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An excess of J/ψ yield at very low transverse momentum (pT < 0.3 GeV/c), originating from coherent 
photoproduction, is observed in peripheral and semicentral hadronic Pb–Pb collisions at a center-of-
mass energy per nucleon pair of √sNN = 5.02 TeV. The measurement is performed with the ALICE 
detector via the dimuon decay channel at forward rapidity (2.5 < y < 4). The nuclear modification factor 
at very low pT and the coherent photoproduction cross section are measured as a function of centrality 
down to the 10% most central collisions. These results extend the previous study at √sNN = 2.76 TeV, 
confirming the clear excess over hadronic production in the pT range 0 − 0.3 GeV/c and the centrality 
range 70–90%, and establishing an excess with a significance greater than 5σ also in the 50–70% and 
30–50% centrality ranges. The results are compared with earlier measurements at √

sNN = 2.76 TeV 
and with different theoretical predictions aiming at describing how coherent photoproduction occurs 
in hadronic interactions with nuclear overlap.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons .org /licenses /by /4 .0/). Funded by SCOAP3.

Diffractive photoproduction of J/ψ mesons in nucleus–nucleus 
collisions is sensitive to the nuclear gluon distributions at low 
Bjorken-x, in the range x ∼ 10−5 to 10−2 at LHC energies, where 
they are still poorly constrained [1–3]. This process was exten-
sively studied in nuclear collisions with impact parameters larger 
than twice the nuclear radius, known as ultra-peripheral colli-
sions (UPCs) [4–9]. In UPCs, hadronic interactions are strongly 
suppressed providing a clean experimental environment to study 
photon-induced processes.

Photonuclear reactions are produced by the strong electromag-
netic field generated by ultra-relativistic ions, which can be treated 
as a flux of quasi-real photons. At leading order in perturbative 
quantum chromodynamics (pQCD), the photon fluctuates into a 
quark–antiquark pair (a color dipole) [10], which probes the gluon 
distribution of the target via the exchange of two gluons in a sin-
glet color state, with the dipole finally recombining into a vector 
meson (VM) [11,12]. The diffractive VM photoproduction on nuclei 
can be either coherent or incoherent. In the coherent interaction, 
the photon couples with the nucleus as a whole, leaving it intact. 
The produced VM is characterized by a very low average transverse 
momentum (〈pT〉 ≈ 60 MeV/c). In incoherent photoproduction the 
photon couples to a single nucleon which leads to the breakup of 
the nucleus. In this case a VM with larger average transverse mo-
mentum (〈pT〉 ≈ 500 MeV/c) is produced.

� E-mail address: alice -publications @cern .ch.

In nuclear collisions with impact parameters smaller than 
the sum of the radii of the colliding nuclei, production from 
hadronic interactions becomes the dominant contribution to the 
J/ψ yield. Hadroproduction of J/ψ mesons in Pb–Pb collisions is 
a long-standing probe of the quark–gluon plasma (QGP), a state 
of strongly-interacting matter characterized by quark and gluon 
degrees of freedom predicted by QCD to exist at high tempera-
ture and energy density. Charmonium production is affected by 
the QGP, and their measured yields [13–16] are explained as an 
interplay between suppression due to color screening [17] and re-
combination of charm quarks [18–20]. Finally, the charmonium 
yield can also be influenced by cold nuclear matter effects (CNM), 
which can be studied independently in p–Pb collisions [21–24].

The ALICE Collaboration reported the presence of an unexpect-
edly large J/ψ yield at very low pT in peripheral Pb–Pb collisions at 
a center-of-mass energy per nucleon pair of 

√
sNN = 2.76 TeV [25], 

which could not be explained by any combination of suppression, 
regeneration, and CNM effects [26]. Coherent photoproduction of 
J/ψ in Pb–Pb collisions with nuclear overlap was proposed as a 
plausible mechanism to explain this observation [25]. A similar 
low-pT J/ψ excess was later measured by the STAR Collaboration 
at RHIC in Au–Au collisions at 

√
sNN = 200 GeV and U–U col-

lisions at 
√

sNN = 193 GeV [27]. The STAR measurement of the 
t-dependence (Mandelstam variable, t ≈ −p2

T for large 
√

sNN) of 
the excess showed a strong similarity with the one measured 
in UPCs, also pointing to coherent photoproduction as the ori-
gin of the excess. Similar conclusions can be drawn from the re-
cent measurement of the J/ψ yields at low pT in Pb–Pb collisions 
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at 
√

sNN = 5.02 TeV by the LHCb Collaboration [28]. In addition, 
dilepton pairs with characteristics compatible with photoproduc-
tion were observed in non-UPC heavy-ion collisions by the ATLAS, 
STAR, and ALICE experiments [29–31].

The concept of coherent photoproduction in a hadronic envi-
ronment raises several theoretical challenges. For example, how 
can the coherence condition survive in the photon–nucleus inter-
action if the latter is broken up during the hadronic collision? 
Do only the (non-interacting) spectator nucleons participate in 
the coherent process? To what extent is the photon-nucleus cross 
section modified by target nucleons undergoing hadronic interac-
tions and losing energy before the photoproduction occurs? How 
is the yield of the photoproduced J/ψ mesons, characterized by 
low transverse momenta, affected by interactions with the formed 
and fast-expanding QGP medium? The measurements mentioned 
above triggered novel theoretical developments [26,32–36] based 
on calculations for UPCs in which the nuclear photoproduction 
cross section of a VM is usually computed as the product of a 
quasi-real photon flux with the photon-nucleus cross section corre-
sponding to the γ A → VM + A interaction, where γ is the photon 
and A is the nucleus. For collisions with nuclear overlap, in all con-
sidered models, an effective photon flux is introduced to take into 
account the geometrical constraints of a given impact-parameter 
range. Depending on the model, the photon-nucleus cross sec-
tion is sometimes also modified to account for the effective size 
of nuclear fragments participating in the coherent process [32,34]. 
Calculations from Ref. [34] highlight the interest of measuring the 
cross section (and additionally its transverse momentum depen-
dence) of the J/ψ excess towards more central collisions in order 
to probe possible changes of the effective size of the coherently 
interacting volume. Additionally, it was suggested that the mea-
surement of the J/ψ coherent photoproduction in UPCs and in 
peripheral collisions in the same rapidity range at forward rapidity 
can be used to extract the coherent photon-nucleus cross section 
in two different Bjorken-x regions, below 10−4 and above 10−2 at 
LHC energies [37].

In this Letter, the measurement of the J/ψ nuclear modification 
factor and the coherent photoproduction at low pT at forward ra-
pidity in Pb–Pb collisions at 

√
sNN = 5.02 TeV are presented as a 

function of collision centrality. The measurement uses a pp refer-
ence at the same energy that is described in Ref. [38]. The larger 
data set compared to the one at 

√
sNN = 2.76 TeV [25] allows for 

the first time the observation of a significant excess in the 50–70% 
and 30–50% centrality intervals. Assuming that the observed excess 
originates from coherent J/ψ photoproduction, the corresponding 
cross section is extracted as a function of the collision centrality. 
For centrality intervals where no significant excess could be mea-
sured, an upper limit on the cross section is reported.

The ALICE detector and its performance are described in detail 
in Refs. [39,40]. In this analysis, the J/ψ production is measured at 
forward rapidity (2.5 < y < 4) and down to pT = 0 in the dimuon 
decay channel with the forward muon spectrometer, consisting of a 
tracking system placed downstream of a front absorber of compos-
ite material, and a trigger system placed downstream of a muon 
filter made of iron. The interaction vertex is determined with the 
Silicon Pixel Detector (SPD), which consists of the two innermost 
layers of the Inner Tracking System in the central barrel. The 
first and second innermost layers cover the pseudorapidity ranges 
|η| < 2 and |η| < 1.4, respectively. The V0 detector, consisting of 
two scintillator hodoscopes placed on both sides of the interac-
tion point and covering the pseudorapidity range 2.8 < η < 5.1
and −3.7 < η < −1.7, is used for triggering, beam–gas background 
rejection and determination of the collision centrality, which is 
evaluated by fitting the signal amplitude distribution in the V0
as described in Ref. [41]. The Zero Degree Calorimeters (ZDCs) 
are placed on both sides of the interaction point along the beam 

direction at a distance of 112.5 m from it and measure the specta-
tor protons and neutrons. The requirement of a minimum energy 
deposited in the two neutron calorimeters, corresponding to the 
expected signal from one spectator neutron, and the combined use 
of the V0 and ZDC timing information, suppresses the background 
induced by electromagnetic dissociation processes [42].

The data sample considered in this analysis, collected in 2015 
and 2018, consists of events where two opposite sign muons are 
detected in the trigger system of the muon spectrometer, each 
with a pT above the trigger threshold of 1 GeV/c, in coincidence 
with a minimum-bias (MB) trigger. The latter is defined by the co-
incidence of a signal in both arrays of the V0 detector. Events are 
selected in the 0–90% centrality interval, where the MB trigger is 
fully efficient. The data sample used for this analysis amounts to 
4 × 108 triggered Pb–Pb collisions, corresponding to an integrated 
luminosity of 756 ±19 μb−1 [43], where the uncertainty is system-
atic (the statistical one being negligible).

J/ψ candidates are formed by combining pairs of opposite-sign 
(OS) muon tracks reconstructed in the geometrical acceptance of 
the muon spectrometer (−4 < η < −2.5). The muon identifica-
tion is ensured by requiring that each track reconstructed in the 
tracking chambers matches a track segment in the trigger system. 
The single-muon and dimuon selection criteria are the same as 
the ones used in previous analyses [14,25]. The raw number of 
J/ψ is extracted in five centrality classes (0–10%, 10–30%, 30–50%, 
50–70% and 70–90%) and two pT ranges with the aim to study 
the coherent (0–0.3 GeV/c) and the incoherent photoproduction 
(0.3–1 GeV/c). The choice of the transverse momentum intervals 
takes into account the broadening of the reconstructed transverse 
momentum distribution of coherently and incoherently photopro-
duced J/ψ , mainly due to multiple scattering in the front absorber. 
The raw yield is also extracted in eight pT intervals up to 8 GeV/c
in order to estimate the hadronic contribution as explained below. 
The signal extraction is performed by fitting the invariant mass 
distribution of the OS dimuons using various combinations of func-
tional forms for the signal and background shapes as discussed in 
the following. The raw J/ψ yield and its statistical uncertainty is 
then determined as the average of all obtained yield values and 
corresponding statistical uncertainties, respectively, while the asso-
ciated systematic uncertainty is taken as the standard deviation of 
the results. The signal is modeled through an extended Crystal Ball 
function or a pseudo-Gaussian with a mass-dependent width [44]. 
The non-Gaussian tails were fixed to the values obtained by fit-
ting either a large sample in pp collisions at 

√
s = 13 TeV [45] or 

MC simulations where the hadroproduced J/ψ signal is embedded 
into real events in order to account for detector occupancy effects. 
In the pT ranges 0–0.3 GeV/c and 0.3–1 GeV/c, additional sets of 
tails are obtained from MC simulations that use as input coher-
ently and incoherently photoproduced J/ψ from the STARlight MC 
generator [46]. The underlying continuum is described with either 
a variable-width Gaussian or the ratio of second and third order 
polynomials [44,47].

The nuclear modification factor in the centrality interval i is 
defined as

Ri
AA(pT) =

Ni
J/ψ(pT)

BRJ/ψ→μ+μ− × Ni
MB × Aεi,h(pT) × 〈T i

AA〉 × σpp(pT)
,

(1)

where Ni
J/ψ are the measured raw yields, Aεi,h is the detector 

acceptance and efficiency (assuming unpolarized hadroproduction), 
BRJ/ψ→μ+μ− is the branching ratio to muon pairs [48], Ni

MB is 
the equivalent number of MB events, 〈T i

AA〉 is the average nuclear 
overlap function, and σpp is the measured J/ψ cross section in pp 
collisions at the same center-of-mass energy [38].

2



ALICE Collaboration Physics Letters B 846 (2023) 137467

Table 1
Systematic uncertainties (in percent) on the RAA measurement for different J/ψ pT

intervals. Ranges correspond to the range of values in different centrality classes, 
whereas the values marked with an asterisk are independent of centrality.

pT 0–0.3 GeV/c 0.3–1 GeV/c 1–2 GeV/c

Signal extraction 1.8–3.7 1.5–3.4 2.4–3.4
MC input 2.5
Tracking eff. 0–1 + 3*
Trigger eff. 0–1 + 2.8* 0–1 + 2.0* 0–1 + 1.5*
Matching eff. 1*
NMB 0.3*
〈TAA 〉 0.7–2.4
Centrality limits 0.2–7
pp cross section 5.8* 5.4* 5.1*

The Aε values are estimated with MC simulations where the 
J/ψ input pT and y distributions are adjusted to data, and sep-
arately tuned for each centrality class using an iterative proce-
dure. The time-dependent status of the electronics channels for 
the tracking chambers, as well as misalignment of the detector 
elements, were taken into account. The efficiency of the trigger 
chambers was determined from data and used in the simulations. 
The systematic uncertainty on the Aε value derives from the un-
certainty on the MC input pT and y distributions and on the track-
ing, trigger and matching efficiency. The former was evaluated by 
varying the input shapes tuned on data within the statistical un-
certainty and by taking into account the correlations between the 
pT and y distributions. Assuming that the uncertainty related to 
the correlation does not depend on the collision system and en-
ergy, this uncertainty was estimated using a large pp sample [45], 
by comparing the Aε values obtained from pT (y) dependent input 
shapes extracted in narrower y (pT) intervals with those obtained 
using the corresponding shapes from the full y and pT range. The 
remaining uncertainties on the Aε were determined following the 
procedure described in detail in Ref. [14].

The normalization to MB events, Ni
MB, is computed as the prod-

uct of the number of dimuon-triggered events and the inverse of 
the probability of having a dimuon trigger in a MB event, for the 
relevant centrality class i. This probability can be obtained with 
two methods, as explained in Ref. [47]; the difference is taken as 
the systematic uncertainty.

The average nuclear overlap function 〈TAA〉 and number of par-
ticipants 〈Npart〉 (i.e. the number of nucleons in the nuclei under-
going inelastic scattering) are obtained from a Glauber model fit 
of the V0 amplitude [49,50]. The uncertainty on the value of the
V0 signal amplitude corresponding to the most central 90% of the 
total hadronic Pb–Pb cross section is ±1%. This uncertainty is prop-
agated into the definition of the centrality intervals as explained in 
Ref. [47].

The systematic uncertainties on the RAA measurement as a 
function of centrality are summarized in Table 1.

Fig. 1 shows the RAA as a function of the number of partic-
ipants 〈Npart〉. The relationship between 〈Npart〉 and centrality is 
provided in Table 2. The J/ψ RAA for pT < 0.3 GeV/c (where coher-
ent photoproduction would be highest) and 0.3 < pT < 1.0 GeV/c
(where incoherent photoproduction could contribute) is compared 
with the RAA for 1.0 < pT < 2.0 GeV/c (where hadroproduction 
dominates). The J/ψ RAA in the pT interval 0–0.3 GeV/c is signif-
icantly larger than the RAA at larger transverse momenta, except 
for the most central events. It reaches a value of about 10 for the 
most peripheral events. This large increase is similar to the one of 
about a factor 7 measured at a lower center-of-mass energy [25]. 
The measurement in the interval 0.3–1 GeV/c is compatible with 
the one in 1–2 GeV/c except for the most peripheral events, where 
it is larger by roughly 2 standard deviations (σ ). Further studies 
of the kinematic distribution of this signal could confirm the ori-
gin from incoherent photoproduction processes. Data are compared 

Fig. 1. J/ψ nuclear modification factor as a function of 〈Npart〉 measured in the ra-
pidity range 2.5 < y < 4 for three transverse momentum intervals. The vertical bars 
are the statistical uncertainties and the uncorrelated systematic uncertainties are 
represented as boxes. The centrality-correlated systematic uncertainties are shown 
as filled boxes at unity. Data are compared with predictions from Ref. [26], shown 
as bands.

with a model [26] that includes initial J/ψ production, J/ψ regen-
eration, and a J/ψ photoproduction component for pT < 0.3 GeV/c. 
The uncertainty band of the theoretical predictions is mainly due 
to the variation of the shadowing factor. QGP effects on the pho-
toproduced J/ψ are taken into account as well. The theoretical 
predictions well describe data in the pT and centrality ranges con-
sidered.

The excess with respect to the expected hadronic production 
was quantified with the same procedure as used in Ref. [25]. For 

each centrality class, the hadronic J/ψ yield ( dNi,h
AA

dpT
) as a function of 

pT is parameterized with:

dNi,h
AA

dpT
(pT) = N × dσ h

pp

dpT
(pT) × Ri,h

AA(pT) × Aεi,h(pT). (2)

The normalization factor N is defined in such a way that the in-
tegral of the function in the pT interval 1–8 GeV/c is equal to the 
measured number of J/ψ in the same interval, which is dominated 

by hadroproduction. The dσ h
pp

dpT
is taken from a fit to the pp cross 

section measured by ALICE at 
√

s = 5.02 TeV [38] with either 
a power law function [51] or a Lévy–Tsallis function [52,53]. Ri,h

AA
is a fit to the measured nuclear modification factor as a function 
of pT for the same centrality classes as presented above. For the 
central to semicentral intervals (0–50%) a Woods-Saxon like func-
tion [25] is used, with the parameter p0

T defining the 50% crossing 
point fixed to various values related to the J/ψ mass and aver-
age transverse momentum 〈pT〉. This function was chosen since it 
can describe the transport model predictions for J/ψ production 
in heavy-ion collisions [54,55]. For the most peripheral intervals 
(50–90%), where the recombination effects in the QGP are expected 
to be smaller, a linear and a constant function are used. The fit 
is performed in two pT intervals 0.65–15 GeV/c and 1–15 GeV/c, 
where the hadroproduction is the main contribution, and then 
extrapolated to pT = 0. For the Woods-Saxon function, the qual-
ity of the low-pT extrapolation is assessed by verifying that the 
functional form reproduces the measured RAA in the most central 
events where the hadronic contribution is dominant. Finally, Aεi,h

is a fit to the hadronic J/ψ acceptance and efficiency for the cen-
trality class i, using a ratio of two Lévy–Tsallis functions. In order 
not to double-count the uncertainties on the pp cross section and 
on the Pb–Pb Aε , those were disregarded in the fit to the RAA. 
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Table 2
Average number of participants, measured number of J/ψ , estimated number of hadronic J/ψ , difference between these 
two quantities and resulting J/ψ cross section for coherent photoproduction in the transverse momentum interval 
0–0.3 GeV/c for the listed centrality classes. The first quoted uncertainty corresponds to the statistical uncertainty, the 
second to the centrality uncorrelated systematic uncertainty; in addition, a correlated systematic uncertainty of 6.6% ap-
plies to the cross section in all centrality classes. For the 0–10% centrality class, the quoted values correspond to a 95% 
confidence level interval.

Centrality 
class

〈Npart〉 N
J/ψ
raw N

J/ψ
hadro N

J/ψ
excess dσ

J/ψ
coh /dy (μb)

0–10% 357.3 ± 0.8 8351 ± 762 ± 312 8713 ± 86 ± 873 < 2406 (95% CL) < 230 (95% CL)
10–30% 225.0 ± 1.2 9624 ± 571 ± 278 8274 ± 60 ± 742 1350 ± 574 ± 792 145 ± 62 ± 85
30–50% 109.0 ± 1.1 4280 ± 225 ± 105 2562 ± 23 ± 178 1718 ± 226 ± 207 179 ± 24 ± 22
50–70% 42.7 ∓ 0.7 2763 ± 98 ± 68 674 ± 8 ± 40 2089 ± 98 ± 79 216 ± 10 ± 12
70–90% 11.3 ± 0.2 1758 ± 57 ± 32 138 ± 3 ± 9 1620 ± 57 ± 33 167 ± 6 ± 12

Each combination of different parametrizations and fit ranges re-
sults in a different hadronic J/ψ distribution as a function of pT, 
which is then integrated in the pT interval 0–0.3 GeV/c. The fi-
nal numbers of expected hadronic J/ψ , defined as the averages of 
the obtained values, are listed in Table 2 (fourth column) together 
with the raw measured numbers of J/ψ (third column). For the 
expected hadronic yields, the statistical uncertainty comes from 
the statistical uncertainty on N , which derives from the statisti-
cal uncertainty on the J/ψ raw yield in 1–8 GeV/c. The systematic 
uncertainty of the expected yields is taken as the quadratic sum 
of the standard deviation of the results obtained using different 
parametrizations and fit ranges, and the average of the individual 
systematic uncertainties for the variations (including contributions 
from all factors in Eq. (2)).

The estimated number of hadroproduced J/ψ is subtracted from 
the measured raw signal to obtain the number of J/ψ in excess 
(fifth column of Table 2). The measured number of J/ψ exceeds the 
hadronic production by 24σ in the 70–90% centrality class, 16σ in 
50–70%, 5.6σ in 30–50% and 1.4σ in 10–30%. A 95% confidence 
interval when combining all uncertainties is provided in the cen-
trality class 0–10% where no significant excess is observed within 
the current experimental uncertainties.

Assuming that the underlying process for the J/ψ excess is 
photoproduction, the number of coherently photoproduced J/ψ in 
0 < pT < 0.3 GeV/c can be extracted after correcting the excess 
yield for the fractions of J/ψ from incoherent photoproduction ( f I) 
and from the decay of coherently photoproduced ψ (2S) ( fD) as de-
scribed in Ref. [7]. Those fractions were measured in UPC collisions 
at the same center-of-mass energy, although in a slightly different 
pT interval, pT < 0.25 GeV/c [7]. They were therefore recomputed 
for pT < 0.3 GeV/c. The corresponding values and systematic un-
certainties are f I = 0.089 ± 0.034 and fD = 0.066 ± 0.013. In the 
following it was assumed that these fractions are the same in UPC 
and hadronic collisions and that they do not depend significantly 
on the collision centrality. The first assumption seems realistic for 
fD, although f I might vary if the coherence is incomplete in the 
presence of hadronic interactions.

Finally, the cross section is obtained by correcting the excess 
yield for the branching ratio to OS dimuons, for the Aε factor 
estimated by means of STARlight [46] simulations embedded into 
data for each centrality class, taking into account that the coher-
ently photoproduced J/ψ mesons are expected to be transversely 
polarized, and by normalizing to the integrated luminosity and the 
width of the rapidity range. The systematic uncertainties are sum-
marized in Table 3. The uncertainties on the number of excess 
J/ψ are discussed above. The contributions from the Aε are the 
same as in Table 1, except for the one on the STARlight MC input, 
which is obtained as described in Ref. [7]. An additional system-
atic uncertainty of 2% due to the transverse momentum resolution 
was estimated by comparing the Aε obtained with or without the 
pT selection at 0.3 GeV/c. The systematic uncertainty on the lumi-
nosity mainly originates from the uncertainty of the reference V0

Table 3
Systematic uncertainties on the coherent J/ψ
cross section (notation is the same as in Table 1).

Source Value (%)

Branching Ratio 0.5*
Nexcess

J/ψ 2–58.7

f I 2.9*
fD 1.1*
Tracking eff. 0–0.5 + 3*
Trigger eff. 0–0.5 + 3.6*
Matching eff. 1*
MC input 0.1*
pT selection 2*
Centrality limits 0.2–7
Lint 2.5*

Fig. 2. J/ψ coherent photoproduction cross section as a function of 〈Npart〉 at for-
ward rapidity in Pb–Pb collisions at √sNN = 5.02 TeV. The vertical bars are the sta-
tistical uncertainties and the uncorrelated systematic uncertainties are represented 
as boxes. The centrality correlated systematic uncertainties are quoted in the legend. 
Results are compared with theoretical calculations from Ref. [33] (GG-hs), Ref. [32]
(IIM S2 and S3, and GBW S2 and S3) and from Ref. [35] with updated Glauber cal-
culations from Ref. [56] (VDM). The figure shows the integral of the cross section 
measurement as well as the corresponding theoretical model values in each cen-
trality interval. Note that the most central bin, where only an upper limit is given, 
is half the size of the other intervals. Therefore, to evaluate the centrality depen-
dence of J/ψ coherent photoproduction, both data and theory have to be multiplied 
by a factor of two.

trigger cross section measured with van der Meer scans [43]. The 
uncertainties on f I and fD are estimated as described in Ref. [7].

The coherent J/ψ photoproduction cross section at 
√

sNN =
5.02 TeV as a function of 〈Npart〉 is shown in Fig. 2. Empty boxes 
correspond to the uncorrelated systematic uncertainties. The cor-
related systematic uncertainty amounts to 6.6%, independent of 
centrality, and is quoted in the legend.
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The result is compared with theoretical calculations that use an 
effective description based on UPC color dipole models. The GG-hs 
calculations [33] are based on models representing subnucleonic 
degrees of freedom as hot spots, whose number increases with in-
creasing photon-target center of mass energy. The calculation is 
extended from protonic to nuclear targets using Glauber–Gribov 
formalism (GG) [33]. The photon flux is estimated in the same 
way as in the UPC case, but the integral is limited to the impact 
parameter range of the selected centrality class. The calculation 
from Ref. [56] is based on a vector dominance model, in which 
the photon fluctuates into a vector meson component that prop-
agates through the nucleus and fragments into an on-shell vector 
meson. In this model, which will be referred to as VDM in the fol-
lowing, the photon flux is modified with respect to the one used 
in UPC calculations by considering only the photons that reach the 
geometrical region of the target nucleus outside of the overlap re-
gion. In the GBW calculation, the light cone color dipole formalism 
is used, while the IIM calculation is based on the Color Glass Con-
densate approach [32]. The GBW and IIM calculations provide two 
scenarios. In the first one (called S2 in Ref. [32]), the photon flux is 
modified in a similar way as for the VDM model. However, in con-
trast with the latter, an effective area is used in building the flux, 
which disregards the region of nuclear overlap. This prevents the 
flux and the resulting cross section from being progressively re-
duced towards more central collisions. In the second scenario (S3), 
an additional modification of the photon-nucleus cross section is 
introduced, in which the overlap region between the two nuclei 
is assumed not to contribute to coherent photoproduction result-
ing in significant reduction of the photoproduction cross sections 
towards more central collisions.

The hot-spot model prediction (GG-hs) is only available for the 
most peripheral centrality interval (70-90%) where the calculation 
is compatible with data. The other models provide predictions for 
all centrality intervals. The VDM model predicts a mild increase 
of the cross section in peripheral events, a flat evolution in semi-
central events, and a decrease of the cross section in the most 
central events, in fair agreement with data. Notice that the figure 
shows the integral of the cross section in each centrality interval 
and the most central interval is half the size of the others. If one 
accounts for the interval width, the predictions for the most cen-
tral interval would be twice as large, resulting in a rather mild 
decrease of the cross section with centrality. This model uses an 
optical Glauber model to describe the collision centrality, but a 
similar agreement with data can be obtained with a simplified 
relation between impact parameter and centrality [35]. The IIM 
and GBW models with unmodified photon-nucleus cross section 
(S2) predict a steady increase of the J/ψ coherent photoproduction 
cross section with centrality, once the width of the centrality inter-
vals is properly accounted for. In data, this increasing trend is only 
observed for the two most peripheral intervals. In this scenario, 
the GBW model overestimates the data in all centrality intervals. 
The IIM model is in agreement with data in the first two central-
ity intervals, while it starts to deviate from the data by 2.1σ in 
the 30–50% centrality interval. The S3 version of the GBW and IIM 
models [32] excluding the nuclear overlap region from the photon-
nucleus cross section calculation predicts a decrease of the cross 
section from semicentral to central events (similar to the one of 
Ref. [56], which, however, requires only a modification of the pho-
ton flux), and is compatible with the data in the full centrality 
range considering the current uncertainties. Since the transverse 
momentum of the coherently photoproduced vector meson is of 
the order of the inverse of the target size, the interaction occur-
ring with the remaining nucleus fragment outside the overlap area 
would result in a larger average pT and a wider pT distribution for 
the photoproduced J/ψ . A measurement of the J/ψ pT distribution 
at low pT is therefore needed to clarify what is the underlying 

Fig. 3. J/ψ coherent photoproduction cross section ratio for two different energies 
(
√

sNN = 5.02 TeV over √sNN = 2.76 TeV) as a function of centrality. The data at √
sNN = 2.76 TeV are taken from Ref. [25]. The vertical lines are the statistical un-

certainties while the open (filled) boxes are the centrality uncorrelated (correlated) 
systematic uncertainties. Results are compared with theoretical calculations from 
Ref. [33] (GG-hs), Ref. [32] (IIM and GBW) and from Ref. [35] with updated Glauber 
calculations from Ref. [56] (VDM).

mechanism leading to the observed distribution as a function of 
centrality.

The models described here provided predictions also for the 
measurement at 

√
sNN = 2.76 TeV [25]. The corresponding figure 

can be found in the Appendix A. The ratio of the measurements 
at 

√
sNN = 5.02 TeV and 

√
sNN = 2.76 TeV [25] is shown in Fig. 3. 

In the ratio, only the systematic uncertainty on the branching ra-
tio cancels out. The centrality uncorrelated (correlated) systematic 
uncertainties in Table 3 are represented as open (filled) boxes in 
Fig. 3. The centrality correlated uncertainties are mainly due to 
the uncertainty on f I and fD, which were asymmetric in the esti-
mation performed at 

√
sNN = 2.76 TeV. The cross section increase 

with the center-of-mass energy does not depend significantly on 
the centrality. Fig. 3 shows that the hot-spot model tends to under-
predict the increase of the cross section with the center-of-mass 
energy in peripheral hadronic interactions, while the other mod-
els are in fair agreement with the measured ratio in all centrality 
ranges within the large uncertainties. For the IIM and GBW mod-
els no distinction is done in this case between the scenarios with 
or without modification of the photon-nucleus cross section since 
their energy dependence is exactly the same.

In summary, this Letter reports the measurement of J/ψ pro-
duction at very low pT as a function of centrality in hadronic 
Pb–Pb collisions at 

√
sNN = 5.02 TeV at forward rapidity. The nu-

clear modification factor RAA shows a large enhancement of the 
J/ψ yield for pT < 0.3 GeV/c with respect to expectations from 
hadronic production. This excess, which was previously seen in 
more peripheral collisions, is now confirmed to be present for 
most of the total hadronic cross section, including in collisions 
with a large nuclear overlap, down to at least a level of 30% in cen-
trality. The enhancement has a significance of 24σ in the 70–90% 
centrality class, 16σ in 50–70% and 5.6σ in the centrality class 
30–50%. The reported observation extends previous measurements 
performed by the ALICE, LHCb and STAR Collaborations, support-
ing coherent photoproduction in hadronic collisions as the un-
derlying mechanism. Based on this assumption, the corresponding 
cross section is extracted for the centrality classes 10–30%, 30–50%, 
50–70% and 70–90% while an upper limit is given for 0–10%. 
The ratio of coherent photoproduction cross sections for 

√
sNN =

5.02 TeV over 
√

sNN = 2.76 TeV is extracted as a function of cen-
trality and shows a flat dependence on centrality within uncertain-
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ties. A set of theoretical calculations successfully used to describe 
coherent photoproduction in UPC, and modified to account for ge-
ometrical constraints on the photon flux in the selected centrality 
classes, is compared with the measurement. The cross section as a 
function of centrality is well described by two models, one imple-
menting a modification of the photon flux only [56], and the other 
requiring an additional modification of the photon-nucleus cross 
section [32]. Additional measurements of the pT-differential pho-
toproduction cross section as a function of centrality and further 
comparison with models using different photoproduction scenar-
ios would help to clarify the effect of the disruption of the nucleus 
and nucleons by hadronic interactions on the coherence condition 
of vector meson photoproduction.
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Appendix A. J/ψ photoproduction in Pb–Pb collisions at √
sNN = 2.76 TeV

Fig. A.1 shows the coherent photoproduction measured at √
sNN = 2.76 TeV [25]. Empty boxes correspond to the uncorre-

lated systematic uncertainties. The centrality correlated systematic 
uncertainty mainly comes from the uncertainties on f I and fD, 
which are asymmetric.

The data are compared with predictions from the same set of 
models that were described in detail in the paper to which this ap-
pendix is associated. The hot-spot model prediction (GG-hs) [33]
is only available for the most peripheral centrality interval (70-
90%) and it is found to overestimate the data. The other predictions 
are available for all centrality intervals. The centrality dependence 
of the models is similar to the one shown at 

√
sNN = 5.02 TeV. 

The IIM and GBW predictions [32] steadily increase with central-
ity in the scenario with unmodified photon-nucleus cross section 
(S2), while the use of an effective cross section where the over-
lap region between the two nuclei is assumed not to contribute to 
coherent photoproduction (S3) results in a reduction of the cross 
section toward more central collisions. However, both scenarios are 
compatible with data in the current uncertainties. Finally, the VDM 
calculations are in agreement with data in the most central events 
while they tend to overestimate data in the 50–70% and 70–90% 
centrality bins.
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Fig. A.1. J/ψ coherent photoproduction cross section as a function of 〈Npart〉 at for-
ward rapidity in Pb–Pb collisions at √sNN = 2.76 TeV [25]. The vertical bars are 
the statistical uncertainties and the uncorrelated systematic uncertainties are rep-
resented as boxes. The centrality correlated systematic uncertainties are quoted in 
the legend. Results are compared with theoretical calculations from Ref. [33] (GG-
hs), Ref. [32] (IIM S2 and S3, and GBW S2 and S3) and from Ref. [35] with updated 
Glauber calculations from Ref. [56] (VDM). The figure shows the integral of the cross 
section measurement as well as the corresponding theoretical model values in each 
centrality interval. Note that the most central bin, where only an upper limit is 
given, is half the size of the other intervals. Therefore, to evaluate the centrality 
dependence of J/ψ coherent photoproduction, both data and theory have to be mul-
tiplied by a factor of two.
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N. Bianchi 48, , J. Bielčík 35, , J. Bielčíková 85, , J. Biernat 105, , A. Bilandzic 95, , G. Biro 135, , 

S. Biswas 4, , J.T. Blair 106, , D. Blau 139, , M.B. Blidaru 97, , N. Bluhme 38, C. Blume 63, , 

G. Boca 21,54, , F. Bock 86, , T. Bodova 20, , A. Bogdanov 139, S. Boi 22, , J. Bok 57, , L. Boldizsár 135, , 

A. Bolozdynya 139, , M. Bombara 37, , P.M. Bond 32, , G. Bonomi 130,54, , H. Borel 126, , 

A. Borissov 139, , H. Bossi 136, , E. Botta 24, , L. Bratrud 63, , P. Braun-Munzinger 97, , M. Bregant 108, , 

M. Broz 35, , G.E. Bruno 96,31, , M.D. Buckland 115, , D. Budnikov 139, , H. Buesching 63, , 

S. Bufalino 29, , O. Bugnon 102, P. Buhler 101, , Z. Buthelezi 67,119, , J.B. Butt 13, A. Bylinkin 114, , 

S.A. Bysiak 105, M. Cai 27,6, , H. Caines 136, , A. Caliva 97, , E. Calvo Villar 100, , J.M.M. Camacho 107, , 

P. Camerini 23, , F.D.M. Canedo 108, , M. Carabas 122, , F. Carnesecchi 32, , R. Caron 124,126, , J. Castillo 

Castellanos 126, , F. Catalano 29, , C. Ceballos Sanchez 140, , I. Chakaberia 73, , P. Chakraborty 46, , 

S. Chandra 131, , S. Chapeland 32, , M. Chartier 115, , S. Chattopadhyay 131, , S. Chattopadhyay 98, , 

T.G. Chavez 44, , T. Cheng 6, , C. Cheshkov 124, , B. Cheynis 124, , V. Chibante Barroso 32, , 

D.D. Chinellato 109, , E.S. Chizzali 95, ,II, J. Cho 57, , S. Cho 57, , P. Chochula 32, , P. Christakoglou 83, , 

8

http://refhub.elsevier.com/S0370-2693(22)00601-3/bib92F74A83EDDFB61B6466E67A069DFB15s1
http://refhub.elsevier.com/S0370-2693(22)00601-3/bib92F74A83EDDFB61B6466E67A069DFB15s1
https://cds.cern.ch/record/2060096
http://refhub.elsevier.com/S0370-2693(22)00601-3/bib59A673B421AF173D5BF947D926BE2B5Cs1
http://refhub.elsevier.com/S0370-2693(22)00601-3/bib59A673B421AF173D5BF947D926BE2B5Cs1
http://refhub.elsevier.com/S0370-2693(22)00601-3/bib59A673B421AF173D5BF947D926BE2B5Cs1
http://refhub.elsevier.com/S0370-2693(22)00601-3/bibDA5570DE7757F21386E62FC48FC1BEE6s1
http://refhub.elsevier.com/S0370-2693(22)00601-3/bibDA5570DE7757F21386E62FC48FC1BEE6s1
http://refhub.elsevier.com/S0370-2693(22)00601-3/bibDA5570DE7757F21386E62FC48FC1BEE6s1
http://refhub.elsevier.com/S0370-2693(22)00601-3/bib14BABE7BD966E264AFDD18E252AD648Fs1
http://refhub.elsevier.com/S0370-2693(22)00601-3/bib14BABE7BD966E264AFDD18E252AD648Fs1
http://refhub.elsevier.com/S0370-2693(22)00601-3/bib14BABE7BD966E264AFDD18E252AD648Fs1
http://refhub.elsevier.com/S0370-2693(22)00601-3/bib217628259B3C26CB553327D14AD000EBs1
http://refhub.elsevier.com/S0370-2693(22)00601-3/bib217628259B3C26CB553327D14AD000EBs1
http://refhub.elsevier.com/S0370-2693(22)00601-3/bib1A4604424520927248410E567267BB43s1
http://refhub.elsevier.com/S0370-2693(22)00601-3/bib1A4604424520927248410E567267BB43s1
http://refhub.elsevier.com/S0370-2693(22)00601-3/bib1A4604424520927248410E567267BB43s1
http://refhub.elsevier.com/S0370-2693(22)00601-3/bib24E2F620A8FCDB3CB32312AF665BA54Ds1
http://refhub.elsevier.com/S0370-2693(22)00601-3/bib24E2F620A8FCDB3CB32312AF665BA54Ds1
http://refhub.elsevier.com/S0370-2693(22)00601-3/bib15D281AE9A26C70AC5FBD36489A7401Fs1
http://refhub.elsevier.com/S0370-2693(22)00601-3/bib15D281AE9A26C70AC5FBD36489A7401Fs1
http://refhub.elsevier.com/S0370-2693(22)00601-3/bib15D281AE9A26C70AC5FBD36489A7401Fs1
http://refhub.elsevier.com/S0370-2693(22)00601-3/bib3E7DE7D8076E6474B1A0E177ACF00124s1
http://refhub.elsevier.com/S0370-2693(22)00601-3/bib3E7DE7D8076E6474B1A0E177ACF00124s1
http://refhub.elsevier.com/S0370-2693(22)00601-3/bibBECD667130F09C097F455BE624DC4E3Cs1
http://refhub.elsevier.com/S0370-2693(22)00601-3/bibBECD667130F09C097F455BE624DC4E3Cs1
http://refhub.elsevier.com/S0370-2693(22)00601-3/bibBECD667130F09C097F455BE624DC4E3Cs1
http://refhub.elsevier.com/S0370-2693(22)00601-3/bibB7E28B201CD13859EC7BB8357355B510s1
http://refhub.elsevier.com/S0370-2693(22)00601-3/bibB7E28B201CD13859EC7BB8357355B510s1
http://refhub.elsevier.com/S0370-2693(22)00601-3/bib6BBAC4C229D71636940C12B76E30E62Bs1
http://refhub.elsevier.com/S0370-2693(22)00601-3/bib6BBAC4C229D71636940C12B76E30E62Bs1
http://refhub.elsevier.com/S0370-2693(22)00601-3/bib6BBAC4C229D71636940C12B76E30E62Bs1
http://refhub.elsevier.com/S0370-2693(22)00601-3/bib892DFD6D65B1FEF19FDF1D811DF45DA4s1
http://refhub.elsevier.com/S0370-2693(22)00601-3/bib892DFD6D65B1FEF19FDF1D811DF45DA4s1
http://refhub.elsevier.com/S0370-2693(22)00601-3/bib892DFD6D65B1FEF19FDF1D811DF45DA4s1
http://orcid.org/0000-0002-9213-5329
http://orcid.org/0000-0002-0504-7428
http://orcid.org/0000-0002-9611-3696
http://orcid.org/0000-0002-0760-5075
http://orcid.org/0000-0003-0348-9836
http://orcid.org/0000-0001-5241-7412
http://orcid.org/0000-0003-0497-5705
http://orcid.org/0000-0001-8847-489X
http://orcid.org/0000-0002-4417-1392
http://orcid.org/0000-0002-7388-3022
http://orcid.org/0000-0002-8071-4497
http://orcid.org/0000-0002-9719-7035
http://orcid.org/0000-0001-9680-4940
http://orcid.org/0000-0002-5659-2119
http://orcid.org/0000-0002-4713-7069
http://orcid.org/0000-0002-0877-7979
http://orcid.org/0000-0003-3618-4617
http://orcid.org/0009-0000-7365-1064
http://orcid.org/0000-0002-2205-5761
http://orcid.org/0000-0003-0177-0536
http://orcid.org/0000-0001-8910-9173
http://orcid.org/0009-0005-4862-5370
http://orcid.org/0000-0002-8079-7026
http://orcid.org/0000-0002-6180-4243
http://orcid.org/0000-0001-8535-0680
http://orcid.org/0000-0002-2372-6117
http://orcid.org/0009-0006-0236-2680
http://orcid.org/0000-0002-7366-8891
http://orcid.org/0000-0001-7516-3726
http://orcid.org/0000-0002-2205-4419
http://orcid.org/0000-0002-5478-6120
http://orcid.org/0000-0001-7662-3878
http://orcid.org/0000-0003-0614-7671
http://orcid.org/0000-0001-6367-9215
http://orcid.org/0000-0001-6698-9577
http://orcid.org/0000-0003-2316-9565
http://orcid.org/0000-0002-3888-8303
http://orcid.org/0009-0008-5460-6805
http://orcid.org/0000-0003-4277-4963
http://orcid.org/0000-0002-4333-8090
http://orcid.org/0000-0002-2501-6856
http://orcid.org/0000-0002-0569-4828
http://orcid.org/0000-0002-4343-4883
http://orcid.org/0009-0009-9085-079X
http://orcid.org/0000-0001-7987-4592
http://orcid.org/0000-0003-1172-0225
http://orcid.org/0000-0002-4116-2861
http://orcid.org/0000-0002-0359-1403
http://orcid.org/0000-0002-6186-289X
http://orcid.org/0000-0002-3082-4209
http://orcid.org/0000-0001-5743-7578
http://orcid.org/0000-0002-7178-3001
http://orcid.org/0000-0001-5971-6415
http://orcid.org/0000-0002-7328-9154
http://orcid.org/0000-0001-9223-6480
http://orcid.org/0000-0001-7357-9904
http://orcid.org/0000-0003-0611-9283
http://orcid.org/0000-0002-6454-0052
http://orcid.org/0009-0002-3371-4483
http://orcid.org/0000-0001-7633-1189
http://orcid.org/0009-0006-7928-4203
http://orcid.org/0000-0002-7790-1152
http://orcid.org/0000-0002-6905-8345
http://orcid.org/0000-0003-0687-8124
http://orcid.org/0000-0001-8638-6300
http://orcid.org/0009-0000-0199-3372
http://orcid.org/0009-0009-2974-6985
http://orcid.org/0000-0001-9148-9101
http://orcid.org/0000-0003-2784-3094
http://orcid.org/0000-0001-7431-4051
http://orcid.org/0000-0002-7908-3288
http://orcid.org/0000-0002-2599-7957
http://orcid.org/0009-0005-5922-8936
http://orcid.org/0000-0002-0442-6549
http://orcid.org/0000-0003-3498-4661
http://orcid.org/0000-0002-3156-0188
http://orcid.org/0000-0002-4862-3384
http://orcid.org/0000-0003-2843-9667
http://orcid.org/0000-0002-9040-5292
http://orcid.org/0000-0003-4673-8038
http://orcid.org/0000-0002-4911-7766
http://orcid.org/0000-0003-0309-5917
http://orcid.org/0000-0003-3705-7898
http://orcid.org/0009-0004-5511-2496
http://orcid.org/0000-0001-5253-2517
http://orcid.org/0000-0002-1373-1844
http://orcid.org/0000-0001-7883-3190
http://orcid.org/0000-0002-3687-8179
http://orcid.org/0000-0002-3643-1502
http://orcid.org/0000-0002-3755-0992
http://orcid.org/0000-0003-1664-8189
http://orcid.org/0000-0001-6861-2810
http://orcid.org/0000-0003-4940-2441
http://orcid.org/0000-0003-1659-0394
http://orcid.org/0000-0001-5613-7629
http://orcid.org/0000-0003-0002-4654
http://orcid.org/0000-0003-2849-0120
http://orcid.org/0000-0003-3578-5373
http://orcid.org/0000-0002-4681-3002
http://orcid.org/0000-0002-4266-8338
http://orcid.org/0000-0002-8085-8597
http://orcid.org/0000-0002-6800-3465
http://orcid.org/0000-0002-2829-5950
http://orcid.org/0000-0003-4185-2093
http://orcid.org/0009-0001-4479-0417
http://orcid.org/0000-0002-5942-812X
http://orcid.org/0000-0001-6283-2927
http://orcid.org/0009-0009-8669-3875
http://orcid.org/0000-0002-8224-4302
http://orcid.org/0000-0001-7333-224X
http://orcid.org/0009-0004-0514-1723
http://orcid.org/0000-0003-1618-9648
http://orcid.org/0000-0001-8879-6290
http://orcid.org/0000-0003-2881-9635
http://orcid.org/0000-0001-7602-6432
http://orcid.org/0000-0002-5054-1521
http://orcid.org/0000-0002-3069-5822
http://orcid.org/0000-0003-2527-0720
http://orcid.org/0000-0001-9610-5218
http://orcid.org/0000-0002-3075-1556
http://orcid.org/0000-0001-6247-9633
http://orcid.org/0009-0008-2547-0419
http://orcid.org/0009-0009-7215-3122
http://orcid.org/0009-0009-4284-8943
http://orcid.org/0000-0002-0413-9478
http://orcid.org/0000-0003-2049-1380
http://orcid.org/0000-0002-8880-1608
http://orcid.org/0000-0001-6286-120X
http://orcid.org/0009-0001-3424-1553
http://orcid.org/0000-0002-1595-411X
http://orcid.org/0000-0002-2543-0336
http://orcid.org/0000-0002-5269-9779
http://orcid.org/0000-0001-5945-3424
http://orcid.org/0000-0002-9261-9497
http://orcid.org/0000-0003-0604-2044
http://orcid.org/0000-0002-4008-9922
http://orcid.org/0000-0001-9981-7536
http://orcid.org/0000-0001-7610-8673
http://orcid.org/0000-0002-5187-2779
http://orcid.org/0000-0002-0722-7692
http://orcid.org/0000-0002-0985-4155
http://orcid.org/0000-0002-9614-4046
http://orcid.org/0000-0002-3311-1175
http://orcid.org/0000-0003-4238-2302
http://orcid.org/0000-0003-4511-4784
http://orcid.org/0000-0003-0578-5567
http://orcid.org/0000-0003-1097-8806
http://orcid.org/0000-0002-8789-0004
http://orcid.org/0000-0002-6224-1577
http://orcid.org/0009-0004-0724-7003
http://orcid.org/0009-0002-8368-9407
http://orcid.org/0000-0002-4891-5168
http://orcid.org/0000-0001-6837-3362
http://orcid.org/0000-0002-9982-9577
http://orcid.org/0009-0009-7059-0601
http://orcid.org/0009-0001-4181-8891
http://orcid.org/0000-0003-0000-2674
http://orcid.org/0009-0009-5292-9579
http://orcid.org/0000-0002-4325-0646


ALICE Collaboration Physics Letters B 846 (2023) 137467

C.H. Christensen 82, , P. Christiansen 74, , T. Chujo 121, , M. Ciacco 29, , C. Cicalo 51, , L. Cifarelli 25, , 

F. Cindolo 50, , M.R. Ciupek 97, G. Clai 50,III, F. Colamaria 49, , J.S. Colburn 99, D. Colella 96,31, , 

A. Collu 73, M. Colocci 32, , M. Concas 55, ,IV, G. Conesa Balbastre 72, , Z. Conesa del Valle 127, , 
G. Contin 23, , J.G. Contreras 35, , M.L. Coquet 126, , T.M. Cormier 86,I, P. Cortese 129,55, , 

M.R. Cosentino 110, , F. Costa 32, , S. Costanza 21,54, , P. Crochet 123, , R. Cruz-Torres 73, , E. Cuautle 64, 
P. Cui 6, , L. Cunqueiro 86, A. Dainese 53, , M.C. Danisch 94, , A. Danu 62, , P. Das 79, , P. Das 4, , 

S. Das 4, , S. Dash 46, , R.M.H. David 44, A. De Caro 28, , G. de Cataldo 49, , L. De Cilladi 24, , J. de 

Cuveland 38, A. De Falco 22, , D. De Gruttola 28, , N. De Marco 55, , C. De Martin 23, , S. De 

Pasquale 28, , S. Deb 47, , H.F. Degenhardt 108, K.R. Deja 132, R. Del Grande 95, , L. Dello Stritto 28, , 

W. Deng 6, , P. Dhankher 18, , D. Di Bari 31, , A. Di Mauro 32, , R.A. Diaz 140,7, , T. Dietel 111, , 

Y. Ding 124,6, , R. Divià 32, , D.U. Dixit 18, , Ø. Djuvsland 20, U. Dmitrieva 139, , A. Dobrin 62, , 

B. Dönigus 63, , A.K. Dubey 131, , J.M. Dubinski 132, , A. Dubla 97, , S. Dudi 89, , P. Dupieux 123, , 

M. Durkac 104, N. Dzalaiova 12, T.M. Eder 134, , R.J. Ehlers 86, , V.N. Eikeland 20, F. Eisenhut 63, , 

D. Elia 49, , B. Erazmus 102, , F. Ercolessi 25, , F. Erhardt 88, , M.R. Ersdal 20, B. Espagnon 127, , 

G. Eulisse 32, , D. Evans 99, , S. Evdokimov 139, , L. Fabbietti 95, , M. Faggin 27, , J. Faivre 72, , 

F. Fan 6, , W. Fan 73, , A. Fantoni 48, , M. Fasel 86, , P. Fecchio 29, A. Feliciello 55, , G. Feofilov 139, , 
A. Fernández Téllez 44, , M.B. Ferrer 32, , A. Ferrero 126, , A. Ferretti 24, , V.J.G. Feuillard 94, , 

J. Figiel 105, , V. Filova 35, , D. Finogeev 139, , F.M. Fionda 51, , G. Fiorenza 96, F. Flor 112, , 

A.N. Flores 106, , S. Foertsch 67, , I. Fokin 94, , S. Fokin 139, , E. Fragiacomo 56, , E. Frajna 135, , 

U. Fuchs 32, , N. Funicello 28, , C. Furget 72, , A. Furs 139, , J.J. Gaardhøje 82, , M. Gagliardi 24, , 

A.M. Gago 100, , A. Gal 125, C.D. Galvan 107, , P. Ganoti 77, , C. Garabatos 97, , J.R.A. Garcia 44, , 

E. Garcia-Solis 9, , K. Garg 102, , C. Gargiulo 32, , A. Garibli 80, K. Garner 134, E.F. Gauger 106, , 

A. Gautam 114, , M.B. Gay Ducati 65, , M. Germain 102, , S.K. Ghosh 4, M. Giacalone 25, , 

P. Gianotti 48, , P. Giubellino 97,55, , P. Giubilato 27, , A.M.C. Glaenzer 126, , P. Glässel 94, , 
E. Glimos 118, , D.J.Q. Goh 75, V. Gonzalez 133, , L.H. González-Trueba 66, , S. Gorbunov 38, 

M. Gorgon 2, , L. Görlich 105, , S. Gotovac 33, V. Grabski 66, , L.K. Graczykowski 132, , E. Grecka 85, , 

L. Greiner 73, , A. Grelli 58, , C. Grigoras 32, , V. Grigoriev 139, , S. Grigoryan 140,1, , F. Grosa 32, , 

J.F. Grosse-Oetringhaus 32, , R. Grosso 97, , D. Grund 35, , G.G. Guardiano 109, , R. Guernane 72, , 

M. Guilbaud 102, , K. Gulbrandsen 82, , T. Gunji 120, , W. Guo 6, , A. Gupta 90, , R. Gupta 90, , 

S.P. Guzman 44, , L. Gyulai 135, , M.K. Habib 97, C. Hadjidakis 127, , H. Hamagaki 75, , M. Hamid 6, 

Y. Han 137, , R. Hannigan 106, , M.R. Haque 132, , A. Harlenderova 97, J.W. Harris 136, , A. Harton 9, , 

J.A. Hasenbichler 32, H. Hassan 86, , D. Hatzifotiadou 50, , P. Hauer 42, , L.B. Havener 136, , 

S.T. Heckel 95, , E. Hellbär 97, , H. Helstrup 34, , T. Herman 35, , G. Herrera Corral 8, , F. Herrmann 134, 

K.F. Hetland 34, , B. Heybeck 63, , H. Hillemanns 32, , C. Hills 115, , B. Hippolyte 125, , B. Hofman 58, , 

B. Hohlweger 83, , J. Honermann 134, , G.H. Hong 137, , D. Horak 35, , A. Horzyk 2, , R. Hosokawa 14, 

Y. Hou 6, , P. Hristov 32, , C. Hughes 118, , P. Huhn 63, L.M. Huhta 113, , C.V. Hulse 127, , 

T.J. Humanic 87, , H. Hushnud 98, A. Hutson 112, , D. Hutter 38, , J.P. Iddon 115, , R. Ilkaev 139, 

H. Ilyas 13, , M. Inaba 121, , G.M. Innocenti 32, , M. Ippolitov 139, , A. Isakov 85, , T. Isidori 114, , 

M.S. Islam 98, , M. Ivanov 97, , V. Ivanov 139, , V. Izucheev 139, M. Jablonski 2, , B. Jacak 73, , 

N. Jacazio 32, , P.M. Jacobs 73, , S. Jadlovska 104, J. Jadlovsky 104, L. Jaffe 38, C. Jahnke 109, , 

M.A. Janik 132, , T. Janson 69, M. Jercic 88, O. Jevons 99, A.A.P. Jimenez 64, , F. Jonas 86, , P.G. Jones 99, 

J.M. Jowett 32,97, , J. Jung 63, , M. Jung 63, , A. Junique 32, , A. Jusko 99, , M.J. Kabus 32,132, , 

9

http://orcid.org/0000-0002-1850-0121
http://orcid.org/0000-0001-7066-3473
http://orcid.org/0000-0001-5433-969X
http://orcid.org/0000-0002-8804-1100
http://orcid.org/0000-0001-5129-1723
http://orcid.org/0000-0002-6806-3206
http://orcid.org/0000-0002-4255-7347
http://orcid.org/0000-0003-2677-7961
http://orcid.org/0000-0001-9102-9500
http://orcid.org/0000-0001-7804-0721
http://orcid.org/0000-0003-4167-9665
http://orcid.org/0000-0001-5283-3520
http://orcid.org/0000-0002-7602-2930
http://orcid.org/0000-0001-9504-2702
http://orcid.org/0000-0002-9677-5294
http://orcid.org/0000-0002-8343-8758
http://orcid.org/0000-0003-2778-6421
http://orcid.org/0000-0002-7880-8611
http://orcid.org/0000-0001-6955-3314
http://orcid.org/0000-0002-5860-585X
http://orcid.org/0000-0001-7528-6523
http://orcid.org/0000-0001-6359-0608
http://orcid.org/0000-0001-5140-9816
http://orcid.org/0000-0002-2166-1874
http://orcid.org/0000-0002-5165-6638
http://orcid.org/0000-0002-8899-3654
http://orcid.org/0009-0002-3904-8872
http://orcid.org/0000-0003-2771-9069
http://orcid.org/0000-0002-2678-6780
http://orcid.org/0000-0001-5008-6859
http://orcid.org/0000-0002-7865-4202
http://orcid.org/0000-0002-3220-4505
http://orcid.org/0000-0002-5986-3842
http://orcid.org/0000-0002-0830-4872
http://orcid.org/0000-0002-7055-6181
http://orcid.org/0000-0002-5884-4404
http://orcid.org/0000-0002-0711-4022
http://orcid.org/0000-0001-9236-0748
http://orcid.org/0000-0002-0175-3712
http://orcid.org/0000-0002-7599-2716
http://orcid.org/0000-0001-6700-7950
http://orcid.org/0000-0003-2860-9881
http://orcid.org/0000-0002-6562-5082
http://orcid.org/0000-0002-5559-8906
http://orcid.org/0000-0003-0348-092X
http://orcid.org/0000-0002-4886-6052
http://orcid.org/0000-0002-2065-6256
http://orcid.org/0009-0005-3775-1945
http://orcid.org/0000-0002-6357-7857
http://orcid.org/0009-0000-1217-7768
http://orcid.org/0000-0001-6853-8905
http://orcid.org/0000-0003-4432-4026
http://orcid.org/0000-0003-0739-0120
http://orcid.org/0009-0001-6339-1104
http://orcid.org/0000-0002-2568-0132
http://orcid.org/0000-0002-9582-8948
http://orcid.org/0009-0007-4091-5327
http://orcid.org/0000-0002-0207-2871
http://orcid.org/0009-0008-9752-4391
http://orcid.org/0000-0002-3897-0876
http://orcid.org/0009-0006-9458-8723
http://orcid.org/0000-0001-6351-2378
http://orcid.org/0009-0003-4464-3366
http://orcid.org/0000-0001-7873-0968
http://orcid.org/0000-0001-9410-246X
http://orcid.org/0000-0003-2449-3172
http://orcid.org/0000-0003-1795-6212
http://orcid.org/0000-0002-8427-322X
http://orcid.org/0000-0002-4239-6424
http://orcid.org/0000-0002-2325-8368
http://orcid.org/0000-0003-2202-5906
http://orcid.org/0009-0007-8219-3334
http://orcid.org/0000-0003-3573-3389
http://orcid.org/0000-0002-0844-3282
http://orcid.org/0000-0001-6270-9283
http://orcid.org/0009-0005-4586-0930
http://orcid.org/0000-0001-5823-9733
http://orcid.org/0000-0003-3700-8623
http://orcid.org/0000-0003-0152-4220
http://orcid.org/0000-0001-9723-1291
http://orcid.org/0000-0003-1089-6632
http://orcid.org/0000-0001-9084-5784
http://orcid.org/0009-0002-0542-4454
http://orcid.org/0000-0002-7692-0079
http://orcid.org/0000-0002-6444-4669
http://orcid.org/0000-0002-7104-7477
http://orcid.org/0000-0002-8632-5580
http://orcid.org/0000-0002-0194-1318
http://orcid.org/0009-0006-6140-676X
http://orcid.org/0009-0007-2053-4869
http://orcid.org/0000-0003-0642-2047
http://orcid.org/0000-0002-2136-778X
http://orcid.org/0000-0001-8216-396X
http://orcid.org/0000-0002-3420-6301
http://orcid.org/0009-0005-2155-0460
http://orcid.org/0000-0001-7814-319X
http://orcid.org/0009-0004-9666-7156
http://orcid.org/0000-0002-2582-1927
http://orcid.org/0000-0001-6122-4698
http://orcid.org/0000-0002-6314-7419
http://orcid.org/0000-0002-0019-9692
http://orcid.org/0000-0001-5496-8533
http://orcid.org/0000-0003-4871-4064
http://orcid.org/0009-0007-2395-8130
http://orcid.org/0000-0002-5038-1337
http://orcid.org/0000-0002-6847-8671
http://orcid.org/0000-0002-8512-8219
http://orcid.org/0009-0001-4753-577X
http://orcid.org/0000-0002-0015-6713
http://orcid.org/0000-0001-7039-535X
http://orcid.org/0000-0002-8450-5318
http://orcid.org/0000-0001-7382-1609
http://orcid.org/0000-0002-4831-5808
http://orcid.org/0000-0003-4167-7176
http://orcid.org/0000-0002-1383-6160
http://orcid.org/0000-0003-4358-5355
http://orcid.org/0000-0001-7400-7019
http://orcid.org/0000-0003-3793-5291
http://orcid.org/0009-0008-1162-7067
http://orcid.org/0000-0002-7607-3965
http://orcid.org/0009-0006-9202-262X
http://orcid.org/0000-0003-1746-1279
http://orcid.org/0000-0001-7792-2247
http://orcid.org/0000-0002-9581-0879
http://orcid.org/0000-0002-4442-5727
http://orcid.org/0009-0002-9826-4989
http://orcid.org/0000-0003-1476-6245
http://orcid.org/0000-0003-0562-9820
http://orcid.org/0009-0006-9035-556X
http://orcid.org/0000-0002-0661-5220
http://orcid.org/0000-0002-0658-5949
http://orcid.org/0000-0002-1469-9022
http://orcid.org/0000-0001-8372-5135
http://orcid.org/0000-0001-9960-2594
http://orcid.org/0000-0001-9785-2215
http://orcid.org/0000-0002-5298-2881
http://orcid.org/0000-0003-0626-9724
http://orcid.org/0000-0001-5990-482X
http://orcid.org/0000-0002-3809-4984
http://orcid.org/0000-0002-6769-599X
http://orcid.org/0000-0002-2843-2556
http://orcid.org/0000-0001-6178-648X
http://orcid.org/0000-0001-7474-0755
http://orcid.org/0009-0008-0106-3130
http://orcid.org/0000-0002-2420-7650
http://orcid.org/0000-0002-9336-5169
http://orcid.org/0000-0003-3808-7917
http://orcid.org/0009-0008-6551-4180
http://orcid.org/0000-0003-4518-3528
http://orcid.org/0000-0001-7978-9638
http://orcid.org/0000-0002-8535-3061
http://orcid.org/0009-0004-3528-4709
http://orcid.org/0000-0002-6529-560X
http://orcid.org/0000-0002-7638-2047
http://orcid.org/0000-0001-9593-6730
http://orcid.org/0000-0002-4743-2885
http://orcid.org/0000-0002-9083-4484
http://orcid.org/0000-0002-7404-8723
http://orcid.org/0000-0002-9335-9076
http://orcid.org/0000-0003-4004-5265
http://orcid.org/0000-0003-4692-7410
http://orcid.org/0009-0004-3122-4872
http://orcid.org/0009-0009-1031-8307
http://orcid.org/0000-0002-6527-1245
http://orcid.org/0000-0003-4647-4159
http://orcid.org/0000-0003-4562-2922
http://orcid.org/0000-0002-3850-8884
http://orcid.org/0000-0001-6925-3469
http://orcid.org/0000-0003-1437-6108
http://orcid.org/0000-0002-3632-4547
http://orcid.org/0000-0002-7078-3093
http://orcid.org/0000-0001-9001-4198
http://orcid.org/0009-0003-2644-3643
http://orcid.org/0000-0003-1477-8414
http://orcid.org/0000-0002-2442-4583
http://orcid.org/0000-0001-9352-5049
http://orcid.org/0000-0002-5397-6782
http://orcid.org/0000-0003-1008-5119
http://orcid.org/0009-0008-7787-9304
http://orcid.org/0000-0002-1488-4009
http://orcid.org/0000-0002-2851-5554
http://orcid.org/0000-0002-3693-2649
http://orcid.org/0000-0003-3895-9092
http://orcid.org/0000-0003-2478-9651
http://orcid.org/0000-0001-9059-2414
http://orcid.org/0000-0002-2134-967X
http://orcid.org/0000-0002-7934-4038
http://orcid.org/0000-0001-9047-4856
http://orcid.org/0000-0001-7461-7327
http://orcid.org/0009-0002-2983-9494
http://orcid.org/0000-0003-2406-911X
http://orcid.org/0000-0003-2889-2234
http://orcid.org/0000-0002-3066-855X
http://orcid.org/0000-0001-9980-5199
http://orcid.org/0000-0003-1969-6960
http://orcid.org/0000-0001-9087-4665
http://orcid.org/0000-0002-7685-0808
http://orcid.org/0000-0002-1605-5837
http://orcid.org/0000-0002-9492-3775
http://orcid.org/0000-0001-6811-5240
http://orcid.org/0009-0004-0872-2785
http://orcid.org/0009-0002-4730-9489
http://orcid.org/0009-0009-3972-0631
http://orcid.org/0000-0001-7602-1121


ALICE Collaboration Physics Letters B 846 (2023) 137467

J. Kaewjai 103, P. Kalinak 59, , A.S. Kalteyer 97, , A. Kalweit 32, , V. Kaplin 139, , A. Karasu Uysal 71, , 

D. Karatovic 88, , O. Karavichev 139, , T. Karavicheva 139, , P. Karczmarczyk 132, , E. Karpechev 139, , 

V. Kashyap 79, A. Kazantsev 139, U. Kebschull 69, , R. Keidel 138, , D.L.D. Keijdener 58, M. Keil 32, , 

B. Ketzer 42, , A.M. Khan 6, , S. Khan 15, , A. Khanzadeev 139, , Y. Kharlov 139, , A. Khatun 15, , 
A. Khuntia 105, , B. Kileng 34, , B. Kim 16, , C. Kim 16, , D.J. Kim 113, , E.J. Kim 68, , J. Kim 137, , 

J.S. Kim 40, , J. Kim 94, , J. Kim 68, , M. Kim 94, , S. Kim 17, , T. Kim 137, , S. Kirsch 63, , I. Kisel 38, , 

S. Kiselev 139, , A. Kisiel 132, , J.P. Kitowski 2, , J.L. Klay 5, , J. Klein 32, , S. Klein 73, , 

C. Klein-Bösing 134, , M. Kleiner 63, , T. Klemenz 95, , A. Kluge 32, , A.G. Knospe 112, , C. Kobdaj 103, , 

T. Kollegger 97, A. Kondratyev 140, , N. Kondratyeva 139, , E. Kondratyuk 139, , J. Konig 63, , 

S.A. Konigstorfer 95, , P.J. Konopka 32, , G. Kornakov 132, , S.D. Koryciak 2, , A. Kotliarov 85, , 

O. Kovalenko 78, , V. Kovalenko 139, , M. Kowalski 105, , I. Králik 59, , A. Kravčáková 37, , L. Kreis 97, 
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G. Paić 64, , A. Palasciano 49, , S. Panebianco 126, , J. Park 57, , J.E. Parkkila 32,113, , S.P. Pathak 112, 

R.N. Patra 90, B. Paul 22, , H. Pei 6, , T. Peitzmann 58, , X. Peng 6, , L.G. Pereira 65, , H. Pereira Da 

Costa 126, , D. Peresunko 139, , G.M. Perez 7, , S. Perrin 126, , Y. Pestov 139, V. Petráček 35, , 
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