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A search for the rare η → μþμ−μþμ− double-Dalitz decay is performed using a sample of proton-proton
collisions, collected by the CMS experiment at the CERN LHC with high-rate muon triggers during 2017
and 2018 and corresponding to an integrated luminosity of 101 fb−1. A signal having a statistical
significance well in excess of 5 standard deviations is observed. Using the η → μþμ− decay as
normalization, the branching fraction Bðη → μþμ−μþμ−Þ ¼ ½5.0� 0.8ðstatÞ � 0.7ðsystÞ � 0.7ðB2μÞ� ×
10−9 is measured, where the last term is the uncertainty in the normalization channel branching fraction.
This work achieves an improved precision of over 5 orders of magnitude compared to previous results,
leading to the first measurement of this branching fraction, which is found to agree with theoretical
predictions.
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The η and η0 mesons are JPC ¼ 0−þ particles with
masses of 547.9 and 957.8 MeV, respectively, comprising
admixtures of up, down, and strange quarks [1]. Despite a
comprehensive experimental campaign [2–6] to study these
light mesons, several properties of the η and η0 remain
unmeasured. Their leptonic radiative decays, also known as
Dalitz decays, constitute such an example. They proceed
via the electromagnetic coupling of pseudoscalar mesons to
the photon, where one or more of the photons internally
convert into a pair of leptons, as shown in Fig. 1. Such
decays are typically highly suppressed because they can
only occur through these electromagnetic interactions
instead of the comparatively stronger nuclear interactions.
To date, the only observed leptonic radiative decays are
η → μþμ−, η → eþe−eþe−, and, more recently, η0 →
eþe−eþe− [3–5]. The decays η → eþe−, η → μþμ−μþμ−,
η → eþe−μþμ−, and most η0 decays have so far eluded
discovery. Observing these rare decays is important
because they can serve as precision tests of the standard
model, they offer sensitivity to an array of new physics
scenarios [7,8], and the interaction between pseudoscalars
and photons contributes to the hadronic light-by-light
component of the anomalous magnetic moment of the
muon [7,9]. A thorough description of radiative decays and
their impact on several relevant standard model observ-
ables, as well as their sensitivity to new physics, can be
found in Ref. [8].

In this Letter, we report the first observation of the muon
double-Dalitz decay of the η meson, η → μþμ−μþμ−, usingffiffiffi
s

p ¼ 13 TeV proton-proton (pp) collision data collected
by the CMS experiment during 2017 and 2018 at the LHC.
The predicted branching fraction for this decay channel is
extremely small, Bðη → 4μÞ ¼ ð3.98� 0.15Þ × 10−9 [10],
making its observation particularly challenging. The analy-
sis measures the rate of η → 4μ events compared to the
normalization channel η → 2μ [3], for which the branching
fraction is known with a precision of 14% [1]. The product
of the CMS detector acceptance and signal efficiency, as
well as systematic uncertainties, is evaluated with simu-
lation studies for both channels. Tabulated results are
provided in the HEPData record for this analysis [11].
The defining feature of the measurement is the use of high-
rate triggers, which extends the sensitivity of CMS to
dimuon and four-muon resonances of masses lower than
what is achievable with the standard muon triggers [12],
leading to an improved precision of 5 orders of magnitude
compared to previous works [13].
The CMS apparatus is a multipurpose detector designed

to trigger on and identify electrons, muons, photons, and
(charged and neutral) hadrons [14–16]. A superconducting
solenoid of 6 m internal diameter provides a magnetic field

FIG. 1. Feynman diagram of pseudoscalar decays into four
leptons, known as double-Dalitz decays.

*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, 091903 (2023)

0031-9007=23=131(9)=091903(19) 091903-1 © 2023 CERN, for the CMS Collaboration



of 3.8 T. Within the solenoid volume are the silicon pixel
and strip tracker, a crystal electromagnetic calorimeter, and
a brass and scintillator hadron calorimeter. Muons are
measured in gas-ionization detectors embedded in the steel
flux-return yoke outside the solenoid, covering the pseu-
dorapidity range jηj < 2.4. A more detailed description of
the CMS detector, together with a definition of the
coordinate system used and the relevant kinematic varia-
bles, can be found in Ref. [17].
Events are first selected by the two-tiered trigger system

[12]. The first tier (level-1, or L1) is a hardware-based
trigger that uses information from the calorimeters and the
muon detectors to select events at a rate of roughly
100 kHz. The second tier (high-level trigger, or HLT)
consists of a farm of processors running the CMS
reconstruction software optimized for fast online process-
ing. The HLT processes events at an output rate of about
1 kHz with approximately 1 MB=event, a limit imposed by
the total available data transfer bandwidth. These are the
“standard triggers” [18]. The standard dimuon triggers
require one muon with transverse momentum pT larger
than 12(15) GeV at L1 in 2017(2018) and 17 GeV at HLT,
and a second muon with pT at least 5(7) GeVat L1 in 2017
(2018) and 8 GeV at HLT. These triggers collect data at a
rate of about 30 Hz at a peak instantaneous luminosity of
2 × 1034 cm−2 s−1 [18].
For dimuon resonance masses below about 40 GeV, the

performance of the standard muon triggers deteriorates. To
improve efficiency for those masses, a dedicated set of
high-rate dimuon triggers was developed. These triggers
allow considerably lower muon pT thresholds but store
only a limited amount of information per event, ensuring
that the total data transfer bandwidth remains affordable.
The information stored in the event includes only muons
reconstructed at the HLT, apart from additional limited
event-level information, leading to an event size of around
4 kB in 2017 and 8 kB in 2018 [18]. This strategy, first
introduced by the CMS Collaboration in 2012, is referred to
as “data scouting” [18–20].
The high-rate triggers include several requirements at

L1, described in Table I. The fraction of events passing the
full four-muon selection that is accepted by each path is
shown in the last column. The first L1 path (#1) collects
most of the events of interest for the dimuon invariant mass
(m2μ) region below about 1 GeV; the decay products of the
η meson are generally collimated, given the small mass of
the η meson and its comparatively high pT distribution. At
the HLT, each of the two muons is further required to have a
pT of at least 3 GeV. These high-rate triggers were
commissioned in 2017 and found to provide a rate of
about 2 kHz at the peak instantaneous luminosity of
2 × 1034 cm−2 s−1 [18], more than 60 times the rate
of the standard muon triggers. The data were collected
in 2017 and 2018, corresponding to an integrated lumi-
nosity of 101 fb−1 [21–23].

Events passing the high-rate trigger requirements are
further selected to improve the signal-to-background dis-
crimination. The η → 2μ selection requires two oppositely
charged muons consistent with production at a common
origin (i.e., vertex). The vertex reconstruction is based on a
Kalman filtering algorithm [24] and performed pairwise,
regardless of the decay channel. The η → 4μ selection
requires four muons with a net charge of zero, which are
also consistent with a common origin. In this case, the full
set of six dimuon vertices must be reconstructed and
compatible in position. In both two- and four-muon
selections, more than one combination of muons (“candi-
dates”) per event is allowed if all muons satisfy the listed
requirements, but in both cases, more than 98% of events in
the signal mass window 0.53–0.57 GeV feature only one
passing combination. To maximize the signal efficiency for
reconstructing and identifying candidate η meson decays,
no additional selection is applied.
Figure 2 shows the m2μ spectrum in the region around

the η meson mass, 0.518–0.578 GeV, obtained with data
collected using the high-rate triggers after applying the
two-muon selection. The distributions are shown for the
inclusive dimuon pT (p2μ

T ) range and additionally for three
slices, 8–9, 14–15, and 25–30 GeV, highlighting the rapid
decrease of the production cross section with p2μ

T . A binned
maximum likelihood fit to the total spectrum with a sum of
two Gaussian functions and a third-order Chebychev poly-
nomial reveals approximately 4.5 million η → 2μ decays.
Given the branching fraction Bðη → 2μÞ ¼ ð5.8� 0.8Þ ×
10−6 [1], the total number of η mesons produced in the
sensitive kinematic region of the CMS detector is about
1012, neglecting reconstruction inefficiencies. This huge η
production rate is critical for the study of its rare decay
channels.
Figure 3 shows the four-muon invariant mass (m4μ)

distribution in the range 0.46–0.90 GeV, obtained with data
collected using the high-rate triggers after applying the

TABLE I. Set of dimuon L1 requirements applied in the high-
rate triggers. The angular separation between muons in the η-ϕ
plane is defined as ΔR≡ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðΔηÞ2 þ ðΔϕÞ2
p

, where ϕ is the
azimuthal angle. The first L1 path requires, for each muon, pT >
4.0ð4.5Þ GeV in 2017 (2018). The third path imposes separate
requirements on each muon pT . The m2μ column denotes a range
of allowed dimuon invariant masses. The charge column indicates
if an opposite-sign (OS) requirement exists between muons. The
last column reports the fraction of selected events accepted by
each path.

L1 path pT [GeV] jηj ΔR m2μ [GeV] Charge Fraction

#1 > 4.0 (4.5) … < 1.2 … OS 90%
#2 … < 1.5 < 1.4 … OS 48%
#3 > 15, > 7 … … … … 46%
#4 > 4.5 < 2.0 … 7–18 OS 9%
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four-muon selection. A clear peak is observed in the signal
mass window 0.53–0.57 GeV, corresponding to the η
meson mass. A binned maximum likelihood fit of the
spectrum to the sum of a single-sided Crystal-Ball function
[25] for the signal and a threshold function proportional to
ðm4μ − 4mμÞβ for the background, where mμ is the muon
mass and β is a free parameter of the fit, yields N4μ ¼
49.6� 8.1 signal events and 16.6� 0.6 background events
(in the signal mass window). The parameters of the signal
function, except for the normalization, are fixed from
simulation. This corresponds to a statistical significance
in excess of 5 standard deviations, determined by means of

a log-likelihood ratio test with a saturated model [26],
under a signal-plus-background (Sþ B) hypothesis com-
pared to the background-only assumption.
Simulated samples of rare η decays are generated at

leading order with a custom workflow. The first step
employs the PLUTO v6 generator [27] to simulate the
two- and four-muon decays of the η meson in its rest
frame, using the vector meson dominance model [28].
Subsequently, the η meson and its decay products are
boosted to the laboratory frame by sampling from uniform
pT and rapidity distributions in the 5–70 GeVand jyj < 2.4
ranges, respectively. The decay products are then
embedded into complete CMS events, which also include
the simulation of fragmentation, parton shower, and hadro-
nization processes in the initial and final states with the
PYTHIA 8.230 package [29], and simulation of the underlying
event with the CP5 tune [30]. The location of the decay
products in the detector is sampled from the distribution of
the beam envelope. Finally, the interaction of final-state
particles with the CMS detector is simulated using the
GEANT4 toolkit [31]. Simulated events include the contri-
bution of additional particles produced in time within the
same or nearby bunch crossings. The multiplicity of
vertices is matched to the one observed in the data.
To check whether the observed peak is indeed compat-

ible with the η → 4μ decay, the signal simulation was used
to predict the four-muon pT (p4μ

T ) spectrum for the
experimentally measured branching fraction Bðη → 4μÞ
of 5 × 10−9 (described later). The signal p4μ

T distribution
was reweighted based on the η meson pT differential
production rate measured with the two-muon channel.
Figure 4 compares the predicted distribution to the mea-
sured spectrum and to the expected background, obtained
from events with m4μ within the 0.6–0.9 GeV sideband,
where no signal is expected. The shape is then normalized
such that the total background yield is fixed to the one
extracted from them4μ fit. The correlation between p

4μ
T and

m4μ for background events was verified to be weak by

comparing them4μ spectrum across several p4μ
T ranges. The

sum of the predicted signal and background contributions
agrees with the observation. An additional check was
performed by applying a tight muon selection to muons
in the signal mass window and in the sideband, and by
comparing the fraction of muons surviving the selection
between the two regions. This selection requires at least six
energy deposits per muon track in the silicon tracker, of
which at least one is in the pixel layers, and a track
χ2=ndf < 10, where ndf is the number of degrees of
freedom. About 99% of four-muon combinations passed
this selection in the signal mass window, compared to only
84% in the sideband. Since the sidebands presumably
contain more hadrons misidentified as muons, this indicates
a negligible contamination of such hadrons in the signal
region.

FIG. 2. Distribution of m2μ obtained with the dimuon selection
integrated in dimuon pT and in three pT ranges as indicated in the
legend, with the number of events in the selected pT ranges
multiplied by 5 for better visibility.

FIG. 3. Measured m4μ distribution, with the fit result overlaid.
The pull distribution in the lower panel is shown relative to the
background component of the fit model and defined as ðData−
FitBkgÞ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2Data − σ2FitBkg

q
. Uncertainties are statistical only.
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To ensure that the observed peak cannot be explained by
other resonant backgrounds, such as additional decay
modes of the η meson, we studied these modes using
simplified Monte Carlo (MC) simulations. The decay
chains are simulated via a series of two-body decays of
the form M → m1m2. The results are reported in Fig. 5.
Decays with final-state photons (or neutral pions) could
mimic the four-muon signal if a photon converts to a pair of
muons after interacting with detector material. However, in
this case, the nearby nucleus imparts a momentum kick to
the system and increases its total invariant mass. Therefore,
as a general feature of this topology, backgrounds involving
photons do not present a peak in the signal mass window.
The only peaking background is η → πþπ−μþμ−, where
both pions are misidentified as muons. Here, however, the
difference in mass between the two particles shifts the
invariant mass peak down to about 0.48 GeV, sufficiently
below the signal mass window. Furthermore, this decay
mode has never been observed. The current experimental
upper limit of Bðη → πþπ−μþμ−Þ < 1.6 × 10−4 at the
90% confidence level [13], which is considerably higher
than the theoretical prediction of 6.5 × 10−9 [32], is used in
our estimate. Based on these studies, we conclude that other
decay modes of the η meson provide a negligible con-
tribution to the selected events.
The simulated samples of η → 4μ and η → 2μ events are

used to evaluate the total signal efficiencies Ai;j
4μ and Ai;j

2μ,
respectively, given by the product of detector geometric
acceptance and reconstruction and selection efficiencies, as
functions of pT for two rapidity regions: jyj < 1.5 and

1.5 < jyj < 2.4. Figure 6 shows the total efficiencies vs pT ,
split by rapidity range. In two-muon decays, Ai;j

2μ is limited
by the trigger efficiency, reaching a plateau of about 70%.
In contrast, in four-muon decays, the efficiency to recon-
struct all four muons in the event has a maximum value of
about 15%. The low-pT behavior is understood to be
correlated with the minimum pT of about 3.5 GeV required

FIG. 4. Comparison of the four-muon pT spectrum observed in
data with 0.53 < m4μ < 0.57 GeV (black points) and the signal
prediction from simulation assuming the observed branching
fraction (orange dashed line). Also shown is the predicted
background shape, extracted from the mass sideband, normalized
to the background fit yield (dotted blue line), and the sum of
signal and background predictions (solid red line).

FIG. 5. Predicted background contributions to the signal mass
window, estimated with simplified MC simulations. The η →
μþμ−μþμ− signal is displayed as a benchmark (red squares),
followed by various other decaymodes of the ηmeson. The curves
are normalized to an integrated luminosity of 101 fb−1. For
unobserved decay modes, the current experimental upper limits
are conservatively taken as the reference branching fractions in the
estimations, with the exception of the signal channel, where the
branching fraction measured in this work is used.

FIG. 6. Total efficiencies for the four-muon (Ai;j
4μ, red and blue

points) and two-muon (Ai;j
2μ, orange and green points) decay

channels, as functions of the generated meson’s pT and y,
evaluated through MC simulation.
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for a muon in the central region to reach the muon
detectors. The high-p4μ

T dropoff, in turn, comes from the
difficulty of reconstructing four muons with very small
angular separation, owing to the boost of the parent
η meson.
The branching fraction B4μ ≡ Bðη → 4μÞ is determined

relative to B2μ ≡ Bðη → 2μÞ using

B4μ

B2μ
¼ N4μ

P
i;j N

i;j
2μ

Ai;j
4μ

Ai;j
2μ

; ð1Þ

where N4μ is the total four-muon signal yield, Ni;j
2μ are the

two-muon signal yields in bins i and j of the candidate η

meson’s pT and rapidity, and Ai;j
4μ and Ai;j

2μ are the corre-
sponding efficiencies. We define 32 bins in pT in the range
7–70 GeVand two bins in jyj. Because of the relative nature
of the measurement, several uncertainties cancel out when
considering the ratio of quantities. Remaining uncertainties
are assessed for each component of Eq. (1). The uncertainty
on B2μ is 14% [1], while the statistical uncertainty onN4μ is
estimated to be 16% from the fit shown in Fig. 3. A similar
source of uncertainty would arise from the measurement of
Ni;j

2μ, but it is negligible compared to the other uncertainties
when considering the large sample of η → 2μ decays.
The remaining dominant uncertainties are systematic in

nature and arise from incomplete knowledge of the effi-
ciencies evaluated by simulation. This type of uncertainty is
subdivided into three parts: (i) on the track pT threshold,
9.0%; (ii) on the trigger pT threshold, 8.4%; and (iii) on the
efficiency plateau, 3.2%. Parts (i) and (ii) are caused by
imperfect modeling of the turn-on behavior of the single-
muon reconstruction efficiency observed in data. They are
estimated by varying the thresholds in simulation and
measuring the corresponding variation of the relative
N4μ yield. A conservative but meaningful range of thresh-
old variations is determined for part (i) by comparing the
momentum scale variation that is required to shift the mass
peak of the ηmeson by the width observed in the two-muon
spectrum. For (ii), we assume a 10% uncertainty in the
effective threshold of the trigger. The uncertainty on (iii) is
determined by measuring the trigger efficiency in data with
an unbiased sample of events collected with electron
triggers. The discrepancy between this efficiency in data
and simulation leads to a 3.2% correction to the branching
fraction, which is also taken as the corresponding uncer-
tainty. This uncertainty affects both decay channels in an
unbalanced fashion owing to the different number of final-
state muons, and hence it only partially cancels out in the
ratio. A subdominant source of systematic uncertainty is
attributed to the choice of fit model used to extract the
signal yield in both channels. This uncertainty is assessed
by testing several alternative signal and background mod-
els, and determining the variation in signal yield, resulting

in a value of 6.6%. Overall, we estimate the total systematic
uncertainty in the branching ratio measurement to be 14%,
adding all contributions in quadrature.
The resulting B4μ=B2μ ratio is

B4μ

B2μ
¼ ½0.86� 0.14ðstatÞ � 0.12ðsystÞ� × 10−3:

With Bðη → 2μÞ ¼ ð5.8� 0.8Þ × 10−6 [1], the branching
fraction of the newly observed four-muon decay channel is
measured to be

Bðη→4μÞ¼½5.0�0.8ðstatÞ�0.7ðsystÞ�0.7ðB2μÞ�×10−9;

where the last term reflects the uncertainty in Bðη → 2μÞ.
The measurement is in agreement with the theoretical
prediction of ð3.98� 0.15Þ × 10−9 [10].
In summary, the first observation of the η meson’s rare

double-Dalitz decay to four muons is reported. This is made
possible by the use of CMS data collected with high-rate
muon triggers at

ffiffiffi
s

p ¼ 13 TeV in 2017 and 2018, corre-
sponding to an integrated luminosity of 101 fb−1. The
branching fraction of the η → 4μ decay is measured relative
to the η → 2μ decay, yielding a ratio of branching fractions
of ð0.86� 0.14ðstatÞ � 0.12ðsystÞÞ × 10−3. Using the
world average branching fraction value [1] for the normali-
zation channel, the branching fraction of the four-muon
decay channel is Bðη → μþμ−μþμ−Þ ¼ ð5.0� 0.8ðstatÞ �
0.7ðsystÞ � 0.7ðB2μÞÞ × 10−9, where the last term is the
uncertainty in the normalization channel branching fraction.
This result is in agreement with theoretical predictions [10].
The augmented statistical power of data collected with high-
rate triggers in future runs of the LHC will enable a detailed
study of doubly virtual pseudoscalar transition form factors
(TFFs) in the timelike region [33]. Measuring TFFs is
crucial to understand the effects of the strong interaction
in a range of relevant processes, such as the anomalous
magnetic moment of the muon [7].

We congratulate our colleagues in the CERN accelerator
departments for the excellent performance of the LHC and
thank the technical and administrative staffs at CERN and
at other CMS institutes for their contributions to the success
of the CMS effort. In addition, we gratefully acknowledge
the computing centers and personnel of the Worldwide
LHC Computing Grid and other centers for delivering, so
effectively, the computing infrastructure essential to our
analyses. Finally, we acknowledge the enduring support for
the construction and operation of the LHC, the CMS
detector, and the supporting computing infrastructure
provided by the following funding agencies: BMBWF
and FWF (Austria); FNRS and FWO (Belgium); CNPq,
CAPES, FAPERJ, FAPERGS, and FAPESP (Brazil); MES
and BNSF (Bulgaria); CERN; CAS, MoST, and NSFC
(China); MINCIENCIAS (Colombia); MSES and CSF

PHYSICAL REVIEW LETTERS 131, 091903 (2023)

091903-5



(Croatia); RIF (Cyprus); SENESCYT (Ecuador); MoER,
ERC PUT, and ERDF (Estonia); Academy of Finland,
MEC, and HIP (Finland); CEA and CNRS/IN2P3 (France);
BMBF, DFG, and HGF (Germany); GSRI (Greece);
NKFIH (Hungary); DAE and DST (India); IPM (Iran);
SFI (Ireland); INFN (Italy); MSIP and NRF (Republic of
Korea); MES (Latvia); LAS (Lithuania); MOE and UM
(Malaysia); BUAP, CINVESTAV, CONACYT, LNS, SEP,
and UASLP-FAI (Mexico); MOS (Montenegro); MBIE
(New Zealand); PAEC (Pakistan); MES and NSC (Poland);
FCT (Portugal); ENMAK (Turkey); NASU (Ukraine);
STFC (United Kingdom); DOE and NSF (USA).

[1] R. L.Workman (ParticleDataGroup) et al., Review of particle
physics, Prog. Theor. Exp. Phys. 2022, 083C01 (2022).

[2] L. G. Landsberg, Electromagnetic decays of light mesons,
Phys. Rep. 128, 301 (1985).

[3] R. Abegg, A. Baldisseri, A. Boudard, W. Briscoe, B. Fabbro
et al., Measurement of the branching ratio for the decay
η → μþμ−, Phys. Rev. D 50, 92 (1994).

[4] F. Ambrosino et al., Observation of the rare η → eþe−eþe−
decay with the KLOE experiment, Phys. Lett. B 702, 324
(2011).

[5] M. Ablikim et al. (BESIII Collaboration), Observation of
the double Dalitz decay η0 → eþe−eþe−, Phys. Rev. D 105,
112010 (2022).

[6] A. Anastasi et al., Precision measurement of the η →
πþπ−π0 Dalitz plot distribution with the KLOE detector,
J. High Energy Phys. 05 (2016) 019.

[7] L. Gan, B. Kubis, E. Passemar, and S. Tulin, Precision tests
of fundamental physics with η and η0 mesons, Phys. Rep.
945, 1 (2022).

[8] E. Goudzovski et al., New physics searches at kaon and
hyperon factories, Rep. Prog. Phys. 86, 016201 (2023).

[9] M. Knecht, S. Narison, A. Rabemananjara, and D.
Rabetiarivony, Scalar meson contributions to aμ from had-
ronic light-by-light scattering, Phys. Lett. B 787, 111 (2018).
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111Centro de Investigaciones Energéticas Medioambientales y Tecnológicas (CIEMAT), Madrid, Spain
112Universidad Autónoma de Madrid, Madrid, Spain

113Universidad de Oviedo, Instituto Universitario de Ciencias y Tecnologías Espaciales de Asturias (ICTEA), Oviedo, Spain
114Instituto de Física de Cantabria (IFCA), CSIC-Universidad de Cantabria, Santander, Spain

115University of Colombo, Colombo, Sri Lanka
116University of Ruhuna, Department of Physics, Matara, Sri Lanka

117CERN, European Organization for Nuclear Research, Geneva, Switzerland
118Paul Scherrer Institut, Villigen, Switzerland

119ETH Zurich - Institute for Particle Physics and Astrophysics (IPA), Zurich, Switzerland
120Universität Zürich, Zurich, Switzerland

121National Central University, Chung-Li, Taiwan
122National Taiwan University (NTU), Taipei, Taiwan

123Chulalongkorn University, Faculty of Science, Department of Physics, Bangkok, Thailand
124Çukurova University, Physics Department, Science and Art Faculty, Adana, Turkey

125Middle East Technical University, Physics Department, Ankara, Turkey
126Bogazici University, Istanbul, Turkey

127Istanbul Technical University, Istanbul, Turkey
128Istanbul University, Istanbul, Turkey

129Institute for Scintillation Materials of National Academy of Science of Ukraine, Kharkiv, Ukraine
130National Science Centre, Kharkiv Institute of Physics and Technology, Kharkiv, Ukraine

131University of Bristol, Bristol, United Kingdom
132Rutherford Appleton Laboratory, Didcot, United Kingdom

133Imperial College, London, United Kingdom
134Brunel University, Uxbridge, United Kingdom

135Baylor University, Waco, Texas, USA
136Catholic University of America, Washington, DC, USA
137The University of Alabama, Tuscaloosa, Alabama, USA

138Boston University, Boston, Massachusetts, USA
139Brown University, Providence, Rhode Island, USA

140University of California, Davis, Davis, California, USA
141University of California, Los Angeles, California, USA

142University of California, Riverside, Riverside, California, USA
143University of California, San Diego, La Jolla, California, USA

144University of California, Santa Barbara - Department of Physics, Santa Barbara, California, USA
145California Institute of Technology, Pasadena, California, USA
146Carnegie Mellon University, Pittsburgh, Pennsylvania, USA

PHYSICAL REVIEW LETTERS 131, 091903 (2023)

091903-16



147University of Colorado Boulder, Boulder, Colorado, USA
148Cornell University, Ithaca, New York, USA

149Fermi National Accelerator Laboratory, Batavia, Illinois, USA
150University of Florida, Gainesville, Florida, USA

151Florida State University, Tallahassee, Florida, USA
152Florida Institute of Technology, Melbourne, Florida, USA

153University of Illinois at Chicago (UIC), Chicago, Illinois, USA
154The University of Iowa, Iowa City, Iowa, USA

155Johns Hopkins University, Baltimore, Maryland, USA
156The University of Kansas, Lawrence, Kansas, USA
157Kansas State University, Manhattan, Kansas, USA

158University of Maryland, College Park, Maryland, USA
159Massachusetts Institute of Technology, Cambridge, Massachusetts, USA

160University of Minnesota, Minneapolis, Minnesota, USA
161University of Mississippi, Oxford, Mississippi, USA

162University of Nebraska-Lincoln, Lincoln, Nebraska, USA
163State University of New York at Buffalo, Buffalo, New York, USA

164Northeastern University, Boston, Massachusetts, USA
165Northwestern University, Evanston, Illinois, USA

166University of Notre Dame, Notre Dame, Indiana, USA
167The Ohio State University, Columbus, Ohio, USA
168Princeton University, Princeton, New Jersey, USA

169University of Puerto Rico, Mayaguez, Puerto Rico, USA
170Purdue University, West Lafayette, Indiana, USA

171Purdue University Northwest, Hammond, Indiana, USA
172Rice University, Houston, Texas, USA

173University of Rochester, Rochester, New York, USA
174The Rockefeller University, New York, New York, USA

175Rutgers, The State University of New Jersey, Piscataway, New Jersey, USA
176University of Tennessee, Knoxville, Tennessee, USA
177Texas A&M University, College Station, Texas, USA

178Texas Tech University, Lubbock, Texas, USA
179Vanderbilt University, Nashville, Tennessee, USA

180University of Virginia, Charlottesville, Virginia, USA
181Wayne State University, Detroit, Michigan, USA

182University of Wisconsin - Madison, Madison, Wisconsin, USA
183An 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.
eAlso at Ghent University, Ghent, Belgium.
fAlso at Universidade Estadual de Campinas, Campinas, Brazil.
gAlso at Federal University of Rio Grande do Sul, Porto Alegre, Brazil.
hAlso at UFMS, Nova Andradina, Brazil.
iAlso at Nanjing Normal University Department of Physics, Nanjing, China.
jAlso at The University of Iowa, Iowa City, Iowa, USA.
kAlso at University of Chinese Academy of Sciences, Beijing, China.
lAlso at University of Chinese Academy of Sciences, Beijing, China.

mAlso at Another institute or international laboratory covered by a cooperation agreement with CERN.
nAlso at British University in Egypt, Cairo, Egypt.
oAlso at Suez University, Suez, Egypt.
pAlso at Birla Institute of Technology, Mesra, Mesra, India.
qAlso at Purdue University, West Lafayette, Indiana, USA.
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