
https://orcid.org/0000-0002-9344-6655
https://orcid.org/0000-0002-6636-5331
https://orcid.org/0000-0003-2461-4907
https://orcid.org/0000-0002-0994-7212
https://orcid.org/0000-0002-7954-7898
https://orcid.org/0000-0002-0688-923X
https://orcid.org/0000-0002-5437-5217
https://orcid.org/0000-0003-1163-6955
https://orcid.org/0000-0003-0312-057X
https://orcid.org/0000-0001-6850-7666
https://orcid.org/0000-0003-2565-1718
https://orcid.org/0000-0002-7953-4683
https://orcid.org/0009-0004-0928-7922
https://orcid.org/0000-0003-1770-5309
https://orcid.org/0000-0001-9715-5663
https://orcid.org/0000-0001-9212-9108
https://orcid.org/0000-0002-3815-5222
https://orcid.org/0000-0003-3136-1653
https://orcid.org/0000-0002-9566-2490
https://orcid.org/0000-0001-6545-0350
https://orcid.org/0000-0002-3744-5332
https://orcid.org/0000-0002-6407-6974
https://orcid.org/0000-0002-1989-6703
https://orcid.org/0000-0002-0870-8420
https://orcid.org/0000-0002-2121-3932
https://orcid.org/0000-0003-4671-815X
https://orcid.org/0000-0003-0638-4378
https://orcid.org/0000-0002-7716-4981
https://orcid.org/0000-0002-7013-8094
https://orcid.org/0000-0001-6871-3937
https://orcid.org/0009-0000-1318-8266
https://orcid.org/0009-0007-8224-4664
https://orcid.org/0009-0001-2997-7523
https://orcid.org/0000-0003-3294-2345
https://orcid.org/0000-0002-5145-3777
https://orcid.org/0000-0002-4446-0258
https://orcid.org/0000-0002-6604-1011
https://orcid.org/0000-0001-9440-7028
https://orcid.org/0000-0002-8073-5140
https://orcid.org/0000-0001-6886-0726
https://orcid.org/0000-0001-5741-3357
https://orcid.org/0000-0001-9810-7743
https://orcid.org/0000-0001-8367-6257
https://orcid.org/0000-0002-1425-076X
https://orcid.org/0000-0001-6501-4137
https://orcid.org/0000-0002-2212-5715
https://orcid.org/0000-0001-6131-5987
https://orcid.org/0000-0002-5754-0388
https://orcid.org/0000-0001-8727-7544
https://orcid.org/0000-0001-6808-1335
https://orcid.org/0000-0002-0711-6319
https://orcid.org/0000-0001-6153-3044
https://orcid.org/0000-0002-9361-3142
https://orcid.org/0000-0002-0625-6811
https://orcid.org/0000-0001-8240-1913
https://orcid.org/0000-0003-3719-8041
https://orcid.org/0000-0001-7069-0252
https://orcid.org/0000-0002-9470-1320
https://orcid.org/0000-0003-2546-5341
https://orcid.org/0000-0001-5391-7689
https://orcid.org/0000-0002-8431-3922
https://orcid.org/0000-0002-3198-3025
https://orcid.org/0000-0002-9082-5924
https://orcid.org/0000-0002-9938-2680
https://orcid.org/0000-0003-1089-6317
https://orcid.org/0000-0003-3279-6114
https://orcid.org/0000-0003-1291-4005
https://orcid.org/0000-0001-5460-2638
https://orcid.org/0000-0002-1094-5038
https://orcid.org/0000-0001-7804-5514
https://orcid.org/0000-0002-7165-1017
https://orcid.org/0000-0001-7912-4062
https://orcid.org/0000-0002-8985-4891
https://orcid.org/0000-0002-1924-983X
https://orcid.org/0000-0001-6833-3758
https://orcid.org/0000-0003-1434-1968
https://orcid.org/0000-0001-6925-8649
https://orcid.org/0000-0002-9285-8631
https://orcid.org/0000-0002-0969-7284
https://orcid.org/0000-0003-4499-7562
https://orcid.org/0000-0002-3753-3068
https://orcid.org/0000-0002-0835-9574
https://orcid.org/0000-0001-8679-4443


P. Capiluppi ,70a,70b A. Castro ,70a,70b F. R. Cavallo ,70a M. Cuffiani ,70a,70b G. M. Dallavalle ,70a T. Diotalevi ,70a,70b

F. Fabbri ,70a A. Fanfani ,70a,70b D. Fasanella ,70a,70b P. Giacomelli ,70a L. Giommi ,70a,70b C. Grandi ,70a

L. Guiducci ,70a,70b S. Lo Meo ,70a,yy L. Lunerti ,70a,70b S. Marcellini ,70a G. Masetti ,70a F. L. Navarria ,70a,70b

A. Perrotta ,70a F. Primavera ,70a,70b A. M. Rossi ,70a,70b T. Rovelli ,70a,70b G. P. Siroli ,70a,70b S. Costa ,71a,71b,zz

A. Di Mattia ,71a R. Potenza,71a,71b A. Tricomi ,71a,71b,zz C. Tuve ,71a,71b P. Assiouras ,72a G. Barbagli ,72a

G. Bardelli ,72a,72b B. Camaiani ,72a,72b A. Cassese ,72a R. Ceccarelli ,72a V. Ciulli ,72a,72b C. Civinini ,72a

R. D’Alessandro ,72a,72b E. Focardi ,72a,72b T. Kello,72a G. Latino ,72a,72b P. Lenzi ,72a,72b M. Lizzo ,72a M. Meschini ,72a

S. Paoletti ,72a A. Papanastassiou,72a,72b G. Sguazzoni ,72a L. Viliani ,72a L. Benussi ,73 S. Bianco ,73 S. Meola ,73,aaa

D. Piccolo ,73 P. Chatagnon ,74a F. Ferro ,74a E. Robutti ,74a S. Tosi ,74a,74b A. Benaglia ,75a G. Boldrini ,75a,75b

F. Brivio ,75a F. Cetorelli ,75a F. De Guio ,75a,75b M. E. Dinardo ,75a,75b P. Dini ,75a S. Gennai ,75a R. Gerosa ,75a,75b

A. Ghezzi ,75a,75b P. Govoni ,75a,75b L. Guzzi ,75a M. T. Lucchini ,75a,75b M. Malberti ,75a S. Malvezzi ,75a

A. Massironi ,75a D. Menasce ,75a L. Moroni ,75a M. Paganoni ,75a,75b D. Pedrini ,75a B. S. Pinolini,75a

S. Ragazzi ,75a,75b T. Tabarelli de Fatis ,75a,75b D. Zuolo ,75a S. Buontempo ,76a A. Cagnotta ,76a,76b F. Carnevali,76a,76b

N. Cavallo ,76a,76c A. De Iorio ,76a,76b F. Fabozzi ,76a,76c A. O. M. Iorio ,76a,76b L. Lista ,76a,76b,bbb P. Paolucci ,76a,hh

B. Rossi ,76a C. Sciacca ,76a,76b R. Ardino ,77a P. Azzi ,77a N. Bacchetta ,77a,ccc M. Biasotto ,77a,ddd P. Bortignon ,77a

A. Bragagnolo ,77a,77b R. Carlin ,77a,77b P. Checchia ,77a T. Dorigo ,77a F. Gasparini ,77a,77b U. Gasparini ,77a,77b

G. Grosso,77a E. Lusiani ,77a M. Margoni ,77a,77b A. T. Meneguzzo ,77a,77b M. Migliorini ,77a,77b J. Pazzini ,77a,77b

P. Ronchese ,77a,77b R. Rossin ,77a,77b F. Simonetto ,77a,77b G. Strong ,77a M. Tosi ,77a,77b A. Triossi ,77a,77b

S. Ventura ,77a H. Yarar,77a,77b M. Zanetti ,77a,77b P. Zotto ,77a,77b A. Zucchetta ,77a,77b G. Zumerle ,77a,77b
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aaaAlso at Università degli Studi Guglielmo Marconi, Roma, Italy.
bbbAlso at Scuola Superiore Meridionale, Università di Napoli “Federico II,” Napoli, Italy.
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