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This Letter presents the measurement of near-side associated per-trigger yields, denoted ridge yields,
from the analysis of angular correlations of charged hadrons in proton-proton collisions at

ffiffiffi
s

p ¼ 13 TeV.
Long-range ridge yields are extracted for pairs of charged particles with a pseudorapidity difference of
1.4 < jΔηj < 1.8 and a transverse momentum of 1 < pT < 2 GeV=c, as a function of the charged-particle
multiplicity measured at midrapidity. This Letter extends the measurements of the ridge yield to the low
multiplicity region, where in hadronic collisions it is typically conjectured that a strongly interacting
medium is unlikely to be formed. The precision of the new low multiplicity results allows for the first
direct quantitative comparison with the results obtained in eþe− collisions at

ffiffiffi
s

p ¼ 91 GeV andffiffiffi
s

p ¼ 183–209 GeV, where initial-state effects such as preequilibrium dynamics and collision geometry
are not expected to play a role. In the multiplicity range 8 ≲ hNchi≲ 24 where the eþe− results have good
precision, the measured ridge yields in pp collisions are substantially larger than the limits set in eþe−

annihilations. Consequently, the findings presented in this Letter suggest that the processes involved
in eþe− annihilations do not contribute significantly to the emergence of long-range correlations
in pp collisions.

DOI: 10.1103/PhysRevLett.132.172302

Long-range angular correlations have been observed in
the collisions of ultrarelativistic heavy ions both at RHIC
[1–4] and LHC [5–7]. In such collisions, the presence of
correlations between pairs of particles with large pseudor-
apidity differences is interpreted as a signature for the
existence of a strongly coupled medium, known as the
quark-gluon plasma (QGP), which converts the initial
pressure gradients created in noncentral nucleus-nucleus
collisions into a collective momentum anisotropy of the
final-state hadrons. In particular, the collectivity signal
manifests itself as a near-side ridge around the jet frag-
mentation peak in the two-particle correlation function,
indicating the presence of a medium with considerable
anisotropic flow.
Long-range correlations have also been observed in

high-multiplicity proton-proton (pp) [8–13], proton-
nucleus (pA) [14–17], and light nucleus-nucleus collisions
[18–20]. These results have challenged the interpretation of
the so-called collective phenomena in hadronic collisions
[21], and raised the question whether the same underlying
dynamics can be responsible for the emergence of long-

range correlations in small and large systems [22]. Notably,
the formation of a medium and its subsequent evolution,
which is understood to take place in heavy-ion collisions
might not be justifiable in small collision systems, where
the requirement of thermal equilibrium may not be
achieved under the conditions of small system size.
Despite a vast experimental and theoretical effort, an
unambiguous description of these experimental data is
not yet achieved [22–24], although there has been recent
progress [25–27]. Flowlike signatures could indeed origi-
nate from the very early stages of the collisions [28,29] or
develop during the late stages of the collisions as a
consequence of the interaction with a strongly coupled
medium [30,31]. This suggests that ridge measurements
combined with measurements of jet shape modification can
eventually be used to separate initial state and flow-driven
contributions [32].
Recently, new experimental insights have been obtained

by the study of long-range correlations in eþe− collisions atffiffiffi
s

p ¼ 91 and
ffiffiffi
s

p ¼ 183–209 GeV using ALEPH [33]
archived data [34,35]. Collisions between pointlike elec-
trons and positrons remain unaffected by the presence of
beam remnants or gluonic initial-state radiation, and are not
sensitive to the modeling of parton distribution functions
[36,37]. Near-side ridge is neither observed in the lab
reference frame nor in the thrust-axis reference frame. The
results obtained in eþe− collisions were also compared with
the associated yield measurement in pp collisions with
CMS [8,38], but due to the large uncertainties of the

*Full author list given at the end of the Letter.
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existing pp measurement, a statistically significant com-
parison between the ridge yields measured in pp and eþe−
collisions was not feasible. A systematic study of such
signatures across collision systems and sizes represents
a unique opportunity to characterize the emergence of collec-
tive phenomena. In particular, measurements performed in
pp collisions with very low multiplicity can provide crucial
inputs to address the relevance of initial-state effects [30]
in the presumed absence of a flow-inducing medium and
final-state correlations [39,40], and in turn constrain the
magnitude of these initial-state effects traditionally afflicted
by a large uncertainty [41]. At the same time, comparing to
the eþe− collision systemhelps to identify physical processes
in the pp system that do contribute to collectivity, as no such
signalswere detected in the eþe− system [34,35] up to certain
multiplicities.
In this Letter, the near-side long-range yields are mea-

sured in pp collisions at
ffiffiffi
s

p ¼ 13 TeV with good precision
down to very low multiplicities. The results are reported for
pairs of charged particles with pseudorapidity 1.4 < jΔηj <
1.8 and transverse momentum 1 < pT < 2 GeV=c, as a
function of the charged-particle multiplicity measured at
midrapidity. The experimental precision of this Letter
allows for the first quantitative comparison with the results
obtained in eþe− collisions at

ffiffiffi
s

p ¼ 91 and
ffiffiffi
s

p ¼
183–209 GeV with ALEPH archived data, where initial-
state effects in hadronic collisions are not expected to play a
role. The measurement is also compared to predictions of
PYTHIA8.3 [40] and EPOS LHC simulations [42].
The data were collected in 2017 and 2018 using the

ALICE apparatus [43] at the LHC. Information about the
detector configuration and performance can be found in
Refs. [44,45]. The main systems used for this Letter
were the central-barrel detectors, located within a solenoi-
dal magnet and used for charged-particle tracking. These
include the Inner Tracking System and the Time Projection
Chamber. The V0 detector, consisting of two scintillator
arrays located at pseudorapidities of 2.8 < η < 5.1 and
−3.7 < η < −1.7, was used for the trigger and event
selections. Minimum-bias (MB) events were selected
online by requiring a signal from at least one charged
particle in both V0 counters. The analyzed data sample
consists of about 1.3 × 109 MB pp collisions at a center-
of-mass energy of

ffiffiffi
s

p ¼ 13 TeV within primary vertex
range jzvtxj < 8.0 cm along the beam axis, corresponding
to an integrated luminosity of about 22 nb−1.
The observables presented in this analysis are extracted

using two-particle angular correlations for pairs of charged
particles. The two-particle per-trigger yield is measured as a
function of relative azimuthal angle Δφ and pseudorapidity
Δη of two particles—traditionally called trigger and asso-
ciated—and is defined as

1

Ntrig

d2Npair

dΔηdΔφ
¼ Bð0; 0Þ SðΔη;ΔφÞ

BðΔη;ΔφÞ : ð1Þ

Equation (1) is evaluated within a range of transverse
momentum of the trigger (pT;trig) and associated (pT;assoc)
particles within jηj < 1.0 where pT;trig > pT;assoc. The total
number of trigger particles is denoted with Ntrig, and the
number of trigger and associated particle pairs with Npair.
This two-particle yield SðΔη;ΔφÞ is corrected for pair
acceptance and reconstruction effects by constructing a
mixed-event distribution BðΔη;ΔφÞ from pairs where the
trigger and associated particles are taken from different
events. This mixed-event distribution is normalized by
Bð0; 0Þ computed by pairs of particles of identical charge
traveling in the same direction for which acceptance and
reconstruction effects are identical by construction. The
event mixing is performed such that events with similar
multiplicity and primary vertex zvtx (bins of 2 cm) are
combined. The final per-trigger yield is obtained by
averaging over these individual bins. In addition, all tracks
are corrected for the single-particle tracking efficiency as a
function of pT and η. The efficiency corrections and
acceptance factors are obtained by simulating events with
PYTHIA8.3 with the Monash tune [46], and the detector
response simulated using the GEANT3 transport pack-
age [47].
The per-trigger yield distribution as a function of Δφ is

obtained by integrating the two-dimensional two-particle
per-trigger yield in the long-range intervals 1.4 < jΔηj <
1.8, in order to exclude the region dominated by the jet
fragmentation peak

YðΔφÞ ¼ 1

Ntrig

dNpair

dΔφ

¼
Z
1.4<jΔηj<1.8

�
1

Ntrig

d2Npair

dΔηdΔφ

�
1

δΔη
dΔη; ð2Þ

where δΔη ¼ 0.8 is the normalization constant for the
chosen Δη range. The ridge yield Yridge is extracted by
integrating the near-side area of the associated per-trigger
yield using

Yridge ¼
Z
jΔφj<jΔφminj

YðΔφÞdΔφ − 2jΔφminjCZYAM: ð3Þ

A zero-yield-at-minimum (ZYAM) procedure is applied to
subtract the baseline of the per-trigger yield. We assume
that YðΔφÞ has an uncorrelated flat contribution,
CZYAM ¼ YðΔφminÞ, where Δφmin is the location of the
minimum of YðΔφÞ. To reduce the impact of statistical
fluctuations, YðΔφÞ is fitted by a symmetric Fourier series
up to third harmonic FðΔφÞ ¼ P

3
n¼0 2an cosðnΔφÞ, which

is found to be adequate in this analysis for a precise
extraction of Δφmin and CZYAM. This procedure is illus-
trated in the right panel of Fig. 1. Since the fit is only used
to locate the bounds of the near-side ridge, the impact of the
higher harmonics on the baseline and ZYAM procedure is
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negligible. The ridge yield provides a measure for collec-
tive effects, and is generally compatible with the measure-
ments of flow coefficients vn in small systems [48]. The
measurement of Yridge also facilitates the comparison with
the readily available eþe− result, and does not suffer from
ambiguities related to low-multiplicity template subtraction
applied in other measurements [16].
The analysis is performed in different intervals of

measured multiplicity. In order to determine the corrected
charged-particle multiplicity hNchi in each multiplicity
interval, the number of charged tracks is counted within
jηj < 1 and pT > 0.2 GeV=c. This number is corrected for
detector effects by correlating reconstructed and simulated
multiplicities, and randomly sampling a new multiplicity
value from the simulated distribution corresponding to the
reconstructed value, representing the uncorrected measured
multiplicity. At the same time, the resampling technique
reduces self-correlation between the multiplicity and the
particles entering the per-trigger yield. The analysis is
carried out for 14 multiplicity intervals, ranging from
Nch ¼ 0 to 62, where the average MB multiplicity is
about 11.3.
The systematic uncertainties of the ridge yields are

evaluated by varying the event and track selections as well
as the integration ranges used in the extraction. A boot-
strapping procedure [34] is used to estimate both the
statistical and systematic uncertainties. This uncertainty
is obtained by making large number of variations of the
default value YdefðΔφÞ of the per-trigger yield distribution,
by adding random statistical and systematic fluctuations
and extracting the ridge yield applying the procedure
as given in Eq. (3). Gaussian fluctuations are randomly
added bin-by-bin based on the statistical uncertainty.
Systematic fluctuations are included by assuming that
the YsðΔφÞ=YdefðΔφÞ variation for each source of system-
atic uncertainty s has a common shift across ðΔφ;ΔηÞ (not

affecting the ridge yield) and a bin-by-bin component,
taken to be Gaussian distributed and each variation corre-
sponding to 1σ. It should be noted that the statistical
uncertainties and the five sources of systematic uncertainty
described below are all varied each time. The final
uncertainty on Yridge is calculated as the standard deviation
of the yield distribution obtained from a large number of
these random variations. For multiplicity intervals where
the result is consistent with zero, a limit Yridge

CL from this
distribution is estimated at 95% confidence level (CL).
The selection on the position of the primary vertex along

the beam axis (zvtx) is varied from jzvtxj < 8 cm to 10 cm.
The corresponding systematic uncertainty was found to be
less than 5% depending on multiplicity. In order to estimate
the bias due to the possible presence of jetlike correlations
in 1.4 < jΔηj < 1.8, the definition of the long-range region
was changed to 1.5 < jΔηj < 1.8. This change also esti-
mates the effect of residual non-flow in the region in which
the ridge yield is extracted. As the near-side ridge yield
decreases towards low multiplicity, the relative contribution
from jetlike (nonflow) contribution to the systematic
uncertainty increases from 3% at high multiplicity to
22% at hNchi ¼ 15, and dominates for lower multiplicity.
Uncertainties related to track reconstruction were estimated
by varying the required number of hits in the ITS layers
allowing a more uniform detector acceptance but larger
contributions from secondaries, resulting in 3%–10% vari-
ation without a clear multiplicity dependence. Residual
two-particle acceptance effects due to the finite accuracy of
the event-mixing pair-acceptance correction, generally
affecting the structure at long-range Δη, have been esti-
mated to be around 4% on average. This contribution
has been evaluated by adjusting the per-trigger yield with a
Δφ-independent factor such that the away-side region is
constant overΔη. As a further check on the extraction of the
associated yield, the Δφ integration region is shifted with a
resulting difference of about 1%. The total systematic
uncertainty resulting from the bootstrapping procedure is
around 5% at hNchi ¼ 60 and increases gradually to 25%
at hNchi ¼ 15.
Figure 1 presents the two-particle per-trigger yield for

trigger and associated particle momentum of 1 < pT <
2 GeV=c in the multiplicity interval 32 < Nch ≤ 37. A
prominent jet-fragmentation peak originating from corre-
lations of particles from the fragmentation of the same
parton is visible at ðΔη;ΔφÞ ¼ ð0; 0Þ. At Δφ ¼ π, a broad
away-side structure results from correlations of tracks from
back-to-back jet fragments that are spread over the entire
Δη region (as the parton-parton scattering center-of-mass
frame is not the lab frame). The momentum region has been
chosen such that these peaks are sufficiently narrow in Δφ,
allowing one to extract the long-range ridge yield. At
jΔηj≳ 1.4 and Δφ ≈ 0, the “ridge” structure, represented
by an enhancement of the correlation, is visible which
was observed in previous measurements [49] and that in

FIG. 1. Two-particle per-trigger yield measured for charged
track pairs with 1 < pT;trig < 2 GeV=c and 1 < pT;assoc <
2 GeV=c within the multiplicity range 32 < Nch ≤ 37. The jet
fragmentation peak has been truncated to ensure a better visibility
of the long-range structure. The right panel shows the zero-
suppressed projection to Δφ overlaid with FðΔφÞ (red line) and
the area in which the ridge yield is extracted (shaded area). The
blue and purple lines represent the second and third harmonic
terms of FðΔφÞ.
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heavy-ion collisions is interpreted as a sign of collective
expansion of the QGP medium. The overall shape and
width of the jet fragmentation peak has been studied
extensively to be confident that the nonflow contamination
in the yield extraction is minimal. In addition, the Δη cuts
have been varied as part of the systematic uncertainties.
These investigations of the dependence of correlations on
jet fragmentation and its implications on correlation studies
are of interest in itself and will be published subsequently.
Figure 2 shows the extracted ridge yield Yridge as a

function of the average charged-particle multiplicity. The
measured Yridge shows a strong multiplicity dependence,
with an increasing trend towards higher multiplicity colli-
sions. A nonzero Yridge is measured with good precision for
events with hNchi > 9, significantly extending the low-
multiplicity reach of previous measurements [38]. A limit,
represented in the figure by the black arrows, is computed
at 95% CL for the three lowest multiplicity intervals
(hNchi < 9) where no significant ridge yield was observed.
The origin of the arrow corresponds to the threshold value
of the ridge yield (Yridge

CL ) for which 95% of the bootstrap
distribution values are smaller than Yridge

CL . The results are
compared with an analogous measurement performed by
CMS (green markers) at the same center-of-mass energy.
To allow for a direct comparison with the ALICE meas-
urement, the x axis of the CMS data was scaled by the ratio
of the pseudorapidity acceptance of CMS and ALICE,
which was estimated to be about 0.66 with negligible
statistical uncertainty based on PYTHIA8.3 simulations. The
CMS result presents finite near-side yields for hNchi ≳ 38
and limits at 67% CL for smaller multiplicities. The two

results are in good agreement at high multiplicities, where
an accurate estimation of the ridge yields is available for
both experiments. The comparison also includes CMS
measurements at

ffiffiffi
s

p ¼ 7 TeV, with the same scaling
procedure applied. The measurement at

ffiffiffi
s

p ¼ 7 TeV has
a smaller uncertainty at hNchi ∼ 32 compared to the one atffiffiffi
s

p ¼ 13 TeV and also agrees with the ALICE results.
In Fig. 3, the result is compared to a recent measurement

performed in eþe− collisions at
ffiffiffi
s

p ¼ 91 [34] and at
ffiffiffi
s

p ¼
183–209 GeV [35] in the thrust-axis reference frame using
ALEPH archived data. Because of the absence of beam
remnants, the thrust axis provides an estimate of the
longitudinal color field between the initially created out-
going qq̄ pair and is therefore the sensible choice in eþe−
collisions to search for collective effects. Similarly to the
previous figure, in order to translate the ALEPH multi-
plicity into the ALICE acceptance range, a scaling factor is
estimated with PYTHIA8.3 events by counting the resulting
particles in the acceptance ranges of both experiments
(jηj < 1.738, pT > 0.2 GeV=c in case of ALEPH). It is
inherently difficult to compare the multiplicity in these two
collision systems which have more than 2 orders of
magnitude difference in collision energy as well as a
different initial state leading to different flavor composition
as well as multiplicity and momentum distributions. In
order to give justice to these differences, this procedure of
estimating the experimental acceptance was performed in
both pp collisions at

ffiffiffi
s

p ¼ 13 TeV and eþe− collisions atffiffiffi
s

p ¼ 91 and
ffiffiffi
s

p ¼ 183–209 GeV with resulting correc-
tion coefficients cpp ¼ 0.57, c1ee ¼ 0.78, and c2ee ¼ 0.72,
respectively. The large difference between these two
estimations reflects the different underlying mechanisms
leading to multiplicity production in pp and eþe−

FIG. 2. Ridge yield as a function of multiplicity. The black
points correspond to the measurement presented in this Letter,
while data from CMS [8,38] are drawn as green and blue markers.
Vertical bars denote statistical uncertainties while systematic
uncertainty is shown as a shaded area. For both results, at low
multiplicity where the lower uncertainty reaches zero, an upper
limit is reported, which is drawn as a bar and down arrow. Such
points are given at 95% CL for the results from this Letter and at
67% for the results from CMS. The “MB” arrow at hNchi ¼ 11.3
indicates the multiplicity averaged over the entire studied
multiplicity range.

FIG. 3. Ridge yield as a function of multiplicity, compared to
the upper limits on the ridge yield in eþe− collisions. Vertical bars
denote statistical uncertainties while systematic uncertainty is
shown as the shaded areas. The orange limits represent the
measurement in the thrust-axis reference frame with ALEPH
[34]. The horizontal bars in the ALEPH points represent the
uncertainty related to the multiplicity conversion from the
ALEPH to the ALICE acceptance (see text). All limits are given
at 95% CL.
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collisions and is depicted by the horizontal uncertainty bars
of the ALEPH ridge yields which are given as limits at 95%
CL. In the multiplicity range 8 to 18 (24) the yields in pp
collisions are substantially above the ALEPH limit at

ffiffiffi
s

p ¼
91 (

ffiffiffi
s

p ¼ 183–209 GeV) while outside this range the
limits from eþe− collisions are above the pp measurement.
The ALEPH measurement at a multiplicity of about 34 atffiffiffi
s

p ¼ 183–209 GeV is 1.02σ above 0. Within its large
uncertainty, it is compatible with our measurement.
In order to quantify this finding the significance of the

result in pp collisions to be above the one in eþe−
collisions is computed. The ALICE result is linearly
interpolated between the two closest points to match the
multiplicity. The results at different multiplicities are
combined assuming the systematic uncertainty to be fully
correlated across multiplicity intervals. The resulting sig-
nificance of the pp measurement to be above the one in
eþe− collisions at

ffiffiffi
s

p ¼ 91 GeV is 3.8σ (using cpp) and
5.0σ (using c1ee). At

ffiffiffi
s

p ¼ 183–209 GeV, these signifi-
cances are 5.0σ (using cpp) and 6.3σ (using c2ee) with the
mentioned assumptions on the multiplicity conversion
between the two experiments and systems. Because of
the precision of the ALEPH measurements, the multiplicity
range which contributes mostly is between 8 and 24. In this
range a near-side ridge is clearly present in pp collisions,
suggesting that the processes involved in eþe− annihila-
tions do not contribute significantly to the emergence of
long-range correlations in pp collisions at low multiplicity.
In Fig. 4, the near-side yields are compared to the

predictions of PYTHIA8.3 with the Monash tune [46] and
the string shoving tune (g ¼ 3) [50], as well as EPOS LHC

calculations. For the model calculations, a long-range
definition of 2 < jΔηj < 4 is used, as all of the models
overestimate the width of the jet fragmentation peak. Under
proper normalization, the choice of long-range definition
does not affect the comparison, as the correlation is
independent of Δη [38] in this region, and the results
can be directly compared. All models are found to
underestimate the data in the examined multiplicity region,
although PYTHIA with shoving and EPOS LHC do exhibit
collectivelike signals at Nch ≳ 10 and Nch ≳ 24, respec-
tively. In contrast, the Monash tune as the no-ridge
reference does not reproduce the near side at all, and the
yield remains zero across the entire multiplicity range. Only
EPOS LHC describes quantitatively the magnitude of the
yield at hNchi ≥ 48. These observations suggest that none
of the models can fully capture the physics underlying the
emergence of the near-side associated yield in low multi-
plicity pp collisions.
The high precision of this measurement allows one to

draw quantitative comparisons between the ridge yield of a
very small hadronic collision systems to the ridge yield
measured in even simpler and well understood eþe−
annihilations. The results presented in this Letter suggest
that the ridge yield measured from a hadronic system of
roughly equivalent multiplicity is nonzero and substantially
larger than the limit observed in eþe− annihilations. Based
on this, one can conclude that additional processes besides
those in the eþe− annihilations must play a role for the
emergence of long-range correlations in pp collisions.
At the same time, the description of the ridge yields in

well-established models is investigated. Calculations from
three different models show that the ridge yield in the low
multiplicity region in general is not reproduced. This
suggests that the mechanisms for ridge yield production
in very small hadronic collisions have not been understood
and more theoretical work is needed.
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T. Dietel ,114 Y. Ding ,6 J. Ditzel ,65 R. Divià ,33 D. U. Dixit ,19 Ø. Djuvsland,21 U. Dmitrieva ,141 A. Dobrin ,64

B. Dönigus ,65 J. M. Dubinski ,136 A. Dubla ,97 S. Dudi ,90 P. Dupieux ,127 M. Durkac,106 N. Dzalaiova,13

PHYSICAL REVIEW LETTERS 132, 172302 (2024)

172302-8

https://doi.org/10.1088/1748-0221/3/08/S08002
https://doi.org/10.1088/1748-0221/3/08/S08002
https://doi.org/10.1142/S0217751X14300440
https://doi.org/10.1142/S0217751X14300440
https://doi.org/10.1140/epjc/s10052-014-3024-y
https://cds.cern.ch/record/1082634
https://cds.cern.ch/record/1082634
https://cds.cern.ch/record/1082634
https://cds.cern.ch/record/1082634
https://doi.org/10.1007/JHEP03(2024)092
https://doi.org/10.1007/JHEP05(2021)290
https://doi.org/10.1007/JHEP05(2021)290
https://doi.org/10.1016/j.physletb.2018.01.069
https://doi.org/10.1016/j.physletb.2018.01.069
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/0000-0003-0437-9292
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/0000-0002-4116-2861
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/0000-0003-2088-1290
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/0000-0002-9413-6069
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/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/0000-0002-2253-165X
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/0009-0008-7385-1259
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/0009-0004-0724-7003
https://orcid.org/0009-0002-8368-9407
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/0000-0003-2677-7961
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/0000-0003-2771-9069
https://orcid.org/0009-0002-3904-8872
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


T. M. Eder ,126 R. J. Ehlers ,74 F. Eisenhut ,65 R. Ejima,92 D. Elia ,51 B. Erazmus ,103 F. Ercolessi ,26 B. Espagnon ,131

G. Eulisse ,33 D. Evans ,100 S. Evdokimov ,141 L. Fabbietti ,95 M. Faggin ,28 J. Faivre ,73 F. Fan ,6 W. Fan ,74

A. Fantoni ,50 M. Fasel ,87 A. Feliciello ,57 G. Feofilov ,141 A. Fernández Téllez ,45 L. Ferrandi ,110 M. B. Ferrer ,33

A. Ferrero ,130 C. Ferrero ,57 A. Ferretti ,25 V. J. G. Feuillard ,94 V. Filova ,36 D. Finogeev ,141 F. M. Fionda ,53

E. Flatland,33 F. Flor ,116 A. N. Flores ,108 S. Foertsch ,69 I. Fokin ,94 S. Fokin ,141 E. Fragiacomo ,58 E. Frajna ,47

U. Fuchs ,33 N. Funicello ,29 C. Furget ,73 A. Furs ,141 T. Fusayasu ,98 J. J. Gaardhøje ,83 M. Gagliardi ,25

A. M. Gago ,101 T. Gahlaut,48 C. D. Galvan ,109 D. R. Gangadharan ,116 P. Ganoti ,78 C. Garabatos ,97

T. García Chávez ,45 E. Garcia-Solis ,9 C. Gargiulo ,33 P. Gasik ,97 A. Gautam ,118 M. B. Gay Ducati ,67

M. Germain ,103 A. Ghimouz,125 C. Ghosh,135 M. Giacalone ,52 G. Gioachin ,30 P. Giubellino ,57,97 P. Giubilato ,28

A. M. C. Glaenzer ,130 P. Glässel ,94 E. Glimos ,122 D. J. Q. Goh,76 V. Gonzalez ,137 P. Gordeev ,141 M. Gorgon ,2

K. Goswami ,49 S. Gotovac,34 V. Grabski ,68 L. K. Graczykowski ,136 E. Grecka ,86 A. Grelli ,60 C. Grigoras ,33

V. Grigoriev ,141 S. Grigoryan ,1,142 F. Grosa ,33 J. F. Grosse-Oetringhaus ,33 R. Grosso ,97 D. Grund ,36

N. A. Grunwald,94 G. G. Guardiano ,111 R. Guernane ,73 M. Guilbaud ,103 K. Gulbrandsen ,83 T. Gündem ,65

T. Gunji ,124 W. Guo ,6 A. Gupta ,91 R. Gupta ,91 R. Gupta ,49 K. Gwizdziel ,136 L. Gyulai ,47 C. Hadjidakis ,131

F. U. Haider ,91 S. Haidlova ,36 M. Haldar,4 H. Hamagaki ,76 A. Hamdi ,74 Y. Han ,139 B. G. Hanley ,137

R. Hannigan ,108 J. Hansen ,75 J. W. Harris ,138 A. Harton ,9 M. V. Hartung ,65 H. Hassan ,117 D. Hatzifotiadou ,52

P. Hauer ,43 L. B. Havener ,138 E. Hellbär ,97 H. Helstrup ,35 M. Hemmer ,65 T. Herman ,36 G. Herrera Corral ,8

F. Herrmann,126 S. Herrmann ,128 K. F. Hetland ,35 B. Heybeck ,65 H. Hillemanns ,33 B. Hippolyte ,129

F. W. Hoffmann ,71 B. Hofman ,60 G. H. Hong ,139 M. Horst ,95 A. Horzyk ,2 Y. Hou ,6 P. Hristov ,33 P. Huhn,65

L. M. Huhta ,117 T. J. Humanic ,88 A. Hutson ,116 D. Hutter ,39 M. C. Hwang ,19 R. Ilkaev,141 H. Ilyas ,14

M. Inaba ,125 G. M. Innocenti ,33 M. Ippolitov ,141 A. Isakov ,84 T. Isidori ,118 M. S. Islam ,99 M. Ivanov ,13

M. Ivanov,97 V. Ivanov ,141 K. E. Iversen ,75 M. Jablonski ,2 B. Jacak ,19,74 N. Jacazio ,26 P. M. Jacobs ,74

S. Jadlovska,106 J. Jadlovsky,106 S. Jaelani ,82 C. Jahnke ,110 M. J. Jakubowska ,136 M. A. Janik ,136 T. Janson,71 S. Ji ,17

S. Jia ,10 A. A. P. Jimenez ,66 F. Jonas ,74,87,126 D. M. Jones ,119 J. M. Jowett ,33,97 J. Jung ,65 M. Jung ,65

A. Junique ,33 A. Jusko ,100 M. J. Kabus ,33,136 J. Kaewjai,105 P. Kalinak ,61 A. S. Kalteyer ,97 A. Kalweit ,33

D. Karatovic ,89 O. Karavichev ,141 T. Karavicheva ,141 P. Karczmarczyk ,136 E. Karpechev ,141 U. Kebschull ,71

R. Keidel ,140 D. L. D. Keijdener,60 M. Keil ,33 B. Ketzer ,43 S. S. Khade ,49 A. M. Khan ,120 S. Khan ,16

A. Khanzadeev ,141 Y. Kharlov ,141 A. Khatun ,118 A. Khuntia ,36 Z. Khuranova ,65 B. Kileng ,35 B. Kim ,104

C. Kim ,17 D. J. Kim ,117 E. J. Kim ,70 J. Kim ,139 J. Kim ,59 J. Kim ,70 M. Kim ,19 S. Kim ,18 T. Kim ,139

K. Kimura ,92 S. Kirsch ,65 I. Kisel ,39 S. Kiselev ,141 A. Kisiel ,136 J. P. Kitowski ,2 J. L. Klay ,5 J. Klein ,33

S. Klein ,74 C. Klein-Bösing ,126 M. Kleiner ,65 T. Klemenz ,95 A. Kluge ,33 C. Kobdaj ,105 T. Kollegger,97

A. Kondratyev ,142 N. Kondratyeva ,141 J. Konig ,65 S. A. Konigstorfer ,95 P. J. Konopka ,33 G. Kornakov ,136

M. Korwieser ,95 S. D. Koryciak ,2 A. Kotliarov ,86 N. Kovacic,89 V. Kovalenko ,141 M. Kowalski ,107

V. Kozhuharov ,37 I. Králik ,61 A. Kravčáková ,38 L. Krcal ,33,39 M. Krivda ,61,100 F. Krizek ,86

K. Krizkova Gajdosova ,33 M. Kroesen ,94 M. Krüger ,65 D. M. Krupova ,36 E. Kryshen ,141 V. Kučera ,59

C. Kuhn ,129 P. G. Kuijer ,84 T. Kumaoka,125 D. Kumar,135 L. Kumar ,90 N. Kumar,90 S. Kumar ,32 S. Kundu ,33

P. Kurashvili ,79 A. Kurepin ,141 A. B. Kurepin ,141 A. Kuryakin ,141 S. Kushpil ,86 V. Kuskov ,141 M. Kutyla,136

M. J. Kweon ,59 Y. Kwon ,139 S. L. La Pointe ,39 P. La Rocca ,27 A. Lakrathok,105 M. Lamanna ,33 A. R. Landou ,73

R. Langoy ,121 P. Larionov ,33 E. Laudi ,33 L. Lautner ,33,95 R. Lavicka ,102 R. Lea ,56,134 H. Lee ,104 I. Legrand ,46

G. Legras ,126 J. Lehrbach ,39 T. M. Lelek,2 R. C. Lemmon ,85 I. León Monzón ,109 M. M. Lesch ,95 E. D. Lesser ,19
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L. Vermunt ,97 R. Vértesi ,47 M. Verweij ,60 L. Vickovic,34 Z. Vilakazi,123 O. Villalobos Baillie ,100 A. Villani ,24

A. Vinogradov ,141 T. Virgili ,29 M.M. O. Virta ,117 V. Vislavicius,75 A. Vodopyanov ,142 B. Volkel ,33 M. A. Völkl ,94

S. A. Voloshin ,137 G. Volpe ,32 B. von Haller ,33 I. Vorobyev ,33 N. Vozniuk ,141 J. Vrláková ,38 J. Wan,40

C. Wang ,40 D. Wang,40 Y. Wang ,40 Y. Wang ,6 A. Wegrzynek ,33 F. T. Weiglhofer,39 S. C. Wenzel ,33

J. P. Wessels ,126 J. Wiechula ,65 J. Wikne ,20 G. Wilk ,79 J. Wilkinson ,97 G. A. Willems ,126 B. Windelband ,94

M. Winn ,130 J. R. Wright ,108 W. Wu,40 Y. Wu ,120 R. Xu ,6 A. Yadav ,43 A. K. Yadav ,135 Y. Yamaguchi ,92

S. Yang,21 S. Yano ,92 E. R. Yeats,19 Z. Yin ,6 I.-K. Yoo ,17 J. H. Yoon ,59 H. Yu,12 S. Yuan,21 A. Yuncu ,94

V. Zaccolo ,24 C. Zampolli ,33 F. Zanone ,94 N. Zardoshti ,33 A. Zarochentsev ,141 P. Závada ,63 N. Zaviyalov,141

M. Zhalov ,141 B. Zhang ,6 C. Zhang ,130 L. Zhang ,40 S. Zhang ,40 X. Zhang ,6 Y. Zhang,120 Z. Zhang ,6

M. Zhao ,10 V. Zherebchevskii ,141 Y. Zhi,10 C. Zhong,40 D. Zhou ,6 Y. Zhou ,83 J. Zhu ,6,55 Y. Zhu,6

S. C. Zugravel ,57 and N. Zurlo 56,134

(ALICE Collaboration)

1A.I. Alikhanyan National Science Laboratory (Yerevan Physics Institute) Foundation, Yerevan, Armenia
2AGH University of Krakow, Cracow, Poland

3Bogolyubov Institute for Theoretical Physics, National Academy of Sciences of Ukraine, Kiev, Ukraine
4Bose Institute, Department of Physics and Centre for Astroparticle Physics and Space Science (CAPSS), Kolkata, India

5California Polytechnic State University, San Luis Obispo, California, United States
6Central China Normal University, Wuhan, China

7Centro de Aplicaciones Tecnológicas y Desarrollo Nuclear (CEADEN), Havana, Cuba
8Centro de Investigación y de Estudios Avanzados (CINVESTAV), Mexico City and Mérida, Mexico

9Chicago State University, Chicago, Illinois, United States
10China Institute of Atomic Energy, Beijing, China
11China University of Geosciences, Wuhan, China

12Chungbuk National University, Cheongju, Republic of Korea
13Comenius University Bratislava, Faculty of Mathematics, Physics and Informatics, Bratislava, Slovak Republic

14COMSATS University Islamabad, Islamabad, Pakistan
15Creighton University, Omaha, Nebraska, United States

16Department of Physics, Aligarh Muslim University, Aligarh, India
17Department of Physics, Pusan National University, Pusan, Republic of Korea

18Department of Physics, Sejong University, Seoul, Republic of Korea
19Department of Physics, University of California, Berkeley, California, United States

20Department of Physics, University of Oslo, Oslo, Norway
21Department of Physics and Technology, University of Bergen, Bergen, Norway

22Dipartimento di Fisica, Università di Pavia, Pavia, Italy
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74Lawrence Berkeley National Laboratory, Berkeley, California, United States
75Lund University Department of Physics, Division of Particle Physics, Lund, Sweden

76Nagasaki Institute of Applied Science, Nagasaki, Japan
77Nara Women’s University (NWU), Nara, Japan

78National and Kapodistrian University of Athens, School of Science, Department of Physics, Athens, Greece
79National Centre for Nuclear Research, Warsaw, Poland

80National Institute of Science Education and Research, Homi Bhabha National Institute, Jatni, India
81National Nuclear Research Center, Baku, Azerbaijan

82National Research and Innovation Agency—BRIN, Jakarta, Indonesia
83Niels Bohr Institute, University of Copenhagen, Copenhagen, Denmark

84Nikhef, National institute for subatomic physics, Amsterdam, Netherlands
85Nuclear Physics Group, STFC Daresbury Laboratory, Daresbury, United Kingdom

86Nuclear Physics Institute of the Czech Academy of Sciences, Husinec-Řež, Czech Republic
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