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The first search exploiting the vector boson fusion process to probe heavy Majorana neutrinos and the
Weinberg operator at the LHC is presented. The search is performed in the same-sign dimuon final state
using a proton-proton collision dataset recorded at

ffiffiffi
s

p
¼ 13 TeV, collected with the CMS detector and

corresponding to a total integrated luminosity of 138 fb−1. The results are found to agree with the
predictions of the standard model. For heavy Majorana neutrinos, constraints on the squared mixing
element between the muon and the heavy neutrino are derived in the heavy neutrino mass range 50 GeV–
25 TeV; for masses above 650 GeV these are the most stringent constraints from searches at the LHC to
date. A first test of the Weinberg operator at colliders provides an observed upper limit at 95% confidence
level on the effective μμ Majorana neutrino mass of 10.8 GeV.
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Despite the enormous success of the standard model
(SM) of particle physics over the last fifty years, the
observation of neutrino oscillations [1,2] has confirmed
that at least two SM neutrinos have small, but nonzero,
masses. This provides a compelling hint of physics beyond
the SM. Efforts to determine each neutrino mass are being
pursued by many experiments within different research
fields, including cosmology and tritium beta decay [3–5],
and various theoretical explanations of these observations
have been proposed [6–13].
A natural formalism for generating neutrino masses is

through a dimension-five operator, proposed by Weinberg
[10], which extends the SM Lagrangian with

L5 ¼
Cll0
5

Λ
½Φ · L̄c

l#½Ll0 ·Φ#; ð1Þ

where l;l0 are the flavors of the leptons, which can be
electrons, muons, or taus; Λ is the scale at which the
particles responsible for neutrino masses become relevant
degrees of freedom; Cll0

5 is a flavor-dependent Wilson
coefficient; Ll ¼ ðνl;lÞ is the left-handed lepton doublet;
and Φ is the SM Higgs doublet with a vacuum expectation
value v ¼

ffiffiffi
2

p
hΦi ≈ 246 GeV. This operator, known

as the Weinberg operator, generates the Majorana neutrino
masses as

mll0 ¼ Cll0

5 v2=Λ; ð2Þ

and introduces lepton number violation (LNV), as the
Majorana neutrino is its own antiparticle. The LNV
processes have been tested extensively in searches for
neutrinoless double beta decays of heavy nuclei. These
experiments search for events with two same-sign (SS)
charge electrons and the absence of neutrinos in the final
state, and set stringent upper limits on the associated
Majorana neutrino mass (jmeej) at 90% confidence level
(C.L.) in the ranges 61–165 meV [14] and 79–180 meV
[15]. Since muons and tau leptons are much heavier than
electrons, SS final states involving these heavier leptons are
kinematically forbidden in low-energy nuclear experiments
and can only be studied at colliders [16]. As the study of tau
leptons is experimentally more challenging, the final state
with SS muons is investigated in this search. The observed
upper limit on the effective μμ Majorana neutrino mass
(jmμμj), translated from the searches for LNV decays of
charged kaons at the NA62 experiment [17], is around
55 GeV at 90% C.L. [16].
The Weinberg operator can be realized in the context of

“seesaw” models [6–9], assuming the existence of hypo-
thetical heavy states, for example a heavy Majorana
neutrino (N) in the type-I seesaw model. The small
mass of the SM neutrinos can thus be explained by a
suppression due to the high mass of new particles, because
mν ∼ y2νv2=mN . In this expression, mν is the SM neutrino
mass, mN is the mass of the heavy Majorana neutrino, and
yν is the Yukawa coupling. This ability to explain the small
mass of the SM neutrinos motivates the search for heavy
Majorana neutrinos. Heavy Majorana neutrinos can only
couple to the SM through mixing with SM neutrinos, which

*Full author list given at the end of the Letter.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW LETTERS 131, 011803 (2023)
Editors' Suggestion Featured in Physics

0031-9007=23=131(1)=011803(21) 011803-1 © 2023 CERN, for the CMS Collaboration



is characterized by the mixing element, VlN , between a SM
neutrino in its left-handed interaction state and a heavy
Majorana neutrino in its mass eigenstate. The searches that
have set limits on VlN were based on the production of a
heavy Majorana neutrino through either quark-antiquark
annihilation or Wγ, with different analysis strategies based
on various decay modes, such as many leptons in the final
state [18–20], and in final states containing LNV lepton
pairs [21,22]. For mN at a few GeV, the constraints on
jVlN j2, where l ¼ fe; μg, are around 10−7 − 10−5, while at
around 1 TeV, the constraints approach unity.
This Letter reports the first search probing Majorana

neutrinos and the Weinberg operator in vector boson fusion
(VBF) processes [16,23] at the CERN LHC, studying
events with SS muon pairs. As shown in Fig. 1 by the
two representative Feynman diagrams, in the t channel, SS
W boson pairs may convert to SS lepton pairs via a TeV -
scale Majorana neutrino or through a Weinberg operator
process. Because the cross section of t-channel processes is
less sensitive to the mass of the intermediate particle
compared with s-channel quark-antiquark annihilation
processes, the VBF process can complement searches for
heavy Majorana neutrinos at the TeV mass scale as its cross
section decreases more slowly with increasing N mass
compared with the values from s-channel production.
Although the various seesaw mechanisms can be consid-
ered as realizations of the Weinberg operator, an alternative
implementation is considered in this Letter, as shown in
Fig. 1 (right). The two VBF processes considered in this
work differ primarily in that the Majorana process is
assumed to be mediated by a heavy t-channel neutrino
whereas the Weinberg operator process is mediated by a
lighter t-channel neutrino.
This analysis is based on proton-proton (pp) collision

data collected at
ffiffiffi
s

p
¼ 13 TeV by the CMS experiment at

the CERN LHC during 2016–2018, corresponding to an
integrated luminosity of 138 fb−1.
Tabulated results are provided in the HEPData record for

this analysis [24].
The CMS apparatus [25] is a multipurpose, nearly

hermetic detector, designed to trigger on [26,27] and
identify electrons, muons, photons, and hadrons [28–30].
A global “particle-flow” algorithm [31] aims to reconstruct
all individual particles in an event, combining information

provided by the all-silicon inner tracker and by the crystal
electromagnetic and brass-scintillator hadron calorimeters,
operating inside a 3.8 T superconducting solenoid, with
data from gas-ionization muon detectors embedded in the
flux-return yoke outside the solenoid. The reconstructed
particles are used to build charged leptons, jets, and missing
transverse momentum (p⃗miss

T ) [32–34].
Samples of signal events are simulatedwith next-to-leading

order (NLO) precision using the MadGraph5_aMC@NLO 2.6.5

generator [35], based on model implementations from
Refs. [16,23,36,37]. For the heavy Majorana neutrino, we
assume only one heavy state and scan its mass in a range from
50 GeV to 25 TeV. The process induced by the Weinberg
operator is simulated using a novel approach, established in
Ref. [16], which approximates the internal neutrino lines and
vertex insertionwith an effective lightMajorana neutrino. The
Wilson coefficient Cll0

5 is set to 1, and the energy scale Λ to
200 TeV. The production cross sections scale with V2

lNV
2
l0N

and jCll0
5 =Λj2 for the VBF processes with heavy Majorana

neutrinos [23] and the Weinberg operator [16], respectively.
Since the kinematic shape of the signal is independent of
jVμN j, we set jVμN j ¼ 1 for the signal simulation to ensure
efficient generation of signal events.
The SM electroweakW&W& andW&Z processes, where

both bosons decay leptonically, are simulated using
MadGraph5_aMC@NLO 2.4.2 [35] at leading order (LO) with
six electroweak [Oðα6Þ] and zero quantum chromodynam-
ics (QCD) vertices. The QCD-induced W&W& process is
also simulated using MadGraph5_aMC@NLO 2.4.2 at LO.
Contributions with an initial-state b quark are excluded
from the electroweak W&Z simulation because they are
included in the production of a Z boson in association with
a single top quark, known as the tZq process, which is
simulated at NLO using MadGraph5_aMC@NLO 2.3.3. The
ZZ → 4l and gg → ZZ processes are simulated with the
POWHEG v2 [38] and MCFM 7.0.1 [39] generators, respec-
tively. The production of tt̄W&, tt̄Z, and triple vector boson
(VVV) background events is simulated at NLO in QCD
using the MadGraph5_aMC@NLO 2.2.2 (2.4.2) generator
[35,40,41] for the samples corresponding to the 2016
(2017–2018) data-taking period. The production of
W&W& events through double-parton scattering is gener-
ated at LO using PYTHIA 8.226 (8.230) [42] for 2016
(2017–2018).
The simulated samples for the 2016 (2017–2018) data-

taking period use the NNPDF 3.0 (3.1) parton distribution
functions [43,44], and are interfaced with PYTHIA to model
the fragmentation and hadronization of partons in the initial
and final states, along with the underlying event. The
CUETP8M1 (CP5) tune [45,46] is used in the simulation
for the 2016 (2017–2018) data-taking period. In LO (NLO)
simulations performed with MadGraph5_aMC@NLO, jets are
matched to the parton shower produced by PYTHIA 8.2

following the MLM [47] (FxFx [41]) prescription. The
interactions of all final-state particles with the CMS

FIG. 1. Example Feynman diagrams of VBF processes with
heavy Majorana neutrino production (left) and processes medi-
ated by the Weinberg operator (right) at the LHC.
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detector are simulated using GEANT4 [48]. Simulated events
are mixed with the contribution of particles from additional
pp interactions within the same or nearby bunch crossings
(pileup); the pileup distribution in the simulated samples
matches that observed in data.
Collision events are collected using single-muon

triggers [27] that require the presence of an isolated muon
with transverse momentum pT > 24 or 27 GeV, depending
on the data-taking period. In addition, a set of dimuon
triggers [27] with lower pT thresholds is used to ensure a
trigger efficiency above 90% for events with muons.
Depending on the subsequent off-line selection, the dimuon
triggers increase the event acceptance by up to 4%. 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 Section 9.4.1
of Ref. [49]. The jets are clustered using the anti-kT
algorithm [50,51] with a distance parameter of 0.4, with
the tracks assigned to the candidate vertices as inputs. To
mitigate the impact from pileup, tracks identified to be
originating from pileup vertices are discarded and calo-
rimeter energies are corrected to account for charged and
neutral particles originating from those vertices. The p⃗miss

T
is then defined as the negative vector pT sum of all
reconstructed particles in an event. Its magnitude is referred
to as pmiss

T . Jets arising from b quark hadronization and
decay (b jets) are identified using a deep neural network
algorithm, termed DeepCSV, whose inputs are tracks
displaced from the primary interaction vertex, details of
secondary vertices, and the kinematical variables of
jets [52]. To classify jets as b tagged, we use a requirement
on the score of the DeepCSV algorithm for which the b jet
identification efficiency ranges from 65% to 75% and the
rate at which gluon or light-flavor jets are misidentified as b
jets is around 1%. The fraction of jets originating from the
hadronization of c quarks that are incorrectly identified as b
jets is about 10%. Starting from the constituents of
reconstructed jets, hadronically decaying τ leptons are
identified via the “hadrons-plus-strips” algorithm [32].
The final states analyzed contain two well-identified SS

muons with pT > 30 GeV and pseudorapidity jηj < 2.4,
and at least two jets with pT > 30 GeV and jηj < 4.7. The
two selected jets with the largest pT are considered as the
VBF jet candidates, which must satisfy a large pseudor-
apidity separation jΔηjjj > 2.5 and a large dijet invariant
mass mjj > 750 GeV. Events produced via VBF are
expected to contain rapidity gaps between the muons
and the VBF jets. To utilize this signature, we require
maxðZlÞ < 0.75, where Zl is the Zeppenfeld variable [53]
of a lepton l: Zl ¼ jηl − ðηj1 þ ηj2Þ=2j=jΔηjjj, where ηl
is the pseudorapidity of the lepton, and ηj1 and ηj2 are of the
two VBF jets. Events with an additional loosely identified
muon (electron) with pT > 10 GeV and jηj < 2.5ð2.4Þ or
an identified hadronically decaying tau lepton with pT >
20 GeV and jηj < 2.3 are rejected to suppress backgrounds

such as W&Z production. Because the signal processes do
not produce final state neutrinos other than those produced
in hadron decays, pmiss

T is a useful discriminant to separate
the signal and backgrounds. For the analysis targeting
processes with heavy Majorana neutrinos, the azimuthal
separation variable Δϕll is better for improving the
sensitivity to the signal than pmiss

T because the two muons
in the final state tend to be more back-to-back than in
background processes [23]. However, pmiss

T is more dis-
criminating than azimuthal separation for the Weinberg
operator process because of the different event topology
resulting from the discrepancy between the two t-channel
propagators. To separate the signal and the SM electroweak
W&W& events, signal regions (SRs) for the heavyMajorana
neutrino and Weinberg operator analyses are defined in
bins of Δϕll and pmiss

T , respectively. For the heavy
Majorana neutrino analysis, we define a high-Δϕll bin
(Δϕll > 2) and a low-Δϕll bin (Δϕll < 2) in the SR. For
the Weinberg operator analysis, a low-pmiss

T bin
(< 50 GeV) and a high-pmiss

T bin (> 50 GeV) are defined
in the SR.
The background from opposite-sign dilepton events

where one of the lepton charges is misidentified is
negligible for events with muon pairs [54,55]. The so-
called nonprompt-lepton backgrounds, originating from
leptonic decays of heavy quarks or hadrons misidentified
as leptons, are suppressed by identification and isolation
requirements. Events from tt̄ pair where only one W
boson decays leptonically are the main source of non-
prompt-lepton backgrounds. To reduce this contribution,
events with at least one b-tagged jet with pT > 20 GeV and
jηj < 2.4 are rejected. The remaining contribution of the
nonprompt-lepton background is estimated directly from a
data sample by applying weights to events containing muon
candidates that fail the nominal selection criteria while
passing a less stringent isolation requirement. These
weights, called fake-lepton factors, are obtained from the
probability of a jet being misidentified as a lepton and the
efficiency of correctly reconstructing and identifying a
lepton. More details about this method are given in
Refs. [56,57].
To constrain the reducible background contributions,

which include W&Z production and backgrounds from
nonprompt leptons, several control regions (CRs) in data
are used. These CRs are defined to select samples of events
enriched in those background processes, following the
procedure described in Refs. [58–60]. AWZ CR, requiring
the presence of three muons in an event, is used to estimate
W&Z background contributions. The opposite-sign dimuon
combination with invariant mass closest to the Z boson
mass (mZ) is considered as the Z boson decay product,
whereas the remaining muon is assumed to originate from
the decay of the W boson. The selection criteria defining
the SR and theWZ CR are summarized in Table I. To select
event samples enriched in nonprompt leptons, a b-tagged
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CR is defined by using the same selection as for the SR,
however requiring the presence of a b-tagged jet. Similarly,
the WZb CR is defined by requiring the same selection as
for the WZ CR, but requiring at least one b-tagged jet. The
dominant backgrounds in the SR are SM electroweak
W&W& production and the contribution from nonprompt
leptons.
The discriminating variable used to search for a signal

for both analyses is HT=p
μ1
T . Here, HT is the scalar sum of

jet pT for all jets with pT > 30 GeV and jηj < 4.7, μ1
indicates the highest pT muon. This discriminating variable
measures the amount of hadronic activity relative to
leptonic activity in a given event, and is sensitive to the
color structure of the hard scattering processes as discussed
in Ref. [16]. As hadronic activity is typically suppressed in
VBF production processes, HT=p

μ1
T tends to be smaller for

signal events than for background events [16,23].
The statistical analysis is performed with a profile

likelihood ratio test statistic in which systematic uncertain-
ties are modeled as constrained nuisance parameters. Limits
are set using the modified frequentist CLs criterion [61,62],
and the asymptotic approximation [63] is used in the limit
setting procedure. The integrated luminosities of the 2016,
2017, and 2018 data-taking periods are individually known
with uncertainties in the range 1.2%–2.5% [64–66], while
the uncertainty in the total integrated luminosity in 2016–
2018 is 1.6%. The simulation of pileup events assumes a
total inelastic pp cross section of 69.2 mb, with an
associated uncertainty of 5% [67,68], which has an impact
of approximately 1% on the expected signal and

background yields. Discrepancies in the lepton reconstruc-
tion and identification efficiencies between data and sim-
ulation are corrected for by applying scale factors to all
simulated samples, and the associated uncertainty is around
2%. Uncertainties in both the muon momentum scale
and resolution individually amount to about 0.2%. The
simulated muon momentum resolution is corrected
by applying a 15% Gaussian smearing to muons with
pT > 200 GeV [55].
The resolution uncertainty and the momentum scale

uncertainty for high-pT muons are less than 1%. The
uncertainty in the calibration of the jet energy scale
(JES) directly affects the acceptance of the jet multiplicity
requirement and the pmiss

T measurement. These effects are
estimated by shifting the JES in the simulation up and down
by 1 standard deviation. The uncertainty in the JES is
2%–5%, depending on the jet pT and η [33,69].
Uncertainties in the b tagging algorithm are introduced
by various sources [52], and the overall impact on the
simulated samples is less than 1%. Theoretical uncertainties
arising from the choice of the renormalization and factori-
zation scales are estimated by varying these scales inde-
pendently up and down by a factor of 2 from their nominal
values, excluding the two extreme variations [70]. The
largest cross section variations from this procedure are
taken as the uncertainty [71], which is about 6%, and which
is applied to both the signal and the SM electroweak
W&W& processes. The parton distribution function uncer-
tainty of the signal and the SM electroweak W&W&

processes is evaluated according to the procedure described
in Ref. [72], and is found to be about 1%. These
uncertainties are not applied to the subdominant W&Z
background, where they are not significant compared to
other uncertainties considered. For the nonprompt-lepton
background prediction, systematic uncertainties arise from
the limited size of the sample used to measure the efficiency
and from the difference in the flavor composition of the jets
that are misidentified as leptons between the measured
sample and the signal region, estimated to amount to at
most 5% and 7%, respectively. An additional normalization
uncertainty of 30% is assigned to the nonprompt-lepton
background, based on studies of simulated events [57]. The
statistical uncertainty in the signal and background tem-
plates is introduced as a systematic uncertainty via the
Barlow-Beeston-lite approach [73]. This is the systematic
uncertainty that has the largest impact on the results derived
from the simultaneous fits described below. Uncertainties
related to pileup, theoretical calculations, and the muon
trigger and identification are correlated across the three
data-taking years. The luminosity and b tagging uncertain-
ties are partially correlated through some of the individual
uncertainty sources, and the remaining uncertainties are
uncorrelated across the three datasets. The total uncertain-
ties on the results are dominated by the statistical
uncertainties.

TABLE I. Signal region andWZ control region definitions. The
signal region is binned differently for the heavy Majorana
neutrino and Weinberg operator analyses. A b-tagged CR is
defined by using the same selection as for the SR, however
requiring the presence of a b-tagged jet. AWZbCR is defined by
requiring the same selection as for the WZ CR, but requiring at
least one b-tagged jet.

Variable SR WZ CR

Number of leptons Exactly 2
same-sign muons

Exactly 3
muons

Lepton pT >30=30 GeV >25=25=10 GeV
Lepton jηj <2.4 <2.4
Jet pT >30 GeV >30 GeV
Jet jηj <4.7 <4.7
Dilepton mass mll >20 GeV ( ( (
jmll −mZj ( ( ( <15 GeV

(for one μþμ− pair)
Trilepton mass mlll ( ( ( >100 GeV
Max ðZlÞ <0.75 <1.0
pmiss
T ( ( ( >30 GeV

b-tagged jet veto Required Required
Hadronic τ veto Required Required
mjj >750 GeV >750 GeV
jΔηjjj >2.5 >2.5
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Two separate fits are performed, based on the SR and the
b-tagged, WZ, and WZb CRs: one for the heavy Majorana
neutrino analysis usingΔϕll bins in the SR, and a second for
theWeinberg operator analysis with thepmiss

T bins in the SR.
The normalization factors for the W&W&, W&Z, and tZq
background processes, affecting both the SRs and CRs, are
included as free parameters in the fit together with the signal
strength. The predicted yields are shown in Fig. 2 with their
best fit normalizations from the simultaneous fits for the
background-only hypothesis, i.e., assuming no contribu-
tions from processes involving heavy Majorana neutrinos
and theWeinberg operator. The bin boundaries are chosen to
optimize the signal sensitivity while leaving the major
background contributions in each bin at a reasonable level.
The data are found to be consistent with the background

expectation. Using the relationship between the cross
section and the mixing elements for the heavy Majorana
neutrino analysis, upper limits at the 95% C.L. are derived
on jVμN j2 as shown in Fig. 3. These results surpass those
obtained in previous searches by the ATLAS and CMS
Collaborations [18,19,21] for mN ≳ 650 GeV, and set the
first direct limits formN > 2 TeV. Previous upper limits on
the mixing elements from the CMS Collaboration [18,21]
are plotted in Fig. 3 for comparison. These limits on jVμN j2
approach unity at around 1 TeV. As the mixing element
describes the oscillation probability between the SM
neutrinos and the heavy Majorana neutrino, results with
jVμN j2 > 1 are not physically meaningful.
Equation (2) is used to convert the limit on jCll0

5 =Λj2
extracted from the Weinberg operator analysis into a limit
on jmμμj. The observed (expected) 95% C.L. upper limit on

FIG. 2. The HT=p
μ1
T distribution in the SRs and CRs. The horizontal axis indicates the bin width. The predicted yields of the

backgrounds are shown with their best fit normalizations from the simultaneous fits for the background-only hypothesis. The lines
indicate the scaled expected distributions of the heavy Majorana neutrino process withmN ¼ 750 GeV (solid red line), 1.5 TeV (dashed
red line), 5.0 TeV (dotted red line), and of the Weinberg operator process (dash-dotted green line). The heavy Majorana neutrino
processes are characterized by the azimuthal separation variable Δϕll, while the Weinberg operator process features in low missing
transverse momentum.

FIG. 3. Upper limits on the heavy neutrino mixing element
jVμN j2 at the 95% C.L. as a function of the heavy neutrino mass
mN . The black dashed curve shows the expected upper limit, with
the 1 and 2 standard deviation bands are indicated in lime green
and light yellow, respectively. The solid black curve is the
observed upper limit. The red dashed curve indicates observed
upper limits from Ref. [18], while the blue dashed curve shows
the observed upper limits from Ref. [21]. The result fromRef. [19]
is not shown since it focuses on lowmN. Starting frommN around
650 GeV, the analysis presented in this Letter improves upon the
upper limits from those references.

PHYSICAL REVIEW LETTERS 131, 011803 (2023)

011803-5



jmμμj is found to be 10.8(12.8) GeV. This is the first upper
limit from a collider experiment, and it improves upon a
previous limit set in Ref. [16] using the results from the
NA62 experiment [17].
In summary, this Letter presents the first search for

Majorana neutrinos at several TeV and a first probe of the
Weinberg operator at the LHC. These achievements were
made possible by considering for the first time vector boson
fusion processes resulting in a same-sign dimuon final
state. The results are consistent with the predictions from
the standard model. For heavy Majorana neutrinos, upper
limits on the mixing element jVμN j2 are set for the mass
range 50 GeV < mN < 25 TeV and the best sensitivity is
reached for mN ≳ 650 GeV. The phase space explored
exceeds the center-of-mass energy of the LHC, improving
previous limits for direct production of Majorana neutrinos.
The highest mass for which jVμN j2 ¼ 1 is excluded
is around 23 TeV. The observed (expected) 95% confidence
level upper limit on the effective μμ Majorana mass
associated with the Weinberg operator is 10.8
(12.8) GeV, exceeding the current best limit from high
intensity Kaon experiments.
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72bUniversità di Genova, Genova, Italy
73aINFN Sezione di Milano-Bicocca, Milano, Italy
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107Centro de Investigaciones Energéticas Medioambientales y Tecnológicas (CIEMAT), Madrid, Spain
108Universidad Autónoma de Madrid, Madrid, Spain

109Universidad de Oviedo, Instituto Universitario de Ciencias y Tecnologías Espaciales de Asturias (ICTEA), Oviedo, Spain
110Instituto de Física de Cantabria (IFCA), CSIC-Universidad de Cantabria, Santander, Spain

111University of Colombo, Colombo, Sri Lanka
112University of Ruhuna, Department of Physics, Matara, Sri Lanka

113CERN, European Organization for Nuclear Research, Geneva, Switzerland
114Paul Scherrer Institut, Villigen, Switzerland

115ETH Zurich - Institute for Particle Physics and Astrophysics (IPA), Zurich, Switzerland
116Universität Zürich, Zurich, Switzerland

117National Central University, Chung-Li, Taiwan
118National Taiwan University (NTU), Taipei, Taiwan

119Chulalongkorn University, Faculty of Science, Department of Physics, Bangkok, Thailand
120Çukurova University, Physics Department, Science and Art Faculty, Adana, Turkey

121Middle East Technical University, Physics Department, Ankara, Turkey
122Bogazici University, Istanbul, Turkey

123Istanbul Technical University, Istanbul, Turkey
124Istanbul University, Istanbul, Turkey

125Institute for Scintillation Materials of National Academy of Science of Ukraine, Kharkiv, Ukraine
126National Science Centre, Kharkiv Institute of Physics and Technology, Kharkiv, Ukraine

127University of Bristol, Bristol, United Kingdom
128Rutherford Appleton Laboratory, Didcot, United Kingdom

129Imperial College, London, United Kingdom
130Brunel University, Uxbridge, United Kingdom

131Baylor University, Waco, Texas, USA
132Catholic University of America, Washington, D.C., USA
133The University of Alabama, Tuscaloosa, Alabama, USA

134Boston University, Boston, Massachusetts, USA
135Brown University, Providence, Rhode Island, USA

136University of California, Davis, Davis, California, USA
137University of California, Los Angeles, California, USA

138University of California, Riverside, Riverside, California, USA
139University of California, San Diego, La Jolla, California, USA

140University of California, Santa Barbara - Department of Physics, Santa Barbara, California, USA
141California Institute of Technology, Pasadena, California, USA
142Carnegie Mellon University, Pittsburgh, Pennsylvania, USA
143University of Colorado Boulder, Boulder, Colorado, USA

144Cornell University, Ithaca, New York, USA
145Fermi National Accelerator Laboratory, Batavia, Illinois, USA

146University of Florida, Gainesville, Florida, USA
147Florida State University, Tallahassee, Florida, USA

148Florida Institute of Technology, Melbourne, Florida, USA
149University of Illinois at Chicago (UIC), Chicago, Illinois, USA

150The University of Iowa, Iowa City, Iowa, USA
151Johns Hopkins University, Baltimore, Maryland, USA
152The University of Kansas, Lawrence, Kansas, USA
153Kansas State University, Manhattan, Kansas, USA

154Lawrence Livermore National Laboratory, Livermore, California, USA
155University of Maryland, College Park, Maryland, USA

156Massachusetts Institute of Technology, Cambridge, Massachusetts, USA
157University of Minnesota, Minneapolis, Minnesota, USA

158University of Mississippi, Oxford, Mississippi, USA
159University of Nebraska-Lincoln, Lincoln, Nebraska, USA

160State University of New York at Buffalo, Buffalo, New York, USA

PHYSICAL REVIEW LETTERS 131, 011803 (2023)

011803-18



161Northeastern University, Boston, Massachusetts, USA
162Northwestern University, Evanston, Illinois, USA

163University of Notre Dame, Notre Dame, Indiana, USA
164The Ohio State University, Columbus, Ohio, USA
165Princeton University, Princeton, New Jersey, USA

166University of Puerto Rico, Mayaguez, Puerto Rico, USA
167Purdue University, West Lafayette, Indiana, USA

168Purdue University Northwest, Hammond, Indiana, USA
169Rice University, Houston, Texas, USA

170University of Rochester, Rochester, New York, USA
171The Rockefeller University, New York, New York, USA

172Rutgers, The State University of New Jersey, Piscataway, New Jersey, USA
173University of Tennessee, Knoxville, Tennessee, USA
174Texas A&M University, College Station, Texas, USA

175Texas Tech University, Lubbock, Texas, USA
176Vanderbilt University, Nashville, Tennessee, USA

177University of Virginia, Charlottesville, Virginia, USA
178Wayne State University, Detroit, Michigan, USA

179University of Wisconsin - Madison, Madison, Wisconsin, USA
180Author affiliated with an institute or international laboratory covered by a cooperation agreement with CERN

aDeceased.
bAlso at Yerevan State University, Yerevan, Armenia.
cAlso at TU Wien, Vienna, Austria.
dAlso at Institute of Basic and Applied Sciences, Faculty of Engineering, Arab Academy for Science, Technology and Maritime
Transport, Alexandria, Egypt.
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