
Measurement of the J=ψ Polarization with Respect to the
Event Plane in Pb-Pb Collisions at the LHC

S. Acharya et al.
*

(ALICE Collaboration)

(Received 20 May 2022; revised 9 February 2023; accepted 28 March 2023; published 25 July 2023)

We study the polarization of inclusive J=ψ produced in Pb-Pb collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV at the
LHC in the dimuon channel, via the measurement of the angular distribution of its decay products. We
perform the study in the rapidity region 2.5 < y < 4, for three transverse momentum intervals
(2 < pT < 4, 4 < pT < 6, 6 < pT < 10 GeV=c) and as a function of the centrality of the collision for
2 < pT < 6 GeV=c. For the first time, the polarization is measured with respect to the event plane of the
collision, by considering the angle between the positive-charge decay muon in the J=ψ rest frame and the
axis perpendicular to the event-plane vector in the laboratory system. A small transverse polarization
is measured, with a significance reaching 3.9σ at low pT and for intermediate centrality values. The
polarization could be connected with the behavior of the quark-gluon plasma, formed in Pb-Pb collisions,
as a rotating fluid with large vorticity, as well as with the existence of a strong magnetic field in the early
stage of its formation.
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Quarkonia, bound states of a heavy quark-antiquark pair,
have been studied for a long time because they give access
to several features of the strong interaction that can be
investigated with various complementary approaches (see
Refs. [1,2] for comprehensive reviews). Calculations based
on the quantum chromodynamics (QCD) theory formulated
on a discrete lattice [3] can reproduce the rich spectroscopy
of the various states corresponding to different radial and
angular excitations of the quarkonium wave function. The
nonrelativistic QCD (NRQCD) approach [4] represents the
most advanced tool for our understanding of quarkonium
production in proton-proton collisions and is able to
reproduce the measured cross sections for most states.
The produced quarkonia may also exhibit polarization,
defined as the alignment of the particle spin with respect to
a chosen axis [5]. The polarization can be calculated in the
framework of NRQCD, and although for some states
discrepancies between theory and experiment persist until
today, a reasonable understanding of quarkonium produc-
tion and polarization has been reached [6–8]. Other
approaches, such as the improved color evaporation model
[9], are shown to reproduce quarkonium measurements at
collider energies fairly well.

Quarkonium states may also be used as a probe of the
environment in which they are created or they traverse
during their evolution. Their binding energy and, more
generally, their spectral functions may be altered [10,11]
due to the presence of a quark-gluon plasma (QGP), a high
energy-density state of strongly interacting matter formed
in ultrarelativistic heavy-ion collisions and currently stud-
ied at RHIC and the LHC (at center-of-mass energies per
nucleon-nucleon collision

ffiffiffiffiffiffiffiffi
sNN

p
up to 0.2 and 5.02 TeV,

respectively). These hot matter effects may lead to the
dissociation or prevent the formation of the bound qq̄ state.
Furthermore, charmonia can also be significantly regen-
erated in the QGP phase and/or when the QGP hadronizes
[12,13], in particular, when the initial multiplicity of
produced charm quarks is large (e.g., > 102 for central
Pb-Pb collisions at the LHC). Experimental results [14–17]
have by now confirmed this picture.
In addition to the quarkonium yield modifications, the

polarization of surviving quarkonia might be altered
because of other specific features of the QGP environment.
In particular, the fast motion of the charges of the nuclei can
produce a magnetic field oriented perpendicular to the
reaction plane, defined by the vector of the impact
parameter of the collision and the beam direction, possibly
exceeding 1020 Gauss at LHC energies [18–20]. The
maximum value of the field increases with energy (by a
factor ∼10 between RHIC and the LHC), is reached very
shortly (≪ 1 fm=c) after collision time [18], and decreases
by several orders of magnitude by t ¼ 1 fm=c [21].
However, due to the formation of a QGP and to its finite
electrical conductivity, large magnetic field values may be
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sustained along its entire lifetime. The production of a
heavy quark pair also happens early in the collision history,
within typical timescales of the order of t ∼ 1=ð2mqÞ ∼
0.1 fm=c [22], and with the subsequent evolution toward a
bound state also occurring on a time range < 1 fm=c
[23,24], implying that polarization of charmonia may be
influenced by the presence of the strong magnetic field
generated in the collisions.
Another effect that may alter the polarization of quar-

konia, via spin-orbit coupling, is the generation of a huge
orbital angular momentum of the medium, again directed
along the perpendicular to the reaction plane [25,26]. In the
hydrodynamic description of the QGP, this amounts to the
creation of a rotating fluid with a large vorticity, with
estimated values up to ∼1022 s−1 [27], much larger than
any other fluid existing in the Universe.
Measured effects that may be related to strong e.m. fields

and/or vorticity include the polarization of Λ hyperons
[27,28], discovered by STAR, and among vector mesons
(spin quantum number equal to unity) a spin alignment of
the ϕ and K�0, observed by the ALICE [29] and STAR [30]
experiments. These hadrons are expected to be formed, up
to a few GeV=c transverse momentum, by light and strange
quarks produced in the QGP, via recombination processes
occurring close in time to the hadronization transition. The
charmonium vector mesons produced by regeneration
effects, in particular, at low pT, may therefore also exhibit
spin-alignment effects as is the case for light vector mesons.
These effects can be parametrized in terms of the ρ00
element of the spin-density matrix [31]. Because of angular
momentum conservation, a net polarization of a particle
sample induces an asymmetry in the angular distribution of
the decay products. For the two-body dilepton decay of a
vector meson, this distribution is given by

WðθÞ ∝ 1

3þ λθ
ð1þ λθcos2θÞ; ð1Þ

where θ is the polar emission angle of the positively
charged decay lepton, with respect to a chosen axis [5].
It can be shown that λθ ∝ ð1 − 3ρ00Þ=ð1þ ρ00Þ [32], so that
the finite spin-alignment condition ρ00 ≠ 1=3 is equivalent
to the finite polarization condition λθ ≠ 0.
In this Letter, we report the first measurement of the J=ψ

polarization with respect to an axis perpendicular to the
event plane, an experimental estimator of the reaction
plane, carried out by ALICE in Pb-Pb collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV. The results refer to inclusive J=ψ ,
i.e., both prompt (direct production and contribution from
decays of higher-mass charmonium states) and nonprompt
(from decays of hadrons containing a b quark), with the
latter accounting for less than 15% in the covered pT range
[33]. The only previously published result on J=ψ polari-
zation for this collision system was also obtained by
ALICE [34], by measuring, via the decay J=ψ → μþμ−,

the J=ψ polarization in the helicity and Collins-Soper
reference frames. These measurements showed deviations
from λθ ¼ 0with a ∼2.1σ maximum significance at low pT,
for both reference frames. In these two reference frames,
the polarization was measured with respect to directions
directly connected with the production process, i.e., the
momentum direction of the J=ψ itself (helicity) or the
direction of motion of the colliding hadrons (Collins-
Soper). By measuring the polarization with respect to
the estimated reaction plane of the nuclear collision, as
done in this analysis, one rather selects a reference frame
that should naturally be connected with the observation of
polarization effects due to the presence of early electro-
magnetic fields and/or QGP vorticity.
The data analyzed in this Letter were collected by

ALICE in 2015 and 2018, and the J=ψ decay to muon
pairs was studied in the muon spectrometer, which covers
the pseudorapidity region −4 < η < −2.5. This detector
consists of a 3 Tm dipole magnet, a system of five tracking
(cathode pad chambers) and two triggering stations (resis-
tive plate chambers), and two hadron absorbers. It is
described in detail in Refs. [35,36]. The other detectors
used for this analysis are (i) the two layers of the silicon
pixel detector, SPD (jηj < 2 and jηj < 1.4), which represent
the innermost part of the ALICE central barrel and are used
for the determination of the position of the primary
interaction vertex and the estimate of the event plane of
the collision and (ii) the two V0 scintillator arrays
(−3.7 < η < −1.7 and 2.8 < η < 5.1), which provide the
minimum bias (MB) trigger, given by a coincidence of
signals from their two sides, and are used for the rejection
of beam-gas interactions. They are also used for the
determination of the centrality of the collisions (see below)
and for the estimate of the resolution of the event-plane
determination.
The analyzed events were recorded using a dimuon

trigger, defined as the coincidence of a MB trigger together
with the detection of two opposite-sign candidate tracks in
the triggering system of the muon spectrometer. The trigger
algorithm applies a nonsharp pT cut, which has 50%
efficiency at 1 GeV=c and becomes fully efficient
(> 98%) beyond pT ∼ 2 GeV=c. Selection criteria were
applied at the single muon and muon pair level (see
Refs. [17,34,37] for details). Opposite-sign dimuons were
selected in the rapidity interval 2.5 < y < 4 and invariant
mass range 2.1 < mμμ < 4.9 GeV=c2. (Because of the
symmetry of the collision system, a positive notation
was adopted for rapidity.) The events were classified from
central to peripheral according to the decreasing energy
deposition in the V0 system, which is directly connected to
the degree of geometric overlap of the colliding nuclei [38].
For the analysis, the most central 90% of the inelastic
hadronic cross section was selected, which ensures full
efficiency of the MB selection.
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The event-plane angle was estimated, event per event, as
the second harmonic symmetry plane of charged particles
at midrapidity, Ψ2 ¼ tan−1ðQ2;y=Q2;xÞ=2, where the trans-
verse components of the flow vector Q2 were obtained
as Q2;x ¼

P
i cosð2φiÞ and Q2;y ¼

P
i sinð2φiÞ, with φi

being the azimuthal angle, in the center-of-mass frame of
the collision, of the ith tracklet defined by combinations
of hits in the SPD. A recentering procedure [39] was
performed, as a function of the longitudinal position of
the primary vertex, to remove nonuniformities in the SPD
acceptance.
Each dimuon was weighted by the inverse of the product

of its acceptance times reconstruction efficiency (A × ε),
assuming it comes from the decay of a J=ψ . A Monte Carlo
simulation was used for the calculation of A × ε, with the
generated J=ψ signal being injected inside real MB events,
to properly reproduce the effect of detector occupancy and
its variation from one centrality class to another. The y and
pT input distributions for the J=ψ were taken from
Ref. [17]. In addition, the J=ψ were generated as unpo-
larized, i.e., a flat distribution was assumed for the cosine of
the polar angle (θ) distribution of their positive decay
muons with respect to the perpendicular to the event plane.
A significant pT dependence of the shape of A × ε as a
function of cos θ was found, and for this reason the
correction was performed on a fine 2D grid in cos θ vs
pT . Thanks to a narrow binning that leads to a small
variation of these variables in each cell, the corresponding
A × ε values were found to be only minorly sensitive to
variations in the input distributions. Typical values of A × ε
are ∼10% around cos θ ¼ 0, increase by a factor 2–2.5
when j cos θj ¼ 1, and vary by ∼15% from peripheral to
central events.
The extraction of the polarization parameter λθ was

carried out as a function of centrality, for the transverse
momentum interval 2 < pT < 6 GeV=c, and as a function
of pT for the centrality intervals 0%–20% (most central)
and 30%–50%. For each range in centrality and pT the
A × ε-corrected invariant mass distributions were sepa-
rately obtained for ten cos θ intervals in −1 < cos θ < 1.
The number of J=ψ for each interval was obtained by
means of a χ2 minimization fit, with the signal being
described by a double-sided crystal ball function or a
pseudo-Gaussian with a mass-dependent width [40]. The
central value of the mass and the width of the J=ψ were
kept as free parameters of the fit, while the non-Gaussian
tail parameters were fixed to the Monte Carlo values. The
small contribution from the ψð2SÞ was included, but was
found to have a negligible influence on the fit result. The
background was empirically reproduced by a fourth-degree
polynomial times an exponential, or a pseudo-Gaussian
with a width quadratically dependent on the mass. The fits
have χ2 per degrees of freedom values ranging from 0.6 to
1.8. The minimum value of the signal over background
ratio is 0.12 and the corresponding significance of the

signal is 36, with an increase from central to peripheral
collisions and from low to high pT . Finally, the λθ values
were obtained by fitting the cos θ distributions, with θ
being the angle of the positive-sign decay muon with
respect to the axis perpendicular to the event plane,
according to Eq. (1). In Fig. 1, an example of a fit to
A × ε-corrected angular distributions is shown, together
with the result of a similar analysis where for each event the
event-plane angle was replaced by a randomly chosen
direction. A flat angular distribution for the J=ψ was
obtained in the latter case. For all the studied combinations
of pT and centrality intervals, the values of λθ extracted
with a random assignment of the event plane were
compatible with zero, within at most 1σ. Finally, λθ must
be corrected for the finite resolution on the event-plane
determination. The procedure follows the one used for the
K�0 and ϕmesons spin-alignment measurement [29] which
was proposed in Ref. [41], where a simple relation between
the true and observed values of the spin-density matrix
element, involving the event-plane resolution, was given.
The centrality-dependent resolution [42] has a maximum
value around 0.8–0.9, decreasing for very central and
peripheral events, and induces a modest effect (up to
þ0.02) on λθ.
The systematic uncertainties on λθ are related to the

extraction of the J=ψ signal, to the kinematic distributions
used as inputs to the Monte Carlo simulation, and to the
estimate of the dimuon trigger efficiency. The first source
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FIG. 1. Fit to the (A × ε)-corrected angular distribution of the
positive muons from the J=ψ decay, for the interval 2 < pT <
4 GeV=c and the centrality range 30%–50% (red points and
curve). Only statistical uncertainties are shown for the data
points. The shaded area represents the uncertainty associated
with the fit. Also shown (blue points and curve) is the result of a
control analysis where, for each event, the estimated event plane
was rotated by a random angle.
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was evaluated by comparing the λθ values obtained from
angular distributions extracted with different choices for the
signal and background shapes in the invariant mass fits and
by using various fit ranges, from 2.1 < mμμ < 4.9 GeV=c2

(wider) to 2.5 < mμμ < 4.5 GeV=c2 (narrower). The abso-
lute values of this systematic uncertainty, taken as the rms
of the λθ values, range between 0.02 and 0.04 as a function
of centrality and from 0.02 to 0.06 as a function of pT .
Concerning the Monte Carlo generation, due to suppression
and regeneration effects on the J=ψ yields occurring in
Pb-Pb collisions [17], the pT and y distributions have a
centrality dependence. A weight to the default centrality-
integrated distributions was applied in order to reproduce
such dependence in the A × ε calculations. The effect on
the evaluation of λθ was found to be small, being less than
0.01 as a function of centrality, and smaller than 0.02 as a
function of pT . Since the muon trigger response function
exhibits a slight difference in data and in the Monte Carlo
(MC) for pT < 2 GeV=c, the λθ parameter was extracted

after weighting the A × ε in order to take into account this
discrepancy. The variation of the results after this correc-
tion, ∼0.01 as a function of centrality and 0.01–0.02 as a
function of pT , was taken as the systematic uncertainty on
the trigger efficiency. Further efficiency-related uncertain-
ties (tracking, matching between tracks in the tracking
detectors and tracklets in the trigger detectors) were found
to have a negligible influence on the polarization param-
eters. The total systematic uncertainty on λθ was obtained
as the quadratic sum of the values corresponding to each
source, see Table I.
In Fig. 2, the centrality dependence of λθ for the range

2 < pT < 6 GeV=c is presented (left panel), as well as
the pT dependence of λθ for central (0%–20%) and inter-
mediate centrality (30%–50%) events (right panel). As a
function of centrality, a small but significant transverse
polarization is found from central collisions down to the
40%–60% centrality interval, where a 3.5σ effect is
observed. The results as a function of pT may indicate
that the deviation from zero is larger at small transverse
momentum. The maximum deviation from λθ ¼ 0 as a
function of pT is observed for 2 < pT < 4 GeV=c and
30%–50% centrality where, considering the total uncer-
tainty, a 3.9σ effect is present. The results correspond to
inclusive J=ψ production, implying that a small contribu-
tion from a potential polarization of parent beauty hadrons,
which could anyway be diluted in the decay process [43],
might be present.
Previous measurements carried out by ALICE on K�0

and ϕ spin alignment [29] had established evidence of a
significant effect for vector mesons in heavy-ion collisions,
stronger at low pT and for semicentral Pb-Pb collisions.
The maximum λθ value measured for the J=ψ (∼0.2) in this
analysis would translate, in the language of spin matrix
elements, to ρ00 ∼ 0.25. This result implies a deviation of
−0.08 from ρ00 ¼ 1=3 (corresponding to no spin align-
ment), in the same direction with respect to the correspond-
ing deviations of about −0.2 for K�0 and −0.1 for ϕ. It can

TABLE I. Systematic uncertainties on the evaluation of the λθ
parameter. The quoted uncertainties for the various sources are
considered as uncorrelated.

pT (GeV=c) Centrality Signal Trigger Input MC Total

2–6

0%–20% 0.045 0.006 0.006 0.046
20%–40% 0.027 0.010 0.006 0.030
40%–60% 0.015 0.006 0.002 0.017
60%–90% 0.016 0.007 0.003 0.018

Centrality pT (GeV=c) Signal Trigger Input MC Total

0%–20%
2–4 0.063 0.017 0.007 0.065
4–6 0.020 0.011 0.007 0.024
6–10 0.024 0.006 0.008 0.026

30%–50%
2–4 0.032 0.007 0.006 0.033
4–6 0.026 0.015 0.008 0.031
6–10 0.025 0.006 0.012 0.029
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FIG. 2. Centrality (left) and pT dependence (right) of λθ. The vertical bars represent the statistical uncertainties, while the boxes
correspond to the systematic uncertainties. The horizontal bars show the size of the corresponding centrality and pT ranges, with the data
points being located at the center of each interval.
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be noted that the pT and centrality dependence of the
observed spin-alignment effects are qualitatively consistent
between light vector mesons [29] and charmonia. In
particular, for the centrality dependence, the possible
increase of λθ from central to semicentral collisions,
followed by a decrease in peripheral events, is in qualitative
agreement with the dependence of the initial angular
momentum on impact parameter [26]. The results for
K�0 and ϕ are consistent with a scenario of quark
polarization in the presence of a large angular momentum
of the system [29]. The results shown in this Letter may
confirm this interpretation also for the charmonium sector.
On the other hand, charm quarks are produced early in the
collision history and could be more sensitive to additional
effects related to strong electromagnetic fields. Those
effects would lead to a net increase of ρ00 with respect
to 1=3 [44]. Our data, being roughly compatible with the
result for K�0 and ϕ, do not give evidence for a scenario
that includes a significant additional contribution to ρ00.
Clearly, these hints need to be confirmed by theory studies
devoted to charm and charmonium production, which are
currently under development [45]. On the experimental
side, significant detector upgrades and a factor ∼20
increase in the available integrated luminosity in the
LHC runs 3 and 4 [46,47] will allow a decisive improve-
ment in the statistical significance of these results as well as
an extension toward midrapidity. Furthermore, a first
measurement for ϒ states, which are produced even earlier
in the collision history and experience little regeneration
in the QGP, could be carried out. This measurement will
potentially be more sensitive to the early strong electro-
magnetic fields.
In summary, we have reported on the first measurement

of the polarization for inclusive J=ψ produced in Pb-Pb
interactions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV, carried out by ALICE
using the direction perpendicular to the event plane of the
collision as the polarization axis. This choice makes this
measurement potentially sensitive to the strong magnetic
field created in high-energy nuclear collisions, as well as
to vorticity effects in the QGP. A small but significant
transverse polarization signal, reaching 3.9σ for 2 < pT <
4 GeV=c and 30%–50% centrality, is measured. The effect
is roughly compatible with that seen for light vector mesons
and does not show a significant additional contribution that
may be related to the presence of a strong electromagnetic
field. However, the differences in the production timescale
of the involved quarks require dedicated theory studies for a
quantitative understanding of this observation and a precise
connection with the QGP properties at its origin.
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T. Dietel ,112 Y. Ding ,125,6 R. Divià ,32 D. U. Dixit ,18 Ø. Djuvsland,20 U. Dmitrieva ,139 A. Dobrin ,62 B. Dönigus ,63

A. K. Dubey ,131 J. M. Dubinski,132 A. Dubla ,98 S. Dudi ,90 P. Dupieux ,124 M. Durkac,105 N. Dzalaiova,12

T. M. Eder ,134 R. J. Ehlers ,87 V. N. Eikeland,20 F. Eisenhut ,63 D. Elia ,49 B. Erazmus ,103 F. Ercolessi ,25

F. Erhardt ,89 M. R. Ersdal,20 B. Espagnon ,72 G. Eulisse ,32 D. Evans ,100 S. Evdokimov ,139 L. Fabbietti ,96

M. Faggin ,27 J. Faivre ,73 F. Fan ,6 W. Fan ,74 A. Fantoni ,48 M. Fasel ,87 P. Fecchio,29 A. Feliciello ,55

G. Feofilov ,139 A. Fernández Téllez ,44 M. B. Ferrer ,32 A. Ferrero ,127 A. Ferretti ,24 V. J. G. Feuillard ,95

J. Figiel ,106 V. Filova,35 D. Finogeev ,139 F. M. Fionda ,51 G. Fiorenza,97 F. Flor ,113 A. N. Flores ,107 S. Foertsch ,67

I. Fokin ,95 S. Fokin ,139 E. Fragiacomo ,56 E. Frajna ,135 U. Fuchs ,32 N. Funicello ,28 C. Furget ,73 A. Furs ,139

J. J. Gaardhøje ,83 M. Gagliardi ,24 A. M. Gago ,101 A. Gal,126 C. D. Galvan ,108 P. Ganoti ,78 C. Garabatos ,98

J. R. A. Garcia ,44 E. Garcia-Solis ,9 K. Garg ,103 C. Gargiulo ,32 A. Garibli,81 K. Garner,134 E. F. Gauger ,107

A. Gautam ,115 M. B. Gay Ducati ,65 M. Germain ,103 S. K. Ghosh,4 M. Giacalone ,25 P. Gianotti ,48

P. Giubellino ,98,55 P. Giubilato ,27 A. M. C. Glaenzer ,127 P. Glässel ,95 E. Glimos,119 D. J. Q. Goh,76 V. Gonzalez ,133

L. H. González-Trueba ,66 S. Gorbunov,38 M. Gorgon ,2 L. Görlich ,106 S. Gotovac,33 V. Grabski ,66

L. K. Graczykowski ,132 E. Grecka ,86 L. Greiner ,74 A. Grelli ,58 C. Grigoras ,32 V. Grigoriev ,139 S. Grigoryan ,140,1

F. Grosa ,32 J. F. Grosse-Oetringhaus ,32 R. Grosso ,98 D. Grund ,35 G. G. Guardiano ,110 R. Guernane ,73

M. Guilbaud ,103 K. Gulbrandsen ,83 T. Gunji ,121 W. Guo ,6 A. Gupta ,91 R. Gupta ,91 S. P. Guzman ,44

L. Gyulai ,135 M. K. Habib,98 C. Hadjidakis ,72 H. Hamagaki ,76 M. Hamid,6 Y. Han ,137 R. Hannigan ,107

M. R. Haque ,132 A. Harlenderova,98 J. W. Harris ,136 A. Harton ,9 J. A. Hasenbichler,32 H. Hassan ,87

D. Hatzifotiadou ,50 P. Hauer ,42 L. B. Havener ,136 S. T. Heckel ,96 E. Hellbär ,98 H. Helstrup ,34 T. Herman ,35

G. Herrera Corral ,8 F. Herrmann,134 K. F. Hetland ,34 B. Heybeck ,63 H. Hillemanns ,32 C. Hills ,116 B. Hippolyte ,126

B. Hofman ,58 B. Hohlweger ,84 J. Honermann ,134 G. H. Hong ,137 D. Horak ,35 A. Horzyk ,2 R. Hosokawa,14

Y. Hou ,6 P. Hristov ,32 C. Hughes ,119 P. Huhn,63 L. M. Huhta ,114 C. V. Hulse ,72 T. J. Humanic ,88 H. Hushnud,99

A. Hutson ,113 D. Hutter ,38 J. P. Iddon ,116 R. Ilkaev,139 H. Ilyas ,13 M. Inaba ,122 G. M. Innocenti ,32

M. Ippolitov ,139 A. Isakov ,86 T. Isidori ,115 M. S. Islam ,99 M. Ivanov ,98 V. Ivanov ,139 V. Izucheev,139

M. Jablonski ,2 B. Jacak ,74 N. Jacazio ,32 P. M. Jacobs ,74 S. Jadlovska,105 J. Jadlovsky,105 L. Jaffe,38 C. Jahnke,110

M. A. Janik ,132 T. Janson,69 M. Jercic,89 O. Jevons,100 A. A. P. Jimenez ,64 F. Jonas ,87,134 P. G. Jones,100

J. M. Jowett ,32,98 J. Jung ,63 M. Jung ,63 A. Junique ,32 A. Jusko ,100 M. J. Kabus ,32,132 J. Kaewjai,104 P. Kalinak ,59

A. S. Kalteyer ,98 A. Kalweit ,32 V. Kaplin ,139 A. Karasu Uysal ,71 D. Karatovic ,89 O. Karavichev ,139

T. Karavicheva ,139 P. Karczmarczyk ,132 E. Karpechev ,139 V. Kashyap,80 A. Kazantsev,139 U. Kebschull ,69

R. Keidel ,138 D. L. D. Keijdener,58 M. Keil ,32 B. Ketzer ,42 A. M. Khan ,6 S. Khan ,15 A. Khanzadeev ,139

Y. Kharlov ,139 A. Khatun ,15 A. Khuntia ,106 B. Kileng ,34 B. Kim ,16 C. Kim ,16 D. J. Kim ,114 E. J. Kim ,68

J. Kim ,137 J. S. Kim ,40 J. Kim ,95 J. Kim ,68 M. Kim ,95 S. Kim ,17 T. Kim ,137 S. Kirsch ,63 I. Kisel ,38

S. Kiselev ,139 A. Kisiel ,132 J. P. Kitowski ,2 J. L. Klay ,5 J. Klein ,32 S. Klein ,74 C. Klein-Bösing ,134

PHYSICAL REVIEW LETTERS 131, 042303 (2023)

042303-8

https://orcid.org/0009-0004-0514-1723
https://orcid.org/0000-0003-1618-9648
https://orcid.org/0000-0001-8879-6290
https://orcid.org/0000-0003-2881-9635
https://orcid.org/0000-0001-7602-6432
https://orcid.org/0000-0002-5054-1521
https://orcid.org/0000-0002-3069-5822
https://orcid.org/0000-0003-2527-0720
https://orcid.org/0000-0001-9610-5218
https://orcid.org/0000-0002-3075-1556
https://orcid.org/0000-0001-6247-9633
https://orcid.org/0009-0008-2547-0419
https://orcid.org/0009-0009-7215-3122
https://orcid.org/0009-0009-4284-8943
https://orcid.org/0000-0002-0413-9478
https://orcid.org/0000-0003-2049-1380
https://orcid.org/0000-0002-8880-1608
https://orcid.org/0000-0001-6286-120X
https://orcid.org/0009-0001-3424-1553
https://orcid.org/0000-0002-1595-411X
https://orcid.org/0000-0002-2543-0336
https://orcid.org/0000-0002-5269-9779
https://orcid.org/0000-0001-5945-3424
https://orcid.org/0000-0002-9261-9497
https://orcid.org/0000-0003-0604-2044
https://orcid.org/0000-0002-4008-9922
https://orcid.org/0000-0001-9981-7536
https://orcid.org/0000-0001-7610-8673
https://orcid.org/0000-0002-5187-2779
https://orcid.org/0000-0002-0722-7692
https://orcid.org/0000-0002-0985-4155
https://orcid.org/0000-0002-9614-4046
https://orcid.org/0000-0002-3311-1175
https://orcid.org/0000-0003-4238-2302
https://orcid.org/0000-0003-4511-4784
https://orcid.org/0000-0003-0578-5567
https://orcid.org/0000-0003-1097-8806
https://orcid.org/0000-0002-8789-0004
https://orcid.org/0000-0002-6224-1577
https://orcid.org/0009-0004-0724-7003
https://orcid.org/0009-0002-8368-9407
https://orcid.org/0000-0002-4891-5168
https://orcid.org/0000-0001-6837-3362
https://orcid.org/0000-0002-9982-9577
https://orcid.org/0009-0009-7059-0601
https://orcid.org/0009-0001-4181-8891
https://orcid.org/0000-0003-0000-2674
https://orcid.org/0009-0009-5292-9579
https://orcid.org/0000-0002-4325-0646
https://orcid.org/0000-0002-1850-0121
https://orcid.org/0000-0001-7066-3473
https://orcid.org/0000-0001-5433-969X
https://orcid.org/0000-0002-8804-1100
https://orcid.org/0000-0001-5129-1723
https://orcid.org/0000-0002-6806-3206
https://orcid.org/0000-0002-4255-7347
https://orcid.org/0000-0003-2677-7961
https://orcid.org/0000-0001-9102-9500
https://orcid.org/0000-0001-7804-0721
https://orcid.org/0000-0003-4167-9665
https://orcid.org/0000-0001-5283-3520
https://orcid.org/0000-0002-7602-2930
https://orcid.org/0000-0001-9504-2702
https://orcid.org/0000-0002-9677-5294
https://orcid.org/0000-0002-8343-8758
https://orcid.org/0000-0003-2778-6421
https://orcid.org/0000-0002-7880-8611
https://orcid.org/0000-0001-6955-3314
https://orcid.org/0000-0002-5860-585X
https://orcid.org/0000-0001-7528-6523
https://orcid.org/0000-0001-6359-0608
https://orcid.org/0000-0001-5140-9816
https://orcid.org/0000-0002-2166-1874
https://orcid.org/0000-0002-5165-6638
https://orcid.org/0000-0002-8899-3654
https://orcid.org/0009-0002-3904-8872
https://orcid.org/0000-0003-2771-9069
https://orcid.org/0000-0002-2678-6780
https://orcid.org/0000-0001-5008-6859
https://orcid.org/0000-0002-7865-4202
https://orcid.org/0000-0002-3220-4505
https://orcid.org/0000-0002-5986-3842
https://orcid.org/0000-0002-0830-4872
https://orcid.org/0000-0002-7055-6181
https://orcid.org/0000-0002-5884-4404
https://orcid.org/0000-0002-0711-4022
https://orcid.org/0000-0001-9236-0748
https://orcid.org/0000-0002-0175-3712
https://orcid.org/0000-0002-7599-2716
https://orcid.org/0000-0001-6700-7950
https://orcid.org/0000-0003-2860-9881
https://orcid.org/0000-0002-6562-5082
https://orcid.org/0000-0002-5559-8906
https://orcid.org/0000-0003-0348-092X
https://orcid.org/0000-0002-4886-6052
https://orcid.org/0000-0002-2065-6256
https://orcid.org/0009-0005-3775-1945
https://orcid.org/0000-0002-6357-7857
https://orcid.org/0009-0000-1217-7768
https://orcid.org/0000-0001-6853-8905
https://orcid.org/0000-0003-4432-4026
https://orcid.org/0000-0003-0739-0120
https://orcid.org/0009-0001-6339-1104
https://orcid.org/0000-0002-9582-8948
https://orcid.org/0009-0007-4091-5327
https://orcid.org/0000-0002-0207-2871
https://orcid.org/0009-0008-9752-4391
https://orcid.org/0000-0002-3897-0876
https://orcid.org/0009-0006-9458-8723
https://orcid.org/0000-0001-6351-2378
https://orcid.org/0009-0003-4464-3366
https://orcid.org/0000-0001-7873-0968
https://orcid.org/0000-0001-9410-246X
https://orcid.org/0000-0003-2449-3172
https://orcid.org/0000-0003-1795-6212
https://orcid.org/0000-0002-8427-322X
https://orcid.org/0000-0002-4239-6424
https://orcid.org/0000-0002-2325-8368
https://orcid.org/0000-0003-2202-5906
https://orcid.org/0009-0007-8219-3334
https://orcid.org/0000-0003-3573-3389
https://orcid.org/0000-0002-0844-3282
https://orcid.org/0000-0001-6270-9283
https://orcid.org/0009-0005-4586-0930
https://orcid.org/0000-0001-5823-9733
https://orcid.org/0000-0003-3700-8623
https://orcid.org/0000-0003-0152-4220
https://orcid.org/0000-0001-9723-1291
https://orcid.org/0000-0003-1089-6632
https://orcid.org/0000-0001-9084-5784
https://orcid.org/0009-0002-0542-4454
https://orcid.org/0000-0002-7692-0079
https://orcid.org/0000-0002-7104-7477
https://orcid.org/0000-0002-8632-5580
https://orcid.org/0000-0002-0194-1318
https://orcid.org/0009-0006-6140-676X
https://orcid.org/0009-0007-2053-4869
https://orcid.org/0000-0003-0642-2047
https://orcid.org/0000-0002-2136-778X
https://orcid.org/0000-0001-8216-396X
https://orcid.org/0000-0002-3420-6301
https://orcid.org/0009-0005-2155-0460
https://orcid.org/0000-0001-7814-319X
https://orcid.org/0009-0004-9666-7156
https://orcid.org/0000-0002-2582-1927
https://orcid.org/0000-0001-6122-4698
https://orcid.org/0000-0002-6314-7419
https://orcid.org/0000-0002-0019-9692
https://orcid.org/0000-0001-5496-8533
https://orcid.org/0000-0003-4871-4064
https://orcid.org/0009-0007-2395-8130
https://orcid.org/0000-0002-5038-1337
https://orcid.org/0000-0002-6847-8671
https://orcid.org/0000-0002-8512-8219
https://orcid.org/0009-0001-4753-577X
https://orcid.org/0000-0002-0015-6713
https://orcid.org/0000-0001-7039-535X
https://orcid.org/0000-0002-8450-5318
https://orcid.org/0000-0001-7382-1609
https://orcid.org/0000-0002-4831-5808
https://orcid.org/0000-0003-4167-7176
https://orcid.org/0000-0002-1383-6160
https://orcid.org/0000-0003-4358-5355
https://orcid.org/0000-0001-7400-7019
https://orcid.org/0000-0003-3793-5291
https://orcid.org/0000-0002-7607-3965
https://orcid.org/0009-0006-9202-262X
https://orcid.org/0000-0003-1746-1279
https://orcid.org/0000-0001-7792-2247
https://orcid.org/0000-0002-9581-0879
https://orcid.org/0000-0002-4442-5727
https://orcid.org/0009-0002-9826-4989
https://orcid.org/0000-0003-1476-6245
https://orcid.org/0000-0003-0562-9820
https://orcid.org/0009-0006-9035-556X
https://orcid.org/0000-0002-0661-5220
https://orcid.org/0000-0002-0658-5949
https://orcid.org/0000-0002-1469-9022
https://orcid.org/0000-0001-8372-5135
https://orcid.org/0000-0001-9960-2594
https://orcid.org/0000-0001-9785-2215
https://orcid.org/0000-0002-5298-2881
https://orcid.org/0000-0003-0626-9724
https://orcid.org/0000-0001-5990-482X
https://orcid.org/0000-0002-3809-4984
https://orcid.org/0000-0002-6769-599X
https://orcid.org/0000-0002-2843-2556
https://orcid.org/0000-0001-6178-648X
https://orcid.org/0000-0001-7474-0755
https://orcid.org/0009-0008-0106-3130
https://orcid.org/0000-0002-2420-7650
https://orcid.org/0000-0002-9336-5169
https://orcid.org/0000-0003-3808-7917
https://orcid.org/0009-0008-6551-4180
https://orcid.org/0000-0003-4518-3528
https://orcid.org/0000-0001-7978-9638
https://orcid.org/0000-0002-8535-3061
https://orcid.org/0009-0004-3528-4709
https://orcid.org/0000-0002-6529-560X
https://orcid.org/0000-0002-7638-2047
https://orcid.org/0000-0001-9593-6730
https://orcid.org/0000-0002-4743-2885
https://orcid.org/0000-0002-9083-4484
https://orcid.org/0000-0002-7404-8723
https://orcid.org/0000-0002-9335-9076
https://orcid.org/0000-0003-4004-5265
https://orcid.org/0000-0003-4692-7410
https://orcid.org/0009-0004-3122-4872
https://orcid.org/0009-0009-1031-8307
https://orcid.org/0000-0002-6527-1245
https://orcid.org/0000-0003-4647-4159
https://orcid.org/0000-0003-4562-2922
https://orcid.org/0000-0002-3850-8884
https://orcid.org/0000-0001-6925-3469
https://orcid.org/0000-0003-1437-6108
https://orcid.org/0000-0002-3632-4547
https://orcid.org/0000-0002-7078-3093
https://orcid.org/0000-0001-9001-4198
https://orcid.org/0009-0003-2644-3643
https://orcid.org/0000-0003-1477-8414
https://orcid.org/0000-0002-2442-4583
https://orcid.org/0000-0001-9352-5049
https://orcid.org/0000-0002-5397-6782
https://orcid.org/0000-0003-1008-5119
https://orcid.org/0009-0008-7787-9304
https://orcid.org/0000-0002-1488-4009
https://orcid.org/0000-0002-2851-5554
https://orcid.org/0000-0002-3693-2649
https://orcid.org/0000-0003-3895-9092
https://orcid.org/0000-0003-2478-9651
https://orcid.org/0000-0001-9059-2414
https://orcid.org/0000-0002-2134-967X
https://orcid.org/0000-0002-7934-4038
https://orcid.org/0000-0001-9047-4856
https://orcid.org/0000-0001-7461-7327
https://orcid.org/0009-0002-2983-9494
https://orcid.org/0000-0003-2406-911X
https://orcid.org/0000-0003-2889-2234
https://orcid.org/0000-0002-3066-855X
https://orcid.org/0000-0001-9980-5199
https://orcid.org/0000-0001-9087-4665
https://orcid.org/0000-0002-7685-0808
https://orcid.org/0000-0002-1605-5837
https://orcid.org/0000-0002-9492-3775
https://orcid.org/0000-0001-6811-5240
https://orcid.org/0009-0004-0872-2785
https://orcid.org/0009-0002-4730-9489
https://orcid.org/0009-0009-3972-0631
https://orcid.org/0000-0001-7602-1121
https://orcid.org/0000-0002-0559-6697
https://orcid.org/0000-0003-0618-4843
https://orcid.org/0000-0001-6907-0486
https://orcid.org/0000-0002-1513-2845
https://orcid.org/0000-0001-6297-2532
https://orcid.org/0000-0002-1726-5684
https://orcid.org/0000-0002-5629-5181
https://orcid.org/0000-0002-9355-6379
https://orcid.org/0000-0002-9057-9719
https://orcid.org/0000-0002-6603-6693
https://orcid.org/0000-0003-1831-7957
https://orcid.org/0000-0002-1474-6191
https://orcid.org/0009-0003-1055-0356
https://orcid.org/0000-0002-3493-3891
https://orcid.org/0000-0001-6189-3242
https://orcid.org/0000-0003-3075-2871
https://orcid.org/0000-0002-5741-7144
https://orcid.org/0000-0001-6653-6164
https://orcid.org/0000-0002-2724-668X
https://orcid.org/0000-0003-0996-8547
https://orcid.org/0009-0009-9098-9839
https://orcid.org/0000-0002-7504-2809
https://orcid.org/0000-0002-6434-7084
https://orcid.org/0000-0002-4816-283X
https://orcid.org/0000-0003-1433-6018
https://orcid.org/0009-0000-0438-5567
https://orcid.org/0009-0006-7951-7118
https://orcid.org/0000-0001-9676-3309
https://orcid.org/0000-0003-0078-8398
https://orcid.org/0000-0002-0906-062X
https://orcid.org/0000-0002-2102-7398
https://orcid.org/0000-0003-4558-7856
https://orcid.org/0009-0003-8978-9852
https://orcid.org/0000-0002-4808-419X
https://orcid.org/0000-0002-8354-7786
https://orcid.org/0000-0001-8322-9510
https://orcid.org/0000-0003-3902-8310
https://orcid.org/0000-0002-5592-0758
https://orcid.org/0000-0002-1301-1636
https://orcid.org/0000-0003-2841-6553
https://orcid.org/0000-0002-7285-3411


M. Kleiner ,63 T. Klemenz ,96 A. Kluge ,32 A. G. Knospe ,113 C. Kobdaj ,104 T. Kollegger,98 A. Kondratyev ,140

N. Kondratyeva ,139 E. Kondratyuk ,139 J. Konig ,63 S. A. Konigstorfer ,96 P. J. Konopka ,32 G. Kornakov ,132

S. D. Koryciak ,2 A. Kotliarov ,86 O. Kovalenko ,79 V. Kovalenko ,139 M. Kowalski ,106 I. Králik ,59

A. Kravčáková ,37 L. Kreis,98 M. Krivda ,100,59 F. Krizek ,86 K. Krizkova Gajdosova ,35 M. Kroesen ,95 M. Krüger ,63

D. M. Krupova ,35 E. Kryshen ,139 M. Krzewicki,38 V. Kučera ,32 C. Kuhn ,126 P. G. Kuijer ,84 T. Kumaoka,122

D. Kumar,131 L. Kumar ,90 N. Kumar,90 S. Kundu ,32 P. Kurashvili ,79 A. Kurepin ,139 A. B. Kurepin ,139

S. Kushpil ,86 J. Kvapil ,100 M. J. Kweon ,57 J. Y. Kwon ,57 Y. Kwon ,137 S. L. La Pointe ,38 P. La Rocca ,26

Y. S. Lai,74 A. Lakrathok,104 M. Lamanna ,32 R. Langoy ,118 P. Larionov ,48 E. Laudi ,32 L. Lautner ,32,96

R. Lavicka ,102 T. Lazareva ,139 R. Lea ,130,54 J. Lehrbach ,38 R. C. Lemmon ,85 I. León Monzón ,108 M. M. Lesch ,96

E. D. Lesser ,18 M. Lettrich,96 P. Lévai ,135 X. Li,10 X. L. Li,6 J. Lien ,118 R. Lietava ,100 B. Lim ,16 S. H. Lim ,16

V. Lindenstruth ,38 A. Lindner,45 C. Lippmann ,98 A. Liu ,18 D. H. Liu ,6 J. Liu ,116 I. M. Lofnes ,20 V. Loginov,139

C. Loizides ,87 P. Loncar ,33 J. A. Lopez ,95 X. Lopez ,124 E. López Torres ,7 P. Lu ,98,117 J. R. Luhder ,134

M. Lunardon ,27 G. Luparello ,56 Y. G. Ma ,39 A. Maevskaya,139 M. Mager ,32 T. Mahmoud,42 A. Maire ,126

M. Malaev ,139 N. M. Malik ,91 Q.W. Malik,19 S. K. Malik ,91 L. Malinina ,140,g D. Mal’Kevich ,139 D. Mallick ,80

N. Mallick ,47 G. Mandaglio ,30,52 V. Manko ,139 F. Manso ,124 V. Manzari ,49 Y. Mao ,6 G. V. Margagliotti ,23

A. Margotti ,50 A. Marín ,98 C. Markert ,107 M. Marquard,63 N. A. Martin,95 P. Martinengo ,32 J. L. Martinez,113

M. I. Martínez ,44 G. Martínez García ,103 S. Masciocchi ,98 M. Masera ,24 A. Masoni ,51 L. Massacrier ,72

A. Mastroserio ,128,49 A. M. Mathis ,96 O. Matonoha ,75 P. F. T. Matuoka,109 A. Matyja ,106 C. Mayer ,106

A. L. Mazuecos ,32 F. Mazzaschi ,24 M. Mazzilli ,32 J. E. Mdhluli ,120 A. F. Mechler,63 Y. Melikyan ,139

A. Menchaca-Rocha ,66 E. Meninno ,102,28 A. S. Menon ,113 M. Meres ,12 S. Mhlanga,112,67 Y. Miake,122

L. Micheletti ,55 L. C. Migliorin,125 D. L. Mihaylov ,96 K. Mikhaylov ,140,139 A. N. Mishra ,135 D. Miśkowiec ,98

A. Modak ,4 A. P. Mohanty ,58 B. Mohanty ,80 M. Mohisin Khan ,15,e M. A. Molander ,43 Z. Moravcova ,83

C. Mordasini ,96 D. A. Moreira De Godoy ,134 I. Morozov ,139 A. Morsch ,32 T. Mrnjavac ,32 V. Muccifora ,48

E. Mudnic,33 S. Muhuri ,131 J. D. Mulligan ,74 A. Mulliri,22 M. G. Munhoz ,109 R. H. Munzer ,63 H. Murakami ,121

S. Murray ,112 L. Musa ,32 J. Musinsky ,59 J. W. Myrcha ,132 B. Naik ,120 R. Nair ,79 B. K. Nandi ,46 R. Nania ,50

E. Nappi ,49 A. F. Nassirpour ,75 A. Nath ,95 C. Nattrass ,119 A. Neagu,19 A. Negru,123 L. Nellen ,64 S. V. Nesbo,34

G. Neskovic ,38 D. Nesterov ,139 B. S. Nielsen ,83 E. G. Nielsen ,83 S. Nikolaev ,139 S. Nikulin ,139 V. Nikulin ,139

F. Noferini ,50 S. Noh ,11 P. Nomokonov ,140 J. Norman ,116 N. Novitzky ,122 P. Nowakowski ,132 A. Nyanin ,139

J. Nystrand ,20 M. Ogino ,76 A. Ohlson ,75 V. A. Okorokov ,139 J. Oleniacz ,132 A. C. Oliveira Da Silva ,119

M. H. Oliver ,136 A. Onnerstad ,114 C. Oppedisano ,55 A. Ortiz Velasquez ,64 A. Oskarsson,75 J. Otwinowski ,106

M. Oya,93 K. Oyama ,76 Y. Pachmayer ,95 S. Padhan ,46 D. Pagano ,130,54 G. Paić ,64 A. Palasciano ,49

S. Panebianco ,127 J. Park ,57 J. E. Parkkila ,32,114 S. P. Pathak,113 R. N. Patra,91 B. Paul ,22 H. Pei ,6 T. Peitzmann ,58

X. Peng ,6 L. G. Pereira ,65 H. Pereira Da Costa ,127 D. Peresunko ,139 G. M. Perez ,7 S. Perrin ,127 Y. Pestov,139

V. Petráček ,35 V. Petrov ,139 M. Petrovici ,45 R. P. Pezzi ,103,65 S. Piano ,56 M. Pikna ,12 P. Pillot ,103

O. Pinazza ,50,32 L. Pinsky,113 C. Pinto ,96,26 S. Pisano ,48 M. Płoskoń ,74 M. Planinic,89 F. Pliquett,63

M. G. Poghosyan ,87 S. Politano ,29 N. Poljak ,89 A. Pop ,45 S. Porteboeuf-Houssais ,124 J. Porter ,74

V. Pozdniakov ,140 S. K. Prasad ,4 S. Prasad ,47 R. Preghenella ,50 F. Prino ,55 C. A. Pruneau ,133 I. Pshenichnov ,139

M. Puccio ,32 S. Qiu ,84 L. Quaglia ,24 R. E. Quishpe,113 S. Ragoni ,100 A. Rakotozafindrabe ,127 L. Ramello ,129,55

F. Rami ,126 S. A. R. Ramirez ,44 T. A. Rancien,73 R. Raniwala ,92 S. Raniwala,92 S. S. Räsänen ,43 R. Rath ,47

I. Ravasenga ,84 K. F. Read ,87,119 A. R. Redelbach ,38 K. Redlich ,79,f A. Rehman,20 P. Reichelt,63 F. Reidt ,32

H. A. Reme-Ness ,34 Z. Rescakova,37 K. Reygers ,95 A. Riabov ,139 V. Riabov ,139 R. Ricci ,28 T. Richert,75

M. Richter ,19 W. Riegler ,32 F. Riggi ,26 C. Ristea ,62 M. Rodríguez Cahuantzi ,44 K. Røed ,19 R. Rogalev ,139

E. Rogochaya ,140 T. S. Rogoschinski ,63 D. Rohr ,32 D. Röhrich ,20 P. F. Rojas,44 S. Rojas Torres ,35 P. S. Rokita ,132

F. Ronchetti ,48 A. Rosano ,30,52 E. D. Rosas,64 A. Rossi ,53 A. Roy ,47 P. Roy,99 S. Roy ,46 N. Rubini ,25

O. V. Rueda ,75 D. Ruggiano ,132 R. Rui ,23 B. Rumyantsev,140 P. G. Russek ,2 R. Russo ,84 A. Rustamov ,81

E. Ryabinkin ,139 Y. Ryabov ,139 A. Rybicki ,106 H. Rytkonen ,114 W. Rzesa ,132 O. A. M. Saarimaki ,43 R. Sadek ,103
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