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The ALICE Collaboration reports the measurement of semi-inclusive distributions of charged-particle
jets recoiling from a high transverse momentum (high pT) hadron trigger in proton-proton and central
Pb-Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV. A data-driven statistical method is used to mitigate the large
uncorrelated background in central Pb-Pb collisions. Recoil jet distributions are reported for jet resolution
parameter R ¼ 0.2, 0.4, and 0.5 in the range 7 < pT;jet < 140 GeV=c and trigger-recoil jet azimuthal
separation π=2 < Δφ < π. The measurements exhibit a marked medium-induced jet yield enhancement at
low pT and at large azimuthal deviation from Δφ ∼ π. The enhancement is characterized by its dependence
on Δφ, which has a slope that differs from zero by 4.7σ. Comparisons to model calculations incorporating
different formulations of jet quenching are reported. These comparisons indicate that the observed yield
enhancement arises from the response of the QGP medium to jet propagation.
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Matter at very high temperature forms a quark-gluon
plasma (QGP), the state of matter in which quarks and
gluons are not bound in colorless hadrons [1,2]. A QGP
filled the early Universe a few microseconds after the
Big Bang, and is generated today in high-energy nuclear
collisions at the Large Hadron Collider (LHC) and the
Relativistic Heavy Ion Collider (RHIC) [3–7]. Measure-
ments at RHIC and the LHC and their comparison to
theoretical calculations show that the QGP flows with low
specific shear viscosity [8]. Quantum chromodynamics
(QCD) calculations on the lattice show that the effective
number of QGP degrees of freedom is ∼15% lower than
that of freely interacting quarks and gluons, at temperatures
well above the deconfinement transition temperature
∼150 MeV [9,10]. However, understanding the origin of
such emergent phenomena in terms of quasiparticle degrees
of freedom remains elusive.
QCD jets arise from hard (high momentum-transfer Q2)

scattering of quarks and gluons (partons). The highly
virtual scattered partons radiate a gluon shower that hadro-
nizes into a correlated spray of experimentally observable
hadrons. Jet measurements in proton-proton (pp) collisions
provide stringent tests of perturbative QCD (pQCD)
calculations [11–13]. In nucleus-nucleus (A-A) collisions

jets interact with the QGP, generating observable modifi-
cations to jet production and structure (“jet quenching”)
[14]. Comparison of jet quenching measurements and
calculations provides unique insight into QGP dynamics
and transport properties [15,16].
Measurements of medium-induced jet angular deflection

and substructure modification may elucidate microscopic
QGP structure [17–19]. Jet scattering off of QGP quasi-
particles is the partonic analog to Rutherford scattering off
of atomic nuclei [20]. However, such measurements are
challenging in heavy-ion collisions, due to large uncorre-
lated background. This is especially the case for jets with
low transverse momentum (pT;jet), for which deflection
effects may be sizable.
In this Letter the ALICE Collaboration reports measure-

ments of the semi-inclusive distribution of charged-particle
jets recoiling from a high-pT hadron trigger [21,22] in in-
elastic pp and in central Pb-Pb collisions at center-of-mass
energy per nucleon-nucleon collision

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV.
Uncorrelated jet yield in central Pb-Pb collisions is cor-
rected using a statistical approach [22], which enables
precise recoil jet measurements at low pT;jet and large jet
radius R, allowing for a comprehensive search for jet
deflection effects over broad phase space.
Recoil jet yield distributions are measured as a function

of pT;jet and acoplanarity Δφ, the azimuthal separation of
the trigger hadron and recoil jet, for jet resolution param-
eters R ¼ 0.2, 0.4, and 0.5. Recoil jet measurements are
reported as a function of pT;jet for 7 < pT;jet < 140 GeV=c
within jΔφ − πj < 0.6 and as a function of Δφ for π=2 <
Δφ < π within 10 < pT;jet < 100 GeV=c. Theoretical
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calculations incorporating jet quenching are compared to
the data. Analysis details and additional physics results are
reported in a companion article [23].
The ALICE apparatus and its performance are described

in Refs. [24,25]. The data for pp collisions at
ffiffiffi
s

p ¼
5.02 TeV were recorded during the 2015 and 2017 LHC
runs using a minimum bias (MB) trigger [23]. The data
for Pb-Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV were recorded
during the 2018 run using MB and centrality-enhanced
triggers [23]. The Pb-Pb event population is selected for
high event activity in the forward V0 detectors, corre-
sponding to the 10% most-central fraction of the total
Pb-Pb hadronic interaction cross section. After offline
event selection, the analyzed dataset has 1.04B events
for pp collisions and 89 M events for central Pb-Pb
collisions.
Charged-particle tracks are reconstructed from hits in the

ALICE inner tracking system (ITS) and time projection
chamber (TPC). The response of these detectors was
nonuniform in azimuth and varied between data-taking
runs. Tracks are selected to account for such variations,
resulting in uniform and stable tracking efficiency [23].
Tracks are accepted within pseudorapidity jηj < 0.9 and
pT > 0.15 GeV=c.
The same analysis is carried out on pp and central Pb-Pb

events. Events are selected based on the presence of a
high-pT charged-hadron trigger track within pT;low <
pT < pT;high, denoted TTfpT;low; pT;highg (“trigger track,”
units in GeV=c). For events with multiple such tracks, one
track is chosen randomly as the trigger. The pT dependence
of the resulting TT distribution corresponds to that of
inclusive charged-particle production. The analysis utilizes
two TT classes, TTf20; 50g, denoted “signal,” and
TTf5; 7g, denoted “reference”.
For TT-selected events, jet reconstruction with charged

tracks is carried out in two passes, using the kT and anti-kT
jet reconstruction algorithms and the pT recombination
scheme [26–28]. The jet acceptance is jηjetj < 0.9 − R over
the full azimuth, with additional selection on jet area to
suppress unphysical jets [21]. Jets containing tracks with
pT > 100 GeV=c are rejected; this rejection has negligible
effect on the reported results. There is no other rejection of
individual jet candidates.
The first reconstruction pass utilizes the kT algorithm

to estimate the event-wise median pT density ρ [21,29].
The signal and reference TT-selected event populations
have different hard jet distributions, which influence the ρ
distribution [22,23]. Precise correction for uncorrelated
background yield in central Pb-Pb collisions requires a
shift in the reference-TT ρ distribution, determined by a
data-driven procedure with sub-per mil precision [23]. This
effect is negligible in pp collisions. The second recon-
struction pass generates the jet population for physics
analysis, utilizing the anti-kT algorithm with R ¼ 0.2,
0.4, and 0.5. The pT of each second-pass jet is adjusted

by a rough estimate of the background contribution ρAjet,
where A is the jet area. This estimate is refined by
unfolding, discussed below.
Recoil jet distributions are normalized by the corre-

sponding number of triggers and are semi-inclusive; absent
of background they correspond to the production cross-
section ratio for hadron-jet coincidences and inclusive
hadrons [21] and are perturbatively calculable. The observ-
able Δrecoil is defined as the difference of such signal-TT
and reference-TT distributions [21]:

ΔrecoilðpT;jet;ΔφÞ ¼
1

Ntrig

d2Njet

dpT;jetdΔφ

�
�
�
�
ptrig
T ∈TTsig

− cRef

×
1

Ntrig

d2Njet

dpT;jetdΔφ

�
�
�
�
ptrig
T ∈TTref

: ð1Þ

The scale factor cRef is extracted from data following the
data-driven procedure described in Refs. [21,23]. After
scaling by cRef, the distribution of background jet yield
that is uncorrelated with the trigger is identical in the two
terms. The subtraction in Δrecoil therefore provides precise
correction for this background yield, enabling recoil jet
measurements at low pT;jet and large R.
Multiple hard partonic interactions (MPIs) in the same

nuclear collision are independent and do not interfere [30].
MPIs, which generate an uncorrelated trigger hadron and
recoil jet in the same event constitute a significant back-
ground in the search for large-angle jet deflection, since the
MPI-generated Δφ distribution is uniform, masking any
Δφ -dependent physical effect. However,Δrecoil corrects the
yield due to all uncorrelated sources, including MPIs, and
no additional correction procedure to account for the MPI
contribution is warranted in the analysis.
The measured Δrecoil distribution is smeared in pT;jet and

Δφ due to detector effects and residual background
fluctuations [21,22]. Correction for this smearing is carried
out using iterative Bayesian unfolding [31] in one dimen-
sion (pT;ch jet) for measuring ΔrecoilðpT;ch jetÞ, and in two
dimensions (pT;ch jet, Δφ) for measuring ΔrecoilðΔφÞ; see
Ref. [23] for details and consistency checks. The largest
systematic uncertainty in the corrected Δrecoil distribution
for pp collisions is due to tracking efficiency, while that
for Pb-Pb collisions is due to the choice of prior used for
unfolding.
The measurements are compared to theoretical model

calculations incorporating jet quenching. All models gen-
erate hard processes using PYTHIA8 (Monash tune [32,33]),
but differ in the treatment of jet-medium interactions
and QGP medium response. JEWEL [34,35] calculates in-
medium scattering using pQCD matrix elements. JETSCAPE
[16] incorporates a virtuality-dependent interaction based
on MATTER [36,37] and LBT [38,39]. The hybrid model
[40] describes weakly coupled jet dynamics perturbatively,
with strongly coupled jet-medium interactions based on the
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AdS/CFT correspondence. JEWEL calculations optionally
include medium response (“recoils on” or “recoils off”),
where the recoils on calculation follows the “4MomSub”
prescription [41]. The hybrid model likewise optionally
includes medium response (“wake”) and elastic scattering
from discrete scattering centers [19]. Comparison is also
made to a leading-order (LO) pQCD calculation with
Sudakov resummation, in which medium-induced broad-
ening is controlled by the jet transport coefficient q̂ [42].
Figure 1, upper panels, show ΔrecoilðpT;ch jetÞ, the

ΔrecoilðpT;ch jet;ΔφÞ distribution integrated over jΔφ − πj <
0.6, for R ¼ 0.2, 0.4, and 0.5 in pp and central Pb-Pb
collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV. The distributions cover
7 < pT;ch jet < 140 GeV=c, including the lowest reported
pT;jet value for jet measurements in heavy-ion collisions at
the LHC. The distributions are qualitatively similar, though
with shape differences for pT;ch jet ≲ 30 GeV=c.
Figure 1, lower panels, show IAAðpT;ch jetÞ, the ratio of

the Pb-Pb and pp ΔrecoilðpT;ch jetÞ distributions. In the range
pT;ch jet < 20 GeV=c, IAA is consistent with or above unity
for all R. For 20 < pT;ch jet ≲ 60 GeV=c, IAA is below unity
for R ¼ 0.2 and 0.4, which is usually interpreted as
medium-induced yield suppression due to energy loss [21].
The value of IAA is consistent with or above unity at higher
pT;ch jet for R ¼ 0.2 and 0.4, and at all pT;ch jet for R ¼ 0.5.
It is shown in Ref. [43] that energy loss of the trigger-side
jet can enhance IAA and it is expected that jets with IAA
equal to or even above unity may still experience energy

loss, consistent with inclusive jet measurements. It also
suggests that increasing IAAðpT;ch jetÞ with increasing
pT;ch jet may indicate evolution in the geometric (“surface”)
bias of vertices which generate the observed high-pT
hadron triggers [23]. The IAAðpT;ch jetÞ distributions for
R ¼ 0.2 and 0.4 exhibit broad minima near pT;ch jet ∼
20–30 GeV=c; comparisons with models above and below
this minimum are discussed separately.
In the range pT;ch jet > 20 GeV=c, for R ¼ 0.2 and 0.4

JETSCAPE and the hybrid model (all options) exhibit a
similar increase in IAAðpT;ch jetÞ with increasing pT;ch jet

as the data. JETSCAPE also reproduces the magnitude of
IAAðpT;ch jetÞ, while the hybrid model predicts a smaller
value. JEWEL (recoils off) agrees with the measured
IAAðpT;ch jetÞ up to 80 GeV=c for R ¼ 0.2 and up to
40 GeV=c for R ¼ 0.4, but underpredicts it at higher
pT;ch jet. JEWEL (recoils on) similarly underpredicts the data
in pT;ch jet > 50 GeV=c. For R ¼ 0.5, JETSCAPE describes
the data in pT;ch jet > 50 GeV=c, but underpredicts it below
that range. JEWEL (recoils on) accurately describes the
measured IAA in pT;ch jet > 20 GeV=c for R ¼ 0.5, while
JEWEL (recoils off) underpredicts it.
For pT;ch jet < 20 GeV=c, the data exhibit an increase in

IAAðpT;ch jetÞ with decreasing pT;ch jet for R ¼ 0.4, with a
less significant or negligible increase for R ¼ 0.2 and 0.5.
However, the difference in the magnitude of IAAðpT;ch jetÞ
between different R jets is not significant within uncer-
tainties. Notably, the hybrid model with wake-on (both

FIG. 1. Distributions of recoil jets with R ¼ 0.2, 0.4, and 0.5 in pp and central Pb-Pb collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV. Upper panels:
corrected ΔrecoilðpT;ch jetÞ distributions. Lower panels: IAAðpT;ch jetÞ (see text). Also shown are calculations based on JETSCAPE [16],
JEWEL [34,35], and the Hybrid model [40].
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with and without elastic scattering) and JEWEL (recoils on)
reproduce the data for R ¼ 0.4. This suggests that the
increase in IAAðpT;ch jetÞ towards low pT;ch jet may arise
from medium response to interactions of higher-energy jets
that are correlated with the trigger, although these models
do less well at reproducing the low-pT;ch jet IAAðpT;ch jetÞ for
R ¼ 0.5 jets, indicating that the redistribution of jet energy
is not fully captured by models.
Figure 2, upper panels, show ΔrecoilðΔφÞ, the

ΔrecoilðpT;ch jet;ΔφÞ distribution projected onto Δφ in inter-
vals of pT;ch jet, for R ¼ 0.4 in pp and central Pb-Pb
collisions. The lower panels show their ratio, IAAðΔφÞ.
For 30 < pT;ch jet < 50 GeV=c, medium-induced yield sup-
pression [IAAðΔφÞ < 1] is observed, largely independent
of Δφ. For 20 < pT;ch jet < 30 GeV=c, suppression is
observed at Δφ ∼ π, with a gradual but significant increase
of IAAðΔφÞ at larger deviation from Δφ ∼ π. Notably,
for 10 < pT;ch jet < 20 GeV=c, a marked medium-induced
excess is observed [IAAðΔφÞ > 1], which increases with
increasing deviation from Δφ ∼ π. A linear fit of this
distribution in the range 0.5π < Δφ < 0.92π, taking into
account uncorrelated uncertainties only, has slope
−40.5� 8.6, differing by 4.7σ from zero (which corre-
sponds to no medium-induced modification). This is the first
observation of strong acoplanarity broadening in the QGP.
The data in Fig. 1, middle panels, and in Fig. 2 are slices

of the same two-dimensional distributionsΔrecoilðpT;jet;ΔφÞ.

Note that IAAðpT;ch jetÞ is integrated over jΔφ − πj < 0.6,
corresponding approximately to the rightmost four points in
Fig. 2, which should be considered when comparing the
figures.
Figure 2, lower panels, also show theoretical calcula-

tions. The LO pQCD calculation is consistent with data in
20 < pT;ch jet < 50 GeV=c and 2.4 < Δφ < π for 13 <
hq̂Li < 26 GeV2, where L is the in-medium path length.
JETSCAPE overpredicts the suppression in 20 < pT;ch jet <
30 GeV=c, but agrees with data in 30 < pT;ch jet <
50 GeV=c. JEWEL (recoils on) describes both the data
shape and magnitude well for all pT;ch jet intervals, includ-
ing the significant broadening in 10 < pT;ch jet <
20 GeV=c that is not predicted by JEWEL (recoils off).
None of the hybrid model variants describes the observed
broadening at low pT;ch jet. These variants generate different
magnitude of suppression but underestimate the measured
value of IAA in all pT;ch jet bins. Only JEWEL (recoils on)
correctly reproduces the marked azimuthal broadening at
low pT;ch jet seen in data.
Figure 3 shows IAAðΔφÞ for R ¼ 0.2, 0.4, and 0.5, for

the pT;ch jet intervals in Fig. 2. The medium-induced aco-
planarity broadening in Fig. 2, left panel, is seen only in the
range 10 < pT;ch jet < 20 GeV=c, and only for R ¼ 0.4 and
0.5. The value of IAAðΔφÞ is either consistent with unity or
suppressed at larger pT;ch jet for R ¼ 0.4 and 0.5, and for all

FIG. 2. Upper panels: CorrectedΔrecoilðΔφÞ distributions for R ¼ 0.4 in Pb-Pb and pp collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV, for intervals in
recoil pT;ch jet: [10,20] (left), [20,30] (middle), and [30,50] (right) GeV=c. Lower panels: IAAðΔφÞ. Predictions from JETSCAPE [16],
JEWEL [34,35], and the LO pQCD calculation [42] are also shown.
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measured pT;ch jet for R ¼ 0.2. The JEWEL (recoils on)
calculation is likewise consistent within uncertainties with
all of these data.
Figures 1–3 present the first observation of medium-

induced jet yield excess and acoplanarity broadening in the
QGP. The broadening is significant in 10 < pT;ch jet <
20 GeV=c for R ¼ 0.4 and 0.5 but is negligible for
R ¼ 0.2, and at larger pT;ch jet for all R. This rapid transition
in the acoplanarity distribution shape as a function pT;ch jet

and R is striking. Possible medium-induced acoplanarity
broadening mechanisms include jet scattering from QGP
quasiparticles; wake effects [44]; and jet splitting.
The latter two mechanisms do not generate perturba-

tively interpretable jets, with constituents that are softer in
pT and spatially more diffuse. In these scenarios, the rate to
generate a correlated “jet” with pT;ch jet > 10 GeV=c may
scale approximately with the jet area, i.e., R2, resulting in a
strong R dependence of the IAAðΔφÞ enhancement at low
pT;ch jet, as observed. In contrast, a strong R dependence
of the IAAðΔφÞ enhancement is not a natural consequence
of jet scattering from QGP quasiparticles, which should
generate similar effects for R ¼ 0.2, 0.4, and 0.5. The
observed systematic dependence therefore disfavors in-
medium jet scattering as the primary origin of in-medium
acoplanarity broadening. Both JEWEL and the hybrid model
describe the observed low-pT;ch jet behavior of IAAðpT;ch jetÞ,
only if jet-medium response is included. None of the
models considered here successfully describe all available
data.
In summary, measurements of semi-inclusive distribu-

tions of charged-particle jets recoiling from a high-pT

hadron trigger in pp and central Pb-Pb collisions at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV have been reported over a broad kin-
ematic range, including low pT;jet and large R. A marked
medium-induced enhancement in recoil jet acoplanarity is
observed for the first time, but only at low pT;jet for large R;
this favors QGP wake effects or jet splitting as the under-
lying physical mechanism, and disfavors large-angle jet
scattering.
Current model calculations incorporating jet quenching

do not reproduce all of these observations. Further model-
ing developments, and their comparison to these and
similar data, promise significant new understanding of the
mechanisms governing energy transport and the dynamics
of the QGP.
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Ø. Djuvsland,21 U. Dmitrieva ,142 A. Dobrin ,64 B. Dönigus ,65 J. M. Dubinski ,137 A. Dubla ,98 S. Dudi ,91

P. Dupieux ,128 M. Durkac,107 N. Dzalaiova,13 T. M. Eder ,127 R. J. Ehlers ,75 F. Eisenhut ,65 R. Ejima,93 D. Elia ,51

B. Erazmus ,104 F. Ercolessi ,26 B. Espagnon ,132 G. Eulisse ,33 D. Evans ,101 S. Evdokimov ,142 L. Fabbietti ,96

M. Faggin ,28 J. Faivre ,74 F. Fan ,6 W. Fan ,75 A. Fantoni ,50 M. Fasel ,88 A. Feliciello ,57 G. Feofilov ,142

A. Fernández Téllez ,45 L. Ferrandi ,111 M. B. Ferrer ,33 A. Ferrero ,131 C. Ferrero ,57,d A. Ferretti ,25

V. J. G. Feuillard ,95 V. Filova ,36 D. Finogeev ,142 F. M. Fionda ,53 E. Flatland,33 F. Flor ,117 A. N. Flores ,109

S. Foertsch ,69 I. Fokin ,95 S. Fokin ,142 E. Fragiacomo ,58 E. Frajna ,47 U. Fuchs ,33 N. Funicello ,29 C. Furget ,74

A. Furs ,142 T. Fusayasu ,99 J. J. Gaardhøje ,84 M. Gagliardi ,25 A. M. Gago ,102 T. Gahlaut,48 C. D. Galvan ,110

D. R. Gangadharan ,117 P. Ganoti ,79 C. Garabatos ,98 T. García Chávez ,45 E. Garcia-Solis ,9 C. Gargiulo ,33

P. Gasik ,98 A. Gautam ,119 M. B. Gay Ducati ,67 M. Germain ,104 A. Ghimouz,126 C. Ghosh,136 M. Giacalone ,52

G. Gioachin ,30 P. Giubellino ,57,98 P. Giubilato ,28 A. M. C. Glaenzer ,131 P. Glässel ,95 E. Glimos ,123 D. J. Q. Goh,77

V. Gonzalez ,138 P. Gordeev ,142 M. Gorgon ,2 K. Goswami ,49 S. Gotovac,34 V. Grabski ,68 L. K. Graczykowski ,137

E. Grecka ,87 A. Grelli ,60 C. Grigoras ,33 V. Grigoriev ,142 S. Grigoryan ,1,143 F. Grosa ,33

J. F. Grosse-Oetringhaus ,33 R. Grosso ,98 D. Grund ,36 N. A. Grunwald,95 G. G. Guardiano ,112 R. Guernane ,74

M. Guilbaud ,104 K. Gulbrandsen ,84 T. Gündem ,65 T. Gunji ,125 W. Guo ,6 A. Gupta ,92 R. Gupta ,92 R. Gupta ,49

PHYSICAL REVIEW LETTERS 133, 022301 (2024)

022301-8

https://orcid.org/0000-0002-9213-5329
https://orcid.org/0000-0002-0504-7428
https://orcid.org/0000-0002-9611-3696
https://orcid.org/0000-0002-0760-5075
https://orcid.org/0000-0003-0348-9836
https://orcid.org/0000-0001-5241-7412
https://orcid.org/0000-0003-0497-5705
https://orcid.org/0000-0001-8847-489X
https://orcid.org/0000-0002-4417-1392
https://orcid.org/0000-0002-7388-3022
https://orcid.org/0000-0002-8071-4497
https://orcid.org/0000-0002-9719-7035
https://orcid.org/0000-0001-9680-4940
https://orcid.org/0000-0002-5659-2119
https://orcid.org/0000-0002-4713-7069
https://orcid.org/0000-0002-0877-7979
https://orcid.org/0000-0003-3618-4617
https://orcid.org/0009-0000-7365-1064
https://orcid.org/0000-0002-2205-5761
https://orcid.org/0000-0003-0177-0536
https://orcid.org/0000-0001-8910-9173
https://orcid.org/0009-0005-4862-5370
https://orcid.org/0000-0001-8048-5500
https://orcid.org/0000-0002-8079-7026
https://orcid.org/0000-0002-5038-1337
https://orcid.org/0000-0002-6180-4243
https://orcid.org/0000-0001-8535-0680
https://orcid.org/0009-0009-7457-6866
https://orcid.org/0000-0002-2372-6117
https://orcid.org/0009-0006-0236-2680
https://orcid.org/0000-0002-7366-8891
https://orcid.org/0000-0001-7516-3726
https://orcid.org/0000-0002-5478-6120
https://orcid.org/0000-0001-7662-3878
https://orcid.org/0000-0003-0614-7671
https://orcid.org/0009-0002-1990-7289
https://orcid.org/0000-0001-6367-9215
https://orcid.org/0000-0003-3142-6787
https://orcid.org/0000-0001-6698-9577
https://orcid.org/0000-0002-5194-2079
https://orcid.org/0000-0003-2316-9565
https://orcid.org/0000-0002-3888-8303
https://orcid.org/0009-0008-5460-6805
https://orcid.org/0000-0003-4277-4963
https://orcid.org/0000-0002-2501-6856
https://orcid.org/0000-0002-0569-4828
https://orcid.org/0009-0008-4806-8019
https://orcid.org/0000-0002-4343-4883
https://orcid.org/0009-0009-9085-079X
https://orcid.org/0000-0001-7987-4592
https://orcid.org/0000-0003-1172-0225
https://orcid.org/0000-0002-0359-1403
https://orcid.org/0000-0002-6186-289X
https://orcid.org/0000-0002-3082-4209
https://orcid.org/0000-0001-5743-7578
https://orcid.org/0000-0002-7178-3001
https://orcid.org/0000-0001-5971-6415
https://orcid.org/0000-0003-2088-1290
https://orcid.org/0000-0002-7328-9154
https://orcid.org/0000-0001-9223-6480
https://orcid.org/0000-0001-7357-9904
https://orcid.org/0000-0003-0611-9283
https://orcid.org/0000-0002-6454-0052
https://orcid.org/0009-0002-3371-4483
https://orcid.org/0000-0001-7633-1189
https://orcid.org/0009-0006-7928-4203
https://orcid.org/0000-0002-6905-8345
https://orcid.org/0000-0003-0687-8124
https://orcid.org/0000-0001-8638-6300
https://orcid.org/0009-0000-0199-3372
https://orcid.org/0009-0009-2974-6985
https://orcid.org/0000-0001-9148-9101
https://orcid.org/0000-0003-2784-3094
https://orcid.org/0000-0001-7431-4051
https://orcid.org/0000-0002-7908-3288
https://orcid.org/0000-0002-2599-7957
https://orcid.org/0009-0005-5922-8936
https://orcid.org/0000-0002-0442-6549
https://orcid.org/0000-0003-3498-4661
https://orcid.org/0000-0002-3156-0188
https://orcid.org/0000-0002-4862-3384
https://orcid.org/0009-0002-8212-4789
https://orcid.org/0000-0002-9040-5292
https://orcid.org/0000-0003-4673-8038
https://orcid.org/0000-0003-0309-5917
https://orcid.org/0000-0003-3705-7898
https://orcid.org/0009-0004-5511-2496
https://orcid.org/0000-0001-5253-2517
https://orcid.org/0000-0002-1373-1844
https://orcid.org/0000-0001-7883-3190
https://orcid.org/0000-0002-3687-8179
https://orcid.org/0000-0002-3643-1502
https://orcid.org/0000-0002-3755-0992
https://orcid.org/0000-0003-1664-8189
https://orcid.org/0000-0001-6861-2810
https://orcid.org/0000-0003-4940-2441
https://orcid.org/0000-0003-1659-0394
https://orcid.org/0000-0001-5613-7629
https://orcid.org/0009-0001-0415-8257
https://orcid.org/0000-0003-0002-4654
https://orcid.org/0000-0003-2849-0120
https://orcid.org/0000-0003-3578-5373
https://orcid.org/0009-0008-5850-0274
https://orcid.org/0000-0002-4681-3002
https://orcid.org/0000-0002-4266-8338
https://orcid.org/0000-0002-8085-8597
https://orcid.org/0000-0002-6800-3465
https://orcid.org/0000-0002-2829-5950
https://orcid.org/0000-0003-4185-2093
https://orcid.org/0009-0001-4479-0417
https://orcid.org/0000-0002-5942-812X
https://orcid.org/0000-0001-6283-2927
https://orcid.org/0009-0009-8669-3875
https://orcid.org/0000-0001-7333-224X
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/0009-0009-3727-3102
https://orcid.org/0000-0001-7602-6432
https://orcid.org/0000-0002-5054-1521
https://orcid.org/0000-0003-3468-3164
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/0000-0002-9962-1880
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/0000-0001-5405-3480
https://orcid.org/0000-0002-4008-9922
https://orcid.org/0000-0002-8024-9441
https://orcid.org/0000-0001-9981-7536
https://orcid.org/0000-0001-7610-8673
https://orcid.org/0000-0001-9822-0463
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/0000-0002-8789-0004
https://orcid.org/0000-0003-1097-8806
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/0000-0002-4255-7347
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/0000-0001-5845-6500
https://orcid.org/0000-0002-7946-7580
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/0000-0001-6632-7741
https://orcid.org/0000-0001-5008-6859
https://orcid.org/0000-0002-7865-4202
https://orcid.org/0000-0002-3220-4505
https://orcid.org/0000-0002-0830-4872
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/0009-0002-6200-0391
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/0000-0002-6669-1698
https://orcid.org/0000-0002-4886-6052
https://orcid.org/0000-0002-2065-6256
https://orcid.org/0009-0005-3775-1945
https://orcid.org/0009-0002-9000-0815
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/0000-0002-2568-0132
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/0000-0003-2449-3172
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/0000-0001-7107-2325
https://orcid.org/0000-0001-9723-1291
https://orcid.org/0000-0003-1089-6632
https://orcid.org/0009-0008-5359-761X
https://orcid.org/0000-0001-9084-5784
https://orcid.org/0009-0002-0542-4454
https://orcid.org/0000-0002-6444-4669
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/0000-0003-1148-0428
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/0000-0002-8698-3647
https://orcid.org/0000-0003-4871-4064
https://orcid.org/0009-0007-2395-8130
https://orcid.org/0000-0002-6224-1577
https://orcid.org/0000-0002-6847-8671
https://orcid.org/0009-0001-4753-577X
https://orcid.org/0000-0001-9840-6460
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/0009-0000-5731-050X
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/0009-0008-1162-7067
https://orcid.org/0000-0002-7607-3965
https://orcid.org/0000-0002-7474-901X
https://orcid.org/0000-0003-1746-1279
https://orcid.org/0000-0002-0476-1005
https://orcid.org/0000-0002-9581-0879
https://orcid.org/0000-0002-4442-5727
https://orcid.org/0009-0002-9826-4989
https://orcid.org/0000-0003-0562-9820
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/0009-0003-0647-8128
https://orcid.org/0000-0002-6769-599X
https://orcid.org/0000-0002-2843-2556
https://orcid.org/0000-0001-6178-648X
https://orcid.org/0009-0008-7071-0418
https://orcid.org/0000-0001-7474-0755


K. Gwizdziel ,137 L. Gyulai ,47 C. Hadjidakis ,132 F. U. Haider ,92 S. Haidlova ,36 H. Hamagaki ,77 A. Hamdi ,75

Y. Han ,140 B. G. Hanley ,138 R. Hannigan ,109 J. Hansen ,76 M. R. Haque ,137 J. W. Harris ,139 A. Harton ,9

H. Hassan ,118 D. Hatzifotiadou ,52 P. Hauer ,43 L. B. Havener ,139 S. T. Heckel ,96 E. Hellbär ,98 H. Helstrup ,35

M. Hemmer ,65 T. Herman ,36 G. Herrera Corral ,8 F. Herrmann,127 S. Herrmann ,129 K. F. Hetland ,35 B. Heybeck ,65

H. Hillemanns ,33 B. Hippolyte ,130 F. W. Hoffmann ,71 B. Hofman ,60 G. H. Hong ,140 M. Horst ,96 A. Horzyk ,2

Y. Hou ,6 P. Hristov ,33 C. Hughes ,123 P. Huhn,65 L. M. Huhta ,118 T. J. Humanic ,89 A. Hutson ,117 D. Hutter ,39

R. Ilkaev,142 H. Ilyas ,14 M. Inaba ,126 G. M. Innocenti ,33 M. Ippolitov ,142 A. Isakov ,85,87 T. Isidori ,119

M. S. Islam ,100 M. Ivanov,13 M. Ivanov ,98 V. Ivanov ,142 K. E. Iversen ,76 M. Jablonski ,2 B. Jacak ,75 N. Jacazio ,26

P. M. Jacobs ,75 S. Jadlovska,107 J. Jadlovsky,107 S. Jaelani ,83 C. Jahnke ,111 M. J. Jakubowska ,137 M. A. Janik ,137

T. Janson,71 S. Ji ,17 S. Jia ,10 A. A. P. Jimenez ,66 F. Jonas ,88,127 D. M. Jones ,120 J. M. Jowett ,33,98 J. Jung ,65

M. Jung ,65 A. Junique ,33 A. Jusko ,101 J. Kaewjai,106 P. Kalinak ,61 A. S. Kalteyer ,98 A. Kalweit ,33 V. Kaplin ,142

A. Karasu Uysal ,73,e D. Karatovic ,90 O. Karavichev ,142 T. Karavicheva ,142 P. Karczmarczyk ,137 E. Karpechev ,142

M. J. Karwowska ,33,137 U. Kebschull ,71 R. Keidel ,141 D. L. D. Keijdener,60 M. Keil ,33 B. Ketzer ,43 S. S. Khade ,49

A. M. Khan ,121 S. Khan ,16 A. Khanzadeev ,142 Y. Kharlov ,142 A. Khatun ,119 A. Khuntia ,36 B. Kileng ,35

B. Kim ,105 C. Kim ,17 D. J. Kim ,118 E. J. Kim ,70 J. Kim ,140 J. S. Kim ,41 J. Kim ,59 J. Kim ,70 M. Kim ,19

S. Kim ,18 T. Kim ,140 K. Kimura ,93 S. Kirsch ,65 I. Kisel ,39 S. Kiselev ,142 A. Kisiel ,137 J. P. Kitowski ,2

J. L. Klay ,5 J. Klein ,33 S. Klein ,75 C. Klein-Bösing ,127 M. Kleiner ,65 T. Klemenz ,96 A. Kluge ,33

A. G. Knospe ,117 C. Kobdaj ,106 T. Kollegger,98 A. Kondratyev ,143 N. Kondratyeva ,142 E. Kondratyuk ,142

J. Konig ,65 S. A. Konigstorfer ,96 P. J. Konopka ,33 G. Kornakov ,137 M. Korwieser ,96 S. D. Koryciak ,2

A. Kotliarov ,87 V. Kovalenko ,142 M. Kowalski ,108 V. Kozhuharov ,37 I. Králik ,61 A. Kravčáková ,38 L. Krcal ,33,39

M. Krivda ,61,101 F. Krizek ,87 K. Krizkova Gajdosova ,33 M. Kroesen ,95 M. Krüger ,65 D. M. Krupova ,36

E. Kryshen ,142 V. Kučera ,59 C. Kuhn ,130 P. G. Kuijer ,85 T. Kumaoka,126 D. Kumar,136 L. Kumar ,91 N. Kumar,91

S. Kumar ,32 S. Kundu ,33 P. Kurashvili ,80 A. Kurepin ,142 A. B. Kurepin ,142 A. Kuryakin ,142 S. Kushpil ,87

V. Kuskov ,142 M. J. Kweon ,59 Y. Kwon ,140 S. L. La Pointe ,39 P. La Rocca ,27 A. Lakrathok,106 M. Lamanna ,33

A. R. Landou ,74,116 R. Langoy ,122 P. Larionov ,33 E. Laudi ,33 L. Lautner ,33,96 R. Lavicka ,103 R. Lea ,56,135

H. Lee ,105 I. Legrand ,46 G. Legras ,127 J. Lehrbach ,39 T. M. Lelek,2 R. C. Lemmon ,86 I. León Monzón ,110

M.M. Lesch ,96 E. D. Lesser ,19 P. Lévai ,47 X. Li,10 J. Lien ,122 R. Lietava ,101 I. Likmeta ,117 B. Lim ,25

S. H. Lim ,17 V. Lindenstruth ,39 A. Lindner,46 C. Lippmann ,98 D. H. Liu ,6 J. Liu ,120 G. S. S. Liveraro ,112

I. M. Lofnes ,21 C. Loizides ,88 S. Lokos ,108 J. Lömker ,60 P. Loncar ,34 X. Lopez ,128 E. López Torres ,7

P. Lu ,98,121 F. V. Lugo ,68 J. R. Luhder ,127 M. Lunardon ,28 G. Luparello ,58 Y. G. Ma ,40 M. Mager ,33

A. Maire ,130 E. M. Majerz,2 M. V. Makariev ,37 M. Malaev ,142 G. Malfattore ,26 N. M. Malik ,92 Q.W. Malik,20

S. K. Malik ,92 L. Malinina ,143,a,f D. Mallick ,81,132 N. Mallick ,49 G. Mandaglio ,31,54 S. K. Mandal ,80

V. Manko ,142 F. Manso ,128 V. Manzari ,51 Y. Mao ,6 R.W. Marcjan ,2 G. V. Margagliotti ,24 A. Margotti ,52

A. Marín ,98 C. Markert ,109 P. Martinengo ,33 M. I. Martínez ,45 G. Martínez García ,104 M. P. P. Martins ,111

S. Masciocchi ,98 M. Masera ,25 A. Masoni ,53 L. Massacrier ,132 O. Massen ,60 A. Mastroserio ,51,133

O. Matonoha ,76 S. Mattiazzo ,28 A. Matyja ,108 C. Mayer ,108 A. L. Mazuecos ,33 F. Mazzaschi ,25 M. Mazzilli ,33

J. E. Mdhluli ,124 Y. Melikyan ,44 A. Menchaca-Rocha ,68 J. E. M. Mendez ,66 E. Meninno ,103 A. S. Menon ,117

M. Meres ,13 S. Mhlanga,69,115 Y. Miake,126 L. Micheletti ,33 D. L. Mihaylov ,96 K. Mikhaylov ,142,143 A. N. Mishra ,47

D. Miśkowiec ,98 A. Modak ,4 B. Mohanty,81 M. Mohisin Khan ,16,g M. A. Molander ,44 S. Monira ,137

C. Mordasini ,118 D. A. Moreira De Godoy ,127 I. Morozov ,142 A. Morsch ,33 T. Mrnjavac ,33 V. Muccifora ,50

S. Muhuri ,136 J. D. Mulligan ,75 A. Mulliri ,23 M. G. Munhoz ,111 R. H. Munzer ,65 H. Murakami ,125 S. Murray ,115

L. Musa ,33 J. Musinsky ,61 J. W. Myrcha ,137 B. Naik ,124 A. I. Nambrath ,19 B. K. Nandi ,48 R. Nania ,52

E. Nappi ,51 A. F. Nassirpour ,18 A. Nath ,95 C. Nattrass ,123 M. N. Naydenov ,37 A. Neagu,20 A. Negru,114

E. Nekrasova,142 L. Nellen ,66 R. Nepeivoda ,76 S. Nese ,20 G. Neskovic ,39 N. Nicassio ,51 B. S. Nielsen ,84

E. G. Nielsen ,84 S. Nikolaev ,142 S. Nikulin ,142 V. Nikulin ,142 F. Noferini ,52 S. Noh ,12 P. Nomokonov ,143

J. Norman ,120 N. Novitzky ,88 P. Nowakowski ,137 A. Nyanin ,142 J. Nystrand ,21 M. Ogino ,77 S. Oh ,18

A. Ohlson ,76 V. A. Okorokov ,142 J. Oleniacz ,137 A. C. Oliveira Da Silva ,123 A. Onnerstad ,118 C. Oppedisano ,57

A. Ortiz Velasquez ,66 J. Otwinowski ,108 M. Oya,93 K. Oyama ,77 Y. Pachmayer ,95 S. Padhan ,48 D. Pagano ,56,135

G. Paić ,66 S. Paisano-Guzmán ,45 A. Palasciano ,51 S. Panebianco ,131 H. Park ,126 H. Park ,105 J. Park ,59

PHYSICAL REVIEW LETTERS 133, 022301 (2024)

022301-9

https://orcid.org/0000-0001-5805-6363
https://orcid.org/0000-0002-2420-7650
https://orcid.org/0000-0002-9336-5169
https://orcid.org/0000-0001-9231-8515
https://orcid.org/0009-0008-2630-1473
https://orcid.org/0000-0003-3808-7917
https://orcid.org/0000-0001-7099-9452
https://orcid.org/0009-0008-6551-4180
https://orcid.org/0000-0002-8305-3807
https://orcid.org/0000-0003-4518-3528
https://orcid.org/0009-0008-4642-7807
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/0009-0001-3006-7332
https://orcid.org/0000-0003-4004-5265
https://orcid.org/0000-0003-4692-7410
https://orcid.org/0009-0002-2276-3757
https://orcid.org/0009-0004-3122-4872
https://orcid.org/0009-0009-1031-8307
https://orcid.org/0000-0002-6527-1245
https://orcid.org/0000-0003-4562-2922
https://orcid.org/0000-0001-7272-8226
https://orcid.org/0000-0002-3850-8884
https://orcid.org/0000-0002-3632-4547
https://orcid.org/0000-0003-4016-3982
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/0000-0003-1008-5119
https://orcid.org/0009-0008-7787-9304
https://orcid.org/0000-0002-1488-4009
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/0000-0001-6533-4085
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/0000-0003-3958-9062
https://orcid.org/0000-0003-1969-6960
https://orcid.org/0000-0001-9334-3798
https://orcid.org/0000-0001-9087-4665
https://orcid.org/0000-0003-1317-1733
https://orcid.org/0009-0004-2421-5409
https://orcid.org/0000-0002-7685-0808
https://orcid.org/0000-0002-1605-5837
https://orcid.org/0009-0005-1821-6963
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/0000-0002-0559-6697
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/0000-0001-7602-1121
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/0000-0003-4132-2906
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/0000-0001-9676-3309
https://orcid.org/0009-0006-7951-7118
https://orcid.org/0000-0003-0078-8398
https://orcid.org/0009-0000-0438-5567
https://orcid.org/0000-0002-0906-062X
https://orcid.org/0000-0002-2102-7398
https://orcid.org/0000-0003-4558-7856
https://orcid.org/0009-0004-3408-5783
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
https://orcid.org/0009-0003-0133-319X
https://orcid.org/0000-0003-4116-7002
https://orcid.org/0000-0002-6497-3974
https://orcid.org/0000-0002-2211-715X
https://orcid.org/0000-0001-7296-5248
https://orcid.org/0000-0001-6203-9160
https://orcid.org/0009-0001-5996-0685
https://orcid.org/0000-0002-9249-0435
https://orcid.org/0000-0002-8831-4009
https://orcid.org/0000-0003-4824-2458
https://orcid.org/0000-0001-8738-7268
https://orcid.org/0000-0002-3652-6683
https://orcid.org/0009-0006-8921-5973
https://orcid.org/0000-0001-6810-6897
https://orcid.org/0000-0003-3576-4185
https://orcid.org/0000-0001-6012-6615
https://orcid.org/0000-0002-7568-7498
https://orcid.org/0000-0002-0669-7799
https://orcid.org/0000-0001-6441-9300
https://orcid.org/0000-0002-1381-3436
https://orcid.org/0000-0002-4824-8537
https://orcid.org/0000-0001-5091-4159
https://orcid.org/0000-0001-6593-4574
https://orcid.org/0000-0002-5569-1254
https://orcid.org/0009-0001-6795-6109
https://orcid.org/0000-0001-7174-6617
https://orcid.org/0000-0002-1706-4428
https://orcid.org/0000-0002-2197-4109
https://orcid.org/0000-0002-3567-5177
https://orcid.org/0000-0002-7998-5046
https://orcid.org/0000-0002-6987-2048
https://orcid.org/0000-0002-2746-9840
https://orcid.org/0000-0003-3049-9976
https://orcid.org/0000-0003-3150-2831
https://orcid.org/0000-0002-0613-5278
https://orcid.org/0000-0001-7672-2067
https://orcid.org/0000-0002-1851-4136
https://orcid.org/0000-0003-4528-6578
https://orcid.org/0000-0001-9289-2840
https://orcid.org/0009-0008-2898-3455
https://orcid.org/0000-0002-8958-4190
https://orcid.org/0009-0001-4180-0413
https://orcid.org/0000-0002-5267-0140
https://orcid.org/0000-0002-7291-8166
https://orcid.org/0009-0006-1840-462X
https://orcid.org/0000-0003-3185-0879
https://orcid.org/0000-0001-9471-1804
https://orcid.org/0000-0002-5489-3751
https://orcid.org/0009-0006-8424-015X
https://orcid.org/0000-0002-7017-4183
https://orcid.org/0000-0002-8384-0384
https://orcid.org/0000-0001-5955-0769
https://orcid.org/0009-0009-2096-752X
https://orcid.org/0009-0006-1392-7114
https://orcid.org/0009-0007-5832-8630
https://orcid.org/0009-0001-3545-3275
https://orcid.org/0000-0002-1259-979X
https://orcid.org/0000-0002-7919-2150
https://orcid.org/0000-0002-7480-7558
https://orcid.org/0000-0001-8367-8703
https://orcid.org/0009-0006-9345-9620
https://orcid.org/0000-0002-0425-9138
https://orcid.org/0000-0002-9188-9428
https://orcid.org/0009-0006-0273-5360
https://orcid.org/0000-0002-1904-296X
https://orcid.org/0000-0001-6335-7427
https://orcid.org/0009-0006-7301-988X
https://orcid.org/0000-0003-0062-0536
https://orcid.org/0009-0006-6383-6069
https://orcid.org/0000-0002-8397-7620
https://orcid.org/0000-0001-9674-196X
https://orcid.org/0000-0002-9063-1599
https://orcid.org/0000-0001-8635-8465
https://orcid.org/0000-0002-4447-4836
https://orcid.org/0000-0002-2817-8156
https://orcid.org/0000-0001-6486-2230
https://orcid.org/0000-0001-8159-8603
https://orcid.org/0000-0002-2850-4222
https://orcid.org/0000-0002-7002-0061
https://orcid.org/0009-0008-7139-3194
https://orcid.org/0009-0006-1802-5857
https://orcid.org/0000-0002-6027-0024
https://orcid.org/0000-0002-9901-2014
https://orcid.org/0000-0002-0233-9900
https://orcid.org/0009-0002-2291-691X
https://orcid.org/0000-0002-4831-2367
https://orcid.org/0000-0002-1622-3116
https://orcid.org/0009-0001-9974-0169
https://orcid.org/0000-0001-5455-9502
https://orcid.org/0000-0001-5682-0903
https://orcid.org/0000-0003-0311-9552
https://orcid.org/0000-0003-1723-4121
https://orcid.org/0000-0002-4256-052X
https://orcid.org/0000-0003-2706-1025
https://orcid.org/0000-0003-4486-4807
https://orcid.org/0000-0002-4515-5941
https://orcid.org/0000-0002-4772-3615
https://orcid.org/0009-0008-5115-943X
https://orcid.org/0000-0002-3102-1504
https://orcid.org/0000-0002-0786-8545
https://orcid.org/0000-0001-8494-628X
https://orcid.org/0000-0003-1965-7953
https://orcid.org/0000-0003-2146-0391
https://orcid.org/0000-0002-9069-0353
https://orcid.org/0000-0001-9675-4322
https://orcid.org/0000-0003-0288-202X
https://orcid.org/0000-0002-8503-3009
https://orcid.org/0000-0002-8657-6742
https://orcid.org/0009-0006-9081-931X
https://orcid.org/0000-0002-2064-6517
https://orcid.org/0000-0003-1880-5467
https://orcid.org/0000-0002-2699-1522
https://orcid.org/0000-0002-5475-5092
https://orcid.org/0000-0002-7160-5272
https://orcid.org/0000-0003-3711-8902
https://orcid.org/0000-0002-0015-9367
https://orcid.org/0000-0001-8255-3474
https://orcid.org/0000-0002-4524-563X
https://orcid.org/0000-0003-2570-8278
https://orcid.org/0009-0009-7230-3792
https://orcid.org/0000-0003-2613-2901
https://orcid.org/0000-0002-1415-4559
https://orcid.org/0000-0002-9745-0504
https://orcid.org/0000-0002-4165-505X
https://orcid.org/0000-0002-4856-8055
https://orcid.org/0009-0002-4871-6334
https://orcid.org/0000-0003-4389-7711
https://orcid.org/0009-0003-3911-1744
https://orcid.org/0009-0005-3106-8571
https://orcid.org/0000-0002-1430-6655
https://orcid.org/0009-0004-2669-5696
https://orcid.org/0000-0002-6726-6407
https://orcid.org/0000-0002-3892-2719
https://orcid.org/0000-0002-8627-9721
https://orcid.org/0000-0003-3056-8353
https://orcid.org/0000-0002-4767-1464
https://orcid.org/0000-0003-2845-8702
https://orcid.org/0000-0003-2569-2704
https://orcid.org/0000-0002-3265-9614
https://orcid.org/0000-0003-3941-7607
https://orcid.org/0000-0001-7286-4543
https://orcid.org/0000-0002-3276-0464
https://orcid.org/0000-0003-1281-8291
https://orcid.org/0000-0002-5624-6486
https://orcid.org/0000-0003-2378-9553
https://orcid.org/0000-0002-6905-4352
https://orcid.org/0000-0002-1074-5116
https://orcid.org/0000-0003-3695-3180
https://orcid.org/0000-0002-8334-6933
https://orcid.org/0000-0001-6548-6775
https://orcid.org/0000-0003-0548-588X
https://orcid.org/0000-0001-8814-2254
https://orcid.org/0000-0002-5729-4535
https://orcid.org/0000-0001-8506-2275
https://orcid.org/0000-0002-0172-6976
https://orcid.org/0000-0002-2926-0063
https://orcid.org/0009-0007-3988-5095
https://orcid.org/0000-0002-6039-190X
https://orcid.org/0000-0003-2080-9010
https://orcid.org/0000-0001-8927-2798
https://orcid.org/0009-0005-1524-5654
https://orcid.org/0000-0002-8768-6468
https://orcid.org/0000-0003-3795-8872
https://orcid.org/0000-0003-1059-8731
https://orcid.org/0000-0001-6412-7981
https://orcid.org/0009-0000-7829-4748
https://orcid.org/0000-0001-8585-7991
https://orcid.org/0000-0002-7839-2951
https://orcid.org/0000-0002-0091-1934
https://orcid.org/0000-0002-9394-1066
https://orcid.org/0000-0003-1242-4866
https://orcid.org/0000-0001-8573-0851
https://orcid.org/0000-0002-4826-6516
https://orcid.org/0000-0002-6704-0256
https://orcid.org/0000-0001-6104-1752
https://orcid.org/0009-0002-1220-1443
https://orcid.org/0000-0002-3783-5760
https://orcid.org/0000-0002-9609-566X
https://orcid.org/0000-0001-8971-0874
https://orcid.org/0000-0002-7877-2006
https://orcid.org/0009-0005-4425-586X
https://orcid.org/0000-0003-3390-2804
https://orcid.org/0000-0001-6126-1667
https://orcid.org/0000-0002-4214-5844
https://orcid.org/0000-0002-7162-5345
https://orcid.org/0000-0003-2966-4903
https://orcid.org/0000-0002-9421-5568
https://orcid.org/0000-0002-8848-1800
https://orcid.org/0000-0001-6194-4601
https://orcid.org/0000-0002-4788-7943
https://orcid.org/0000-0002-5471-6595
https://orcid.org/0000-0002-8576-1268
https://orcid.org/0000-0001-6142-1528
https://orcid.org/0009-0007-8144-2829
https://orcid.org/0000-0003-0333-448X
https://orcid.org/0000-0003-2513-2459
https://orcid.org/0009-0008-0106-3130
https://orcid.org/0000-0002-5686-6626
https://orcid.org/0000-0002-0343-2082
https://orcid.org/0000-0003-1180-3469
https://orcid.org/0009-0000-8571-0316
https://orcid.org/0000-0002-2540-2394


J. E. Parkkila ,33 Y. Patley ,48 R. N. Patra,92 B. Paul ,23 H. Pei ,6 T. Peitzmann ,60 X. Peng ,11 M. Pennisi ,25

S. Perciballi ,25 D. Peresunko ,142 G. M. Perez ,7 Y. Pestov,142 V. Petrov ,142 M. Petrovici ,46 R. P. Pezzi ,67,104

S. Piano ,58 M. Pikna ,13 P. Pillot ,104 O. Pinazza ,33,52 L. Pinsky,117 C. Pinto ,96 S. Pisano ,50 M. Płoskoń ,75

M. Planinic,90 F. Pliquett,65 M. G. Poghosyan ,88 B. Polichtchouk ,142 S. Politano ,30 N. Poljak ,90 A. Pop ,46

S. Porteboeuf-Houssais ,128 V. Pozdniakov ,143 I. Y. Pozos ,45 K. K. Pradhan ,49 S. K. Prasad ,4 S. Prasad ,49

R. Preghenella ,52 F. Prino ,57 C. A. Pruneau ,138 I. Pshenichnov ,142 M. Puccio ,33 S. Pucillo ,25 Z. Pugelova,107

S. Qiu ,85 L. Quaglia ,25 S. Ragoni ,15 A. Rai ,139 A. Rakotozafindrabe ,131 L. Ramello ,57,134 F. Rami ,130

T. A. Rancien,74 M. Rasa ,27 S. S. Räsänen ,44 R. Rath ,52 M. P. Rauch ,21 I. Ravasenga ,85 K. F. Read ,88,123

C. Reckziegel ,113 A. R. Redelbach ,39 K. Redlich ,80,h C. A. Reetz ,98 H. D. Regules-Medel,45 A. Rehman,21

F. Reidt ,33 H. A. Reme-Ness ,35 Z. Rescakova,38 K. Reygers ,95 A. Riabov ,142 V. Riabov ,142 R. Ricci ,29

M. Richter ,20 A. A. Riedel ,96 W. Riegler ,33 A. G. Riffero ,25 C. Ristea ,64 M. V. Rodriguez ,33

M. Rodríguez Cahuantzi ,45 S. A. Rodríguez Ramírez ,45 K. Røed ,20 R. Rogalev ,142 E. Rogochaya ,143

T. S. Rogoschinski ,65 D. Rohr ,33 D. Röhrich ,21 P. F. Rojas,45 S. Rojas Torres ,36 P. S. Rokita ,137 G. Romanenko ,26

F. Ronchetti ,50 A. Rosano ,31,54 E. D. Rosas,66 K. Roslon ,137 A. Rossi ,55 A. Roy ,49 S. Roy ,48 N. Rubini ,26

D. Ruggiano ,137 R. Rui ,24 P. G. Russek ,2 R. Russo ,85 A. Rustamov ,82 E. Ryabinkin ,142 Y. Ryabov ,142

A. Rybicki ,108 H. Rytkonen ,118 J. Ryu ,17 W. Rzesa ,137 O. A. M. Saarimaki ,44 S. Sadhu ,32 S. Sadovsky ,142
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132Université Paris-Saclay, CNRS/IN2P3, IJCLab, Orsay, France
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135Università di Brescia, Brescia, Italy
136Variable Energy Cyclotron Centre, Homi Bhabha National Institute, Kolkata, India

137Warsaw University of Technology, Warsaw, Poland
138Wayne State University, Detroit, Michigan, USA
139Yale University, New Haven, Connecticut, USA

140Yonsei University, Seoul, Republic of Korea
141Zentrum für Technologie und Transfer (ZTT), Worms, Germany

142Affiliated with an institute covered by a cooperation agreement with CERN
143Affiliated with an international laboratory covered by a cooperation agreement with CERN

aDeceased.
bAlso at Max-Planck-Institut fur Physik, Munich, Germany.
cAlso at Italian National Agency for New Technologies, Energy and Sustainable Economic Development (ENEA), Bologna, Italy.
dAlso at Dipartimento DET del Politecnico di Torino, Turin, Italy.
eAlso at Yildiz Technical University, Istanbul, Türkiye.
fAlso at An institution covered by a cooperation agreement with CERN.
gAlso at Department of Applied Physics, Aligarh Muslim University, Aligarh, India.
hAlso at Institute of Theoretical Physics, University of Wroclaw, Poland.

PHYSICAL REVIEW LETTERS 133, 022301 (2024)

022301-13


