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The first evidence for X(3872) production in relativistic heavy ion collisions is reported. The X(3872)
production is studied in lead-lead (Pb-Pb) collisions at a center-of-mass energy of

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV per
nucleon pair, using the decay chain Xð3872Þ → J=ψπþπ− → μþμ−πþπ−. The data were recorded with the
CMS detector in 2018 and correspond to an integrated luminosity of 1.7 nb−1. The measurement is
performed in the rapidity and transverse momentum ranges jyj < 1.6 and 15 < pT < 50 GeV=c. The
significance of the inclusive X(3872) signal is 4.2 standard deviations. The prompt X(3872) to ψ2S yield
ratio is found to be ρPb-Pb ¼ 1.08� 0.49ðstatÞ � 0.52ðsystÞ, to be compared with typical values of 0.1 for
pp collisions. This result provides a unique experimental input to theoretical models of the X(3872)
production mechanism, and of the nature of this exotic state.

DOI: 10.1103/PhysRevLett.128.032001

The X(3872), also known as χc1ð3872Þ, is an exotic
particle that was first observed by the Belle Collaboration
[1], and then confirmed and studied by other experiments at
electron-positron [2,3] and hadron colliders [4–8]. The
quantum numbers of the X(3872) have been narrowed
down by the CDF [9], and later determined to be JPC ¼
1þþ by the LHCb [10] Collaborations. However, the nature
of this particle is still not fully understood and interpre-
tations in terms of conventional charmonium (a bound state
of charm-anticharm quarks), D�ð2010Þ0 D̄0 molecules
[11], tetraquark states [12], and their admixture [13]
have been proposed. The production and survival of the
X(3872) in a quark-gluon plasma (QGP), a deconfined state
of quarks and gluons [14,15], or after the QGP, in a
hadronic phase, is expected to depend upon the X(3872)’s
internal structure [16,17]. Thus, the recent large dataset of
lead-lead (Pb-Pb) collisions at a center-of-mass energy offfiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV per nucleon pair, delivered by the Large
Hadron Collider (LHC) at CERN at the end of 2018,
opened new opportunities to probe the nature of this exotic
state [18–20].
It is expected that in relativistic heavy ion collisions,

the formation of the QGP could enhance or suppress the
production of the X(3872) particle. Coalescence mecha-
nisms could enhance the X(3872) production yield [16,19].
These mechanisms can be modeled via the overlap of the

density matrix of the constituents in an emission source
with the Wigner function of the produced particle [21].
Therefore, the enhancement of the X(3872) production in
the QGP would depend on the spatial configuration of the
exotic state. Moreover, a longer distance between the
quarks and antiquarks that constitute the state could also
lead to a higher X(3872) dissociation rate, similar to that
from the mechanism of quarkonium suppression in heavy
ion collisions [22]. Therefore, the study of the X(3872)
state in the QGP may be used as a tool to distinguish a
compact tetraquark configuration with a radius ∼0.3 fm
from a molecular state with a radius greater than 1.5 fm
[23]. Such a measurement would be complementary to
the recent evidence for the radiative decay Xð3872Þ →
ψ2Sγ in proton-proton (pp) collisions reported by LHCb
Collaboration [24], which does not support a pure
D�ð2010Þ0 D̄ molecular interpretation. In addition, mea-
surements of prompt X(3872) production could provide an
interesting test of the statistical hadronization model, which
assumes that the produced matter is in thermodynamic
equilibrium at the phase transition to hadrons [25,26].
In this Letter, the first evidence for X(3872) production

in Pb-Pb collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV is reported. The
Pb-Pb sample corresponds to an integrated luminosity
of 1.7 nb−1. The X(3872) candidates are reconstructed
through the decay chain Xð3872Þ → J=ψπþπ− →
μþμ−πþπ−, and are measured in the 15 < pT <
50 GeV=c and jyj < 1.6 kinematic region. At the LHC
energies, the inclusive X(3872) yields in pp and Pb-Pb
collisions contain a significant nonprompt contribution
coming from b hadron decays [8]. The nonprompt
X(3872) component is related to the medium-modified
beauty hadron production in heavy ion collisions, which is
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out of the scope of this Letter. Here, we focus on the prompt
component, from charm quark fragmentation, for which the
ratio ρi (i is pp or Pb-Pb) between the corrected yields of
X(3872) and ψ2S mesons [where the ψ2S is reconstructed
with the same final-state particles in order to reduce
systematic uncertainties] is presented

ρi ¼ NXð3872Þ→J=ψππ
i

Nψ2S→J=ψππ
i

: ð1Þ

The ratios in pp and Pb-Pb collisions are connected to the

nuclear modification factors RXð3872Þ
AA and Rψ2S

AA (the meson
yield ratio in nucleus-nucleus and pp interactions normal-
ized by the number of inelastic nucleon-nucleon collisions)
via the following relation:

ρPb-Pb ¼ ρpp
RXð3872Þ
AA

Rψ2S
AA

: ð2Þ

The CMS apparatus [27] is a multipurpose, nearly
hermetic detector, designed to trigger on [28,29] and
identify electrons, muons, photons, and (charged and
neutral) hadrons [30–33]. A global reconstruction algo-
rithm [34] combines the 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 interleaved with the solenoid
return yoke. Information from the hadron forward (HF)
calorimeter is used for performing off-line event selection
and determining centrality (the degree of overlap between
the two colliding nuclei). The results refer to the collisions
with 0%–90% centrality, i.e., the top 90% events based on
the total transverse energy deposition in both HF detectors
[35], which corresponds to the 90% of collisions having the
largest overlap of the two nuclei.
Events of interest were selected in real time using the

CMS two-tiered trigger system: the first level (L1), com-
posed of custom hardware processors [28], and the high-
level trigger (HLT), consisting of a farm of processors
running a version of the full event reconstruction software
optimized for fast processing [29]. The selection required
the presence of two muon candidates, with at least one
muon reconstructed in the outer muon spectrometer, and
one muon reconstructed using information from both
the outer muon spectrometer and the inner tracker. The
dimuon candidate invariant mass is required to be
1 < mμμ < 5 GeV=c2. For the off-line analysis, events
have to pass a set of selection criteria designed to reject
events from background processes (beam-gas collisions,
beam scraping events, and electromagnetic interactions) as
described in Ref. [36]. Events are required to have at least
one reconstructed primary interaction vertex formed by two
or more tracks, with a distance from the center of the

nominal interaction point of less than 15 cm along the beam
axis. The shapes of the clusters in the pixel detector have to
be compatible with those expected from particles produced
by a Pb-Pb collision [37]. In order to select hadronic
collisions, the Pb-Pb events are also required to have at
least two towers (i.e., a geometrically defined group of
calorimeter cells) in each of the HF detectors with total
energy deposits of more than 4 GeV per tower. This
analysis is restricted to events within centrality 0%–90%,
for which the hadronic event selection is fully efficient.
Multiple-collision events (pileup) have a negligible effect
on the measurement, since the average number of addi-
tional collisions per bunch crossing is approximately 0.002.
Dedicated Pb-Pb X(3872) and ψ2S Monte Carlo (MC)

simulated samples were generated in order to estimate the
acceptance and selection efficiencies, to study the back-
ground components, and to evaluate systematic uncertain-
ties. The PYTHIA8 v212 [38] Tune CP5 [39] was used to
generate the X(3872) and ψ2S signals at

ffiffiffiffiffiffiffiffi
sNN

p ¼
5.02 TeV. It was assumed that X(3872) and ψ2S are
unpolarized. Since the X(3872) cannot be generated by
PYTHIA, the χc1ð1PÞ particle is used, with a modified mass
of 3.8716 GeV=c2 [40]. The χc1ð1PÞ has the quantum
numbers JPC ¼ 1þþ, identical to those of the X(3872). The
X(3872) particle was forced to decay into J=ψπþπ−
(assuming the ρ resonance dominates the pion pair spec-
trum [7,8]), followed by the J=ψ meson decaying into two
muons. Final-state radiation was generated using PHOTOS2.0

[41]. The χc1ð1PÞ → J=ψπþπ− decay is generated with
EvtGen. The samples with prompt (fragmenting in charm
quarks) and nonprompt (originating from b hadron decays)
ψ2S=Xð3872Þ production are generated separately. Each
PYTHIA event is embedded in a Pb-Pb collision event
generated with HYDJET1.8 [42], which is tuned to reproduce
global event properties such as the charged-hadron pT
spectrum and particle multiplicity.
The X(3872) signal is extracted in the following steps.

Each muon candidate must be matched to a triggered muon
and have pμ

T > 3.5 GeV=c in the interval jημj < 1.2, pμ
T >

ð5.47 − 1.89jημjÞGeV=c in the interval 1.2 < jημj < 2.1, or
pμ
T > 1.5 GeV=c in the forward region 2.1 < jημj < 2.4.

Two muons of opposite sign, with an invariant mass within
�150 MeV=c2 of the world-average J=ψ meson mass [40]
are selected to reconstruct a J=ψ candidate. The opposite-
sign muon pairs are fitted with a common vertex constraint
and are kept if the χ2 probability of the fit is greater than
1%, thus reducing the background from charm and beauty
hadron semileptonic decays. The X(3872) and ψ2S can-
didates are built by combining the J=ψ candidates with two
additional tracks, which have pT > 0.9 GeV=c, jηj < 2.4
and pass a high purity selection, assumed to be produced
by two pions. Only candidates that have 15 < pT <
50 GeV=c and jyj < 1.6 are considered. Then, a kinematic
fit to the J=ψπþπ− system is performed, requiring that the
four tracks originate from a common vertex and forcing the
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mass of the dimuon pair to be equal to the nominal J=ψ
mass [40]. The selection is further optimized, using a
boosted decision tree (BDT) algorithm [43]. The X(3872)
decay vertex probability, the radial distance between
the pion and the J=ψ candidate momentum vectors
[

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔηÞ2 þ ðΔϕÞ2

p
, where ϕ is the azimuthal angle], and

the pT of each pion are used in the BDT algorithm to
distinguish signal and combinatorial background formed
by random combinations of tracks. For the multivariate
training, the X(3872) signal sample is taken from simu-
lation, and the background sample consists of data from
the sidebands of the X(3872) meson peak (i.e., 0.07 <
jm −mXð3872Þj < 0.128 GeV=c2). The nominal BDT selec-
tion is chosen in order to maximize the statistical signifi-
cance of X(3872), defined as S=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðSþ BÞp
where S and B

are the numbers of X(3872) and background in the signal
region, respectively. Because there is no reliable theoretical
calculation available for the X(3872) production, an esti-
mation of the X(3872) cross section is obtained from data,
by extracting the signal yield in data when applying a
tight BDT cut. This is used in conjunction with the
MC-calculated efficiency to obtain the yield for each
BDT cutoff value. The BDT selection determined in this
way is applied to entries in the whole invariant mass range
from 3.62 to 4 GeV=c2 in data.
The raw inclusive yields of X(3872) and ψ2S are

extracted by an extended unbinned maximum-likelihood
fit. A double-Gaussian function with a common mean but
independent widths is used to model the signal component
for each of the X(3872) and ψ2S peaks. This was preferred
to a single-Gaussian or a Breit-Wigner function since it
described better (i.e., superior χ2 of the fit) the signal shape
in MC simulations. For describing the combinatorial back-
ground, mostly produced by the random combination of a
J=ψ candidate with tracks that are not coming from
X(3872) or ψ2S decay, a 4th-order polynomial is used,
which gives the best fit in terms of χ2 per degrees of
freedom and stability during all studies. For the signal, only
the magnitude of the two peaks is left free in the fit, the rest
[the mean and widths of the two Gaussian functions, as well
as their relative contribution to the signal yield in either
X(3872) or ψ2S peaks] are set to the values derived from
simulation. The five parameters of the combinatorial back-
ground are all allowed to float. The invariant mass range
considered for the fit is 3.62 to 4 GeV=c2. The invariant
mass fits for both the inclusive and nonprompt samples,
with BDT selection optimized for X(3872), are shown in
Fig. 1. The significance of the inclusive X(3872) signal
against background-only hypothesis is 4.2 standard devia-
tions. The systematic uncertainty (described below) con-
tributing to this significance is the one related to the
X(3872) invariant mass fit. After performing a likelihood
scan for each alternative signal and background shape
considered, the significance was calculated as the square

root of the logarithm of the profile likelihood ratio where
the signal is zero, with the smallest value obtained being
chosen among all scans.
The contribution from b hadron decays is subtracted

from the inclusive result using the “pseudoproper” decay
length lxy, defined as the distance in the transverse plane
Lxy between the vertex formed by the 4-tracks and the
primary vertex, corrected by the transverse Lorentz boost
of the candidate: lxy ¼ LxymJ=ψππc=jp⃗Tj. The prompt-
component fraction (fprompt) is estimated using a cutoff-
based method in the following way. Since the lxy of the
prompt component was found in MC studies to be smaller
than 0.1 mm, the prompt fraction, fprompt, can be derived
from (i) the raw inclusive yield, Nincl, obtained from the fit
to the invariant mass distributions of all candidates, shown
in Fig. 1, and (ii) Nb-enr, the “b-enriched” yield, obtained
from a fit to the invariant mass distribution only containing
candidates that passed the selection lxy > 0.1 mm, also
shown in Fig. 1. In addition, Nb-enr has to be corrected to
account for nonprompt candidates, with lxy < 0.1 mm, that
have been missed: fb-enrnonprompt ¼ Nnonpromptðlxy > 0.1 mmÞ=
Nnonprompt. The correction was obtained from simulation.
The raw prompt fraction is then calculated as

fprompt ¼ 1 −
Nb-enr=fb-enrnonprompt

Nincl
; ð3Þ
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FIG. 1. Invariant mass distribution ofmμμππ in Pb-Pb collisions,
for the inclusive (upper) and b-enriched (bottom) samples. The
vertical lines represent statistical uncertainties in the data. The
results of the unbinned maximum-likelihood fits for the signalþ
background and background alone are also shown by the solid
and dashed lines, respectively. The pull distribution is represented
by the shaded bars. The X(3872) peak mass resolution, σXð3872Þ,
calculated at the half-maximum of the signal-shape distribution,
is also listed for reference.

PHYSICAL REVIEW LETTERS 128, 032001 (2022)

032001-3



separately for X(3872) and ψ2S states. The corrected yield
of the prompt component can then be derived as

Ni→J=ψππ ¼ Ni
rawfiprompt=ðαϵrecoϵselÞi; ð4Þ

where i is X(3872) or ψ2S, α is the acceptance, ϵreco is the
candidate reconstruction efficiency and ϵsel is the candidate
selection efficiency. Since the two states are reconstructed
in the same decay channel and are relatively close in mass,
their corresponding αϵreco values are similar. The choice
of the BDT optimization criteria results in ϵsel being higher
for the X(3872) than for the ψ2S.
The measurement of ρPb-Pb is affected by several sources

of systematic uncertainty, arising from the candidate
selection, invariant mass fit, and efficiency corrections.
To estimate the systematic uncertainty associated with the
BDT selection, the BDT cutoff values are varied within a
range that allows a robust invariant mass fit procedure (i.e.,
signal statistical significance larger than 2), and for each
variation all factors in Eq. (4) are recalculated, separately
for X(3872) and ψ2S. The maximum difference of the final
ρPb-Pb value from the nominal result (40%) is quoted as the
systematic uncertainty. The relatively large ρPb-Pb uncer-
tainty associated with BDT cutoff value is the convolution
of mainly two causes: the BDT variables distribution
differences in data and MC samples for the X(3872)
meson, and the statistical limitation of the signal in data.
The largest differences (∼2 standard deviations) between
data and MC samples are in the distributions of the pT of

the pions, and the radial distance between the pion and the
J=ψ candidate momentum vectors.
The uncertainty in the invariant mass fit (8.0%) is

calculated by adding in quadrature the maximum devia-
tions from the nominal result to that found using two
alternative fitting functions for both signal and background.
For the signal, one variation consists of using a triple-
Gaussian function, while for the other the signal width
of the nominal fit is allowed to float to account for the
resolution difference between data and MC samples. Other
choices for the signal shape (e.g., one-Gaussian function)
were not considered because of their poor-quality fits. For
the background, the fit function is changed once to a third-
order polynomial (as an exponential function or lower-
order polynomials could not describe the data), and the
fit range is also changed from 3.62–4 GeV=c2 to
3.62–3.9 GeV=c2 to exclude the right-hand shoulder.
The efficiency corrections obtained from simulation are

sensitive to how well the pT spectrum of the X(3872) and
ψ2S candidates is modeled. The uncertainty related to
the simulated pT shape is evaluated by comparing the
reconstruction and selection efficiencies calculated using
the default PYTHIA MC sample, with another MC sample in
which the pT distributions of X(3872) and ψ2S are tuned to
reproduce the extracted X(3872) and ψ2S pT and y spectra
obtained in data, by performing mass fits in bins of X(3872)
and ψ2S pT and y. The pT and y spectra of the alternative
MC samples are allowed to vary within the statistical
uncertainties in data. The mean of the differences between
efficiencies from the alternative MC samples and the default
PYTHIAMC due to the variation of pT and y spectra, which is
13%, is quoted as the systematic uncertainty.
The uncertainties in the trigger efficiency in the muon

reconstruction and identification are evaluated using single
muons from J=ψ meson decays in both simulated and
collision data, with the tag-and-probe method [44,45]. This
combined uncertainty is found to be negligible, below 1%.
Scale factors, calculated as the ratio of data to simulated
efficiencies as a function of pμ

T and ημ, are applied to each
dimuon pair on a muon-by-muon basis. The uncertainties
of the scaling factors from tag-and-probe studies are quoted
as systematic uncertainties.
To estimate the uncertainty in the prompt fraction arising

from potential differences between the resolution in data
and simulation, a template fit of the lxy distribution in data
is performed using prompt and nonprompt lxy templates
from simulation. Data are binned in lxy, and an invariant
mass fit is performed to extract the inclusive yield in each
lxy bin. This background-subtracted lxy distribution is then
fitted using a two component fit, which includes the prompt
and nonprompt lxy templates from simulation. The widths
of the simulated DCA distributions are varied by a floating
scale factor, and the best simulated smearing scale factor to
match data is determined by minimizing the χ2 of the two-
component fit. The difference between the ratio of the
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production in Pb-Pb collisions at
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pp collisions at
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p ¼ 8 TeV, measured by ATLAS [8], and atffiffiffi
s

p ¼ 7 TeV, measured by CMS [7] are also shown.
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prompt fractions of X(3872) to ψ2S using the template fit
method and the nominal result (8.1%) is quoted as a
systematic uncertainty.
When calculating the uncertainties in the ratio of the

acceptance-corrected yields of prompt X(3872) production
over prompt ψ2S production, the uncertainties of X(3872)
and ψ2S yields are assumed to be independent except for
the systematic uncertainties from muon reconstruction,
efficiencies, and prompt fractions.
The ratio ρPb-Pb between the prompt X(3872) and ψ2S

mesons is shown in Fig. 2, together with ρpp measured as a
function of pT . The pp data were measured at

ffiffiffi
s

p ¼ 7 and
8 TeV, in the jyj < 1.2 and jyj < 0.75 intervals, respec-
tively [7,8,10]. The 7 TeV result was derived using the
CMS Collaboration published ratio of the inclusive yields
[7] and prompt fractions [7,46]. From Fig. 2 it is clear
that the prompt ρpp does not depend significantly on
collision energy or rapidity. In pp collisions at

ffiffiffi
s

p ¼
8 TeV, in the kinematic range of 16 < pT < 22 GeV=c,
the ρpp measured by the ATLAS Collaboration is
0.106� 0.008ðstatÞ � 0.004ðsystÞ [8]. This is to be com-
pared to the prompt ρPb-Pb measured in this Letter,
ρPb-Pb ¼ 1.08� 0.49ðstatÞ � 0.52ðsystÞ.
In the interval 15 < pT < 20 GeV=c, the yield of the

prompt ψ2S in Pb-Pb collisions was reported to be
significantly suppressed with respect to pp collisions,
Rψ2S
AA ¼0.142�0.061ðstatÞ�0.020ðsystÞ [47]. This leads,

using Eq. (2), to an RXð3872Þ
AA central value larger than 1 [i.e.,

enhancement of the prompt X(3872) yield in Pb-Pb
compared to pp collisions]. However, the uncertainties
are such that RXð3872Þ

AA is compatible with 1 within ∼1
standard deviation, and with Rψ2S

AA within ∼2 standard
deviations. Thus, it is possible that in Pb-Pb collisions,
the prompt X(3872) yield has either no suppression with
respect to pp collisions, or as much suppression as the ψ2S
state. The much larger data sample expected in Run 3 at the
LHC will answer whether RXð3872Þ

AA is different from Rψ2S
AA

and significantly above unity. It may answer whether the
ψ2S meson production (a bound state of a c and c quarks,
with r ∼ 0.9 fm) [48], is affected differently by the medium
produced in Pb-Pb collisions than the X(3872) state (that
could be made of c, c, u, and u quarks, with a radius of
r ∼ 0.3 or r > 1.5 fm), the difference in both size and quark
content playing a role into their production mechanisms.
It will also answer whether the X(3872) prompt state
production is different in Pb-Pb collisions compared to
pp collisions. The question whether X(3872) is a tetra-
quark or a molecule cannot yet be answered, because of
the statistical limitation of the data, and the disagreement
among models. For example, while the AMPT transport
model [16] predicts Rmolecule

AA ≫Rtetraquark
AA with Rmolecule

AA > 1,
the TAMU transport model [17] predicts Rmolecule

AA ∼
Rtetraquark
AA =2 [albeit, considering only the X(3872) from

regeneration processes].

In summary, the first evidence for X(3872) production
in heavy ion collisions is presented using lead-lead colli-
sions at a center-of-mass energy of

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV per
nucleon pair, recorded with the CMS detector. The X(3872)
state is reconstructed using the decay chain Xð3872Þ →
J=ψπþπ− → μþμ−πþπ−. The measurement is performed
for transverse momentum values of the X(3872) of 15 <
pT < 50 GeV=c and rapidity jyj < 1.6. The significance of
the inclusive X(3872) signal is 4.2 standard deviations. The
ratio ρPb-Pb between the prompt X(3872) and ψ2S yields
times their branching fractions into J=ψπþπ− is found to be
1.08� 0.49ðstatÞ � 0.52ðsystÞ, to be compared with typ-
ical values of 0.1 for pp collisions. This result provides a
unique experimental input to theoretical models of the
X(3872) production mechanism, and of the nature of this
exotic state.
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M. Herndon,192 A. Hervé,192 U. Hussain,192 A. Lanaro,192 A. Loeliger,192 R. Loveless,192 J. Madhusudanan Sreekala,192

A. Mallampalli,192 D. Pinna,192 T. Ruggles,192 A. Savin,192 V. Sharma,192 W. H. Smith,192

D. Teague,192 and S. Trembath-reichert192

CMS Collaboration

1Yerevan Physics Institute, Yerevan, Armenia
2Institut für Hochenergiephysik, Wien, Austria

3Institute for Nuclear Problems, Minsk, Belarus
4Universiteit Antwerpen, Antwerpen, Belgium
5Vrije Universiteit Brussel, Brussel, Belgium
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68bUniversità di Bologna, Bologna, Italy

69aINFN Sezione di Catania, Catania, Italy
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74cUniversità della Basilicata, Potenza, Italy
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120Centro de Investigaciones Energéticas Medioambientales y Tecnológicas (CIEMAT), Madrid, Spain

121Universidad Autónoma de Madrid, Madrid, Spain
122Universidad de Oviedo, Instituto Universitario de Ciencias y Tecnologías Espaciales de Asturias (ICTEA), Oviedo, Spain

123Instituto de Física de Cantabria (IFCA), CSIC-Universidad de Cantabria, Santander, Spain
124University of Colombo, Colombo, Sri Lanka

125University of Ruhuna, Department of Physics, Matara, Sri Lanka
126CERN, European Organization for Nuclear Research, Geneva, Switzerland

127Paul Scherrer Institut, Villigen, Switzerland
128ETH Zurich—Institute for Particle Physics and Astrophysics (IPA), Zurich, Switzerland

129Universität Zürich, Zurich, Switzerland
130National Central University, Chung-Li, Taiwan

131National Taiwan University (NTU), Taipei, Taiwan
132Chulalongkorn University, Faculty of Science, Department of Physics, Bangkok, Thailand

133Çukurova University, Physics Department, Science and Art Faculty, Adana, Turkey
134Middle East Technical University, Physics Department, Ankara, Turkey

135Bogazici University, Istanbul, Turkey
136Istanbul Technical University, Istanbul, Turkey

137Istanbul University, Istanbul, Turkey
138Institute for Scintillation Materials of National Academy of Science of Ukraine, Kharkov, Ukraine

139National Scientific Center, Kharkov Institute of Physics and Technology, Kharkov, Ukraine
140University of Bristol, Bristol, United Kingdom

141Rutherford Appleton Laboratory, Didcot, United Kingdom
142Imperial College, London, United Kingdom

143Brunel University, Uxbridge, United Kingdom
144Baylor University, Waco, Texas, USA

145Catholic University of America, Washington, DC, USA
146The University of Alabama, Tuscaloosa, Alabama, USA

147Boston University, Boston, Massachusetts, USA
148Brown University, Providence, Rhode Island, USA

149University of California, Davis, Davis, California, USA
150University of California, Los Angeles, California, USA

151University of California, Riverside, Riverside, California, USA
152University of California, San Diego, La Jolla, California, USA

153University of California, Santa Barbara—Department of Physics, Santa Barbara, California, USA
154California Institute of Technology, Pasadena, California, USA
155Carnegie Mellon University, Pittsburgh, Pennsylvania, USA
156University of Colorado Boulder, Boulder, Colorado, USA

157Cornell University, Ithaca, New York, USA
158Fermi National Accelerator Laboratory, Batavia, Illinois, USA

159University of Florida, Gainesville, Florida, USA
160Florida International University, Miami, Florida, USA
161Florida State University, Tallahassee, Florida, USA

PHYSICAL REVIEW LETTERS 128, 032001 (2022)

032001-16



162Florida Institute of Technology, Melbourne, Florida, USA
163University of Illinois at Chicago (UIC), Chicago, Illinois, USA

164The University of Iowa, Iowa City, Iowa, USA
165Johns Hopkins University, Baltimore, Maryland, USA
166The University of Kansas, Lawrence, Kansas, USA
167Kansas State University, Manhattan, Kansas, USA

168Lawrence Livermore National Laboratory, Livermore, California, USA
169University of Maryland, College Park, Maryland, USA

170Massachusetts Institute of Technology, Cambridge, Massachusetts, USA
171University of Minnesota, Minneapolis, Minnesota, USA

172University of Mississippi, Oxford, Mississippi, USA
173University of Nebraska-Lincoln, Lincoln, Nebraska, USA

174State University of New York at Buffalo, Buffalo, New York, USA
175Northeastern University, Boston, Massachusetts, USA

176Northwestern University, Evanston, Illinois, USA
177University of Notre Dame, Notre Dame, Indiana, USA

178The Ohio State University, Columbus, Ohio, USA
179Princeton University, Princeton, New Jersey, USA

180University of Puerto Rico, Mayaguez, Puerto Rico, USA
181Purdue University, West Lafayette, Indiana, USA

182Purdue University Northwest, Hammond, Indiana, USA
183Rice University, Houston, Texas, USA

184University of Rochester, Rochester, New York, USA
185Rutgers, The State University of New Jersey, Piscataway, New Jersey, USA

186University of Tennessee, Knoxville, Tennessee, USA
187Texas A&M University, College Station, Texas, USA

188Texas Tech University, Lubbock, Texas, USA
189Vanderbilt University, Nashville, Tennessee, USA

190University of Virginia, Charlottesville, Virginia, USA
191Wayne State University, Detroit, Michigan, USA

192University of Wisconsin—Madison, Madison, Wisconsin, USA

aDeceased.
bAlso at Vienna University of Technology, Vienna, Austria.
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