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Incoherent J=ψ photoproduction in heavy ion ultraperipheral collisions (UPCs) provides a sensitive
probe of localized, fluctuating gluonic structures within heavy nuclei. This Letter reports the first
measurement of the photon-nucleon center-of-mass energy (WγN) dependence of this process in PbPb

UPCs at a nucleon-nucleon center-of-mass energy of 5.02 TeV, using 1.52 nb−1 of data recorded by the
CMS experiment. The measurement covers a wideWγN range of ≈40–400 GeV, probing gluons carrying a

fraction x of nucleon momentum down to an unexplored regime of 6.5 × 10−5. Compared to baseline
predictions neglecting nuclear effects, the measured cross sections exhibit significantly greater suppression
at lower x. Additionally, the ratio of incoherent to coherent photoproduction is found to be constant across
the probed WγN and x range, disfavoring the establishment of the black disk limit. This Letter provides
critical insights into the x-dependent evolution of fluctuating gluonic structures within nuclei and calls for
further advancements in theoretical models incorporating nuclear shadowing and gluon saturation.
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Understanding the spatial and momentum structure of
nuclei at the most fundamental level is a central goal of
quantum chromodynamics (QCD), the theory of the strong
interaction. The structure of nucleons and nuclei becomes
increasingly dominated by gluons [1,2] when probed at
higher energies or smaller values of the momentum fraction
x carried by partons [3]. Gluon densities grow rapidly at
small x, and different physical mechanisms can modify
this growth. One such effect is “nuclear shadowing,” which
arises from the coherent interaction of a probing photon
with multiple nucleons in the nucleus, leading to a
suppression of the effective gluon distribution [2]. When
gluon densities become extremely high at small x, a new
phenomenon named “gluon saturation” is expected to occur
because of nonlinear interactions among gluons themselves
[4,5]. While both phenomena reduce gluon densities at
small x, they reflect distinct underlying physics.
In ultraperipheral collisions (UPCs) [6], where relativ-

istic heavy ions interact at impact parameters exceeding the
sum of their nuclear radii, strong interactions are highly
suppressed. In these collisions, a quasireal photon emitted
by an ion can interact with the other ion and induce the
diffractive production of a vector meson. Notably, the
diffractive photoproduction of heavy vector mesons, e.g.,

J=ψ , is highly sensitive to the gluon distribution within the
target nucleus, offering a powerful probe of the nuclear
gluonic structure. This production can occur through cohe-
rent or incoherent processes. In coherent photoproduction
the photon interacts with the entire nucleus, which remains
intact and in its ground state, providing insight into the
average nuclear gluon density [7,8]. In contrast, incoherent
photoproduction involves interactions between the photon
and localized gluonic hotspots, often leading to nuclear
excitation or breakup, revealing event-by-event fluctuations
in the spatial configuration of the nuclear gluon field
[9–11]. These fluctuations are particularly relevant at small
x and may be connected to the initial-state geometry of
heavy ion collisions and the emergence of collective
phenomena in small system collisions [10,12,13].
Ultraperipheral collisions have been extensively used to

study coherent and incoherent vector meson photoproduc-
tion across a wide range of collision energies, nuclear
systems, and rapidities [14–24]. These measurements have
demonstrated strong nuclear modifications to the cross
sections, providing key tests of models of gluon distribu-
tions in nuclei. Recent breakthrough studies by the CMS
[25] and ALICE [26] Collaborations have provided the first
measurements of the dependence of coherent J=ψ photo-
production on the photon-nucleon center-of-mass energy
(WγN). The results reveal significantly greater nuclear
suppression at higher WγN (lower x) compared to the
impulse approximation (IA) [27–29], which neglects
nuclear effects and treats the nucleus as a collection of
free nucleons. However, models incorporating gluon sat-
uration or nuclear shadowing fail to fully describe the data.
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The “black disk limit” phenomenon [2,30] may offer a
qualitative interpretation [25]. This limit hypothesizes that
the nucleus becomes a uniform, complete absorber of
incoming photons at small x, maximizing the coherent
photoproduction cross section while strongly suppressing
or eliminating incoherent photoproduction. Measurements
of the energy dependence of incoherent J=ψ photoproduc-
tion, particularly at the high-energy limit, provide a direct
test of this phenomenon. However, such measurements
remain scarce [9,31], primarily due to challenges in
distinguishing low- and high-energy photon contributions,
as detailed in later sections. These limitations have hin-
dered studies of fluctuating gluon evolution dynamics
within nuclei, especially at small x, for decades. Further-
more, comparing incoherent and coherent channels reduces
theoretical uncertainties in the J=ψ wave function, pho-
ton flux, nuclear density, nuclear form factor, nucleon
parton distribution functions, and the J=ψ formation cross
section from single γ-nucleon scattering [28,29,32]. This
enables stringent tests of models incorporating subnu-
cleonic fluctuations, nuclear shadowing, and nonlinear
QCD effects [2,10,33–35].
This Letter presents the first measurement of the energy

dependence of incoherent J=ψ photoproduction in lead-
lead (PbPb) UPCs at a nucleon-nucleon center-of-mass
energy

ffiffiffiffiffiffiffiffi

sNN
p ¼ 5.02 TeV with an integrated luminosity of

1.52 nb−1. The results span an energy range of 40 <
WγN < 400 GeV, probing x values as low as 6.5 × 10−5.
By quantifying the suppression relative to baseline calcu-
lations using the IA and studying the ratio of incoherent to
coherent production, these measurements offer new con-
straints on the evolution of spatial structure and fluctuations
of gluon fields in nuclei at small x. The data and uncer-
tainties, along with the covariance matrix reflecting corre-
lations among data points, are available at HEPData [36].
The CMS apparatus [37] is a multipurpose, nearly

hermetic detector, designed to trigger on and identify
electrons, muons, photons, and hadrons [38–42]. A global
“particle-flow” algorithm [43] reconstructs all particles in
an event. It integrates information from an all-silicon
tracker, a crystal electromagnetic calorimeter, and a brass
and scintillator hadron calorimeter operating inside a 3.8 T
superconducting solenoid, and muon detectors within the
flux-return yoke. Forward calorimeters [44], made of steel
and quartz fibers, extend the pseudorapidity (η) coverage
provided by the barrel and end-cap detectors. Two zero-
degree calorimeters (ZDCs) [45], made of quartz fibers and
plates embedded in tungsten absorbers, are used to detect
forward neutrons.
The dimuon decay channel is utilized to reconstruct J=ψ

candidates. Events are selected using a hardware-based
trigger system requiring at least one muon candidate
coincident with a PbPb bunch crossing, without a pT
threshold [39]. Events with energy deposits above the
noise threshold in either forward calorimeter are vetoed at

the trigger level. Offline, a primary interaction vertex is
required within 20 cm along the beam axis from the center
of the nominal interaction region and 2 cm from the beam
axis in the transverse plane, formed from at least two tracks.
To suppress hadronic interactions, forward calorimeter
energy deposits must not exceed 7.3 and 7.6 GeV on the
positive and negative rapidity sides, respectively [46].
Events must contain exactly two oppositely charged muons
with an invariant mass of 2.6 < mμþμ− < 4.2 GeV and no
extra tracks within jηj < 2.4. Both muons must meet the
“soft muon” criteria [47], combining tracker and muon
detector information, and at least one must match the
trigger. Backgrounds, including same-sign dimuon pairs,
are negligible after these selections.
The raw number of J=ψ signal events contains contri-

butions from several physics processes: incoherent (with or
without nucleon dissociation) and coherent direct J=ψ
production from photon-nucleus interactions, and also
J=ψ coming from the decay of directly photoproduced
ψð2SÞ, referred to as “feed-down.” The incoherent com-
ponent is extracted by fitting the dimuon invariant mass and
pT distributions after correcting for acceptance (A) and
efficiency (ϵ) effects in each rapidity bin. The fitting
procedures are similar to those of Refs. [19,20,25] (more
details are available in the End Matter). The values of
ðAϵÞJ=ψ , are estimated using a simulated sample of inco-
herent J=ψ → μþμ− events generated with the STARlight

(v3.13) event generator [48]. These events are processed
with the full CMS detector response simulation using
GEANT4 [49]. Additional corrections determined using a
tag-and-probe technique [47,50] are applied to account for
any data-to-simulation discrepancies.
The differential cross section for incoherent J=ψ photo-

production is given by

dσincohJ=ψ

dy
¼ Nincoh

J=ψ

ðAϵÞJ=ψBJ=ψ→μþμ−LintΔy
: ð1Þ

Here, Nincoh
J=ψ =ðAϵÞJ=ψ is the yield of J=ψ produced via

incoherent processes, corrected for acceptance and effi-
ciency. The branching fraction BJ=ψ→μþμ− ¼ ð5.961�
0.033Þ% is taken from Ref. [51], Lint is the total integrated
luminosity [52], and Δy is the rapidity bin width.
In PbPb UPCs, a J=ψ produced at rapidity y can result

from two photon energies, ω1 ¼ ðMJ=ψ=2Þe−y and
ω2 ¼ ðMJ=ψ=2Þeþy, corresponding to photon emissions
from opposite nuclei [25]. This ambiguity affects x and
WγN, calculated as x ¼ ðMJ=ψ=

ffiffiffiffiffiffiffiffi

sNN
p Þe�y and WγN ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ffiffiffiffiffiffiffiffi

sNN
p

MJ=ψe∓y
p

. The total cross section at rapidity y
combines contributions from both photon energies [7,53]:

dσPbPb→PbPb0J=ψðyÞ
dy

¼ nγðω1ÞσγPb→J=ψPb0 ðω1Þ

þ nγðω2ÞσγPb→J=ψPb0 ðω2Þ; ð2Þ
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where nγ is the photon flux, and σγPb→J=ψPb0 is the cross
section for J=ψ production.
To resolve the “two-way ambiguity,” neutron tagging is

used based on ZDC energy deposits to classify events as 0n
(no neutrons) or Xn (one or more neutrons) [25,46]. Events
without neutron multiplicity selection are labeled as An.
Combining the classifications from both ZDC sides yields
three event categories, denoted 0n0n, 0nXn, and XnXn,
that are used for cross section measurements. Neutron
peaks in the ZDC energy distributions are fitted with a
multi-Gaussian function, achieving purities above 99.6%
for Xn neutron signals. Neutrons can be emitted from both
electromagnetic dissociation (EMD) or incoherent photo-
production processes. The large EMD cross section
(∼200 b) [54] leads to concurrent neutron emission from
other PbPb interactions in the same bunch crossing, which
can migrate the neutron multiplicity class to a higher one.
Such EMD pileup effects are corrected using the zero-bias
triggered data (requiring only that two beams cross each
other), where the migration probability is directly deter-
mined by the probability of observing each neutron
multiplicity class [46].
In incoherent J=ψ photoproduction, neutrons primarily

align with the outgoing direction of the target nucleus
[7,53]. In 0nXn events, J=ψ with the same or opposite
sign rapidity as the detected neutrons correspond to
contributions from ω1 and ω2, respectively. Calculating
the associated photon flux is challenging without a robust
understanding of incoherent photoproduction itself. How-
ever, the photon flux can be extracted using EMD-induced
neutron events [48]. To facilitate photon flux determina-
tion, the 0n0n and 0nXn events are combined into a single
event class, denoted as 0 nAn*, under the assumption that
the ω1 and ω2 fractions for 0n0n events are similar to those
in 0nXn events. An alternative assumption, where 0n0n
events only contribute to ω1, is used as an extreme limit to
estimate systematic uncertainties.
The incoherent J=ψ production cross section per γPb

interaction is calculated as

σγPb→J=ψPb0 ðωÞ ¼
dσ0nAn

�
PbPb→PbPb0J=ψðyÞ

dy
=n0nAn

�
γ ðωÞ; ð3Þ

where n0nAn
�

γ ðωÞ is the total photon flux associated with
events having no neutrons on one side of the ZDC. This
flux can be determined using EMD-induced contributions:

n0nAn
�

γ ðωÞ ¼ n0n0nðEMDÞ
γ ðωÞ þ 1

2
n0nXnðEMDÞ
γ ðωÞ; ð4Þ

where n0n0nðEMDÞ
γ and n0nXnðEMDÞ

γ represent the photon
fluxes for 0n0n and 0nXn EMD events, respectively.
These flux components are derived from equivalent photon
approximation models implemented in STARlight [48].
The factor of 1=2 accounts for the equal probability of

EMD-induced neutrons being emitted in the same or
opposite direction as incoherent-induced neutrons, with
the latter case contributing to the XnXn classification
instead. Alternatively, given a 0.85 probability of an in-
coherent process with forward neutrons [7], Eq. (4) can be
updated by replacing 1=2 with 0.575 (¼ 1 − 0.85=2). Here,
0.575 represents the fraction of EMD-induced 0nXn events
retained in 0 nAn* events. These two approaches differ by
approximately 1% and 3.7%–4.7% for the n0nAn

�
γ values

at low and high WγN, respectively. These differences are
incorporated into the systematic uncertainties of the cross-
section measurements.
Systematic uncertainties are evaluated by taking the

maximum deviation from the nominal result for each
source. The uncertainty in the integrated luminosity is
1.7% [55,56], and the uncertainty in BJ=ψ→μþμ− is
0.55% [51]. Fit-related uncertainties in signal yield extrac-
tion are evaluated by varying the signal and background
models, as follows: (i) using a sum of Crystal Ball [57] and
Gaussian functions for the J=ψ and ψð2SÞ signals; (ii) fix-
ing the Crystal Ball parameters to values determined from
Monte Carlo simulations; (iii) using a fourth-order poly-
nomial for the quantum electrodynamics (QED) back-
ground; (iv) adjusting the dimuon invariant mass range
in the fit and sideband mass region for the QED back-
ground pT template; (v) varying the coherent-process-
dominated pT region to be pT < 0.3 GeV; (vi) varying
the Pb nuclear radius by 1 fm for the coherent J=ψ pT
template simulation as suggested in Ref. [25]; (vii) allowing
free parameters for the pT distributions of incoherent J=ψ
and ψð2SÞ with nucleon dissociation. They contribute a
total of 6%–13%, depending on WγN. Tag-and-probe
corrections introduce uncertainties of 3%–7%, while the
choice of forward calorimeter threshold leads to a 4%–8%
uncertainty. The uncertainty in the neutron multiplicity
migration correction is 0.1%–0.2%, determined by com-
paring an alternative approach [58] with the observed
neutron emission rates. The uncertainties from fractions
at low and high ω in 0n0n events are 1%–7% depending on
the WγN values. Individual sources of experimental uncer-
tainties are added in quadrature to obtain the total system-
atic uncertainty of 10%–18%. Uncertainties stemming from
photon flux calculations are below 3%, reflecting variations
due to uncertainties in the Pb nuclear radius, nuclear skin
thickness [59], and the EMD cross section [60].
The measured total differential incoherent J=ψ photo-

production cross sections are reported in Fig. 1 (left) in
three rapidity bins within 1.6 < jyj < 2.4. Results resolv-
ing the two-way ambiguity are shown versus signed y in
Fig. 1 (right). Values at −y andþy reflect J=ψ and neutrons
with same or opposite rapidity signs, respectively. The
significant asymmetry between −y and þy confirms a
strong correlation between the incoherent J=ψ and neu-
trons. The higher values at −y compared to þy primarily
result from the larger number of low energy photons.
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The 0 nAn* (AnAn*) categories are the sums of the 0nXn
and 0n0n (0nXn, 0n0n, and XnXn) categories. The ALICE
data [9], although measured within 0.2 < pT < 1.0 GeV,
are in good agreement with the rapidity distribution of
CMS AnAn* data. A model focusing on leading-twist
contributions, which includes weak nuclear shadowing
effects from multinucleon interference during the scattering
process within the perturbative QCD framework (referred
to as LTA [28,29]), cannot describe the data in different
neutron categories simultaneously, especially in the pos-
itive y region.
Following Eq. (3), the total incoherent J=ψ photopro-

duction cross section (0 nAn*) is corrected by the photon
flux values to obtain the cross section per γPb interaction.
The results are shown as a function of WγN in Fig. 2.
Results are compared with several theoretical models: IA
and LTA [28,29], and CGC [61,62]. The CGC model is
based on the color glass condensate (CGC) framework,
an effective theory that describes the high-gluon density
regime of QCD [5]. The CGC calculations use an impact-
parameter dependent saturation formalism [63] and offer
predictions in two scenarios: with and without additional
nucleon substructure fluctuations [61,62], labeled CGC-SF
and CGC-noSF, respectively. The experimental data are
significantly lower than the IA prediction for 40 <
WγN < 400 GeV, indicating strong nuclear modification
of incoherent J=ψ photoproduction in γPb interactions. The
LTA model describes the CMS data for WγN < 60 GeV,
but seems to systematically overestimate the data at higher
WγN. While the CGC-noSF model describes the ALICE
and CMS data for WγN > 90 GeV, it underestimates the
CMS data for WγN < 60 GeV. The CGC-SF model sys-
tematically overestimates the data.

To quantify the impact of nuclear modifications on
incoherent J=ψ photoproduction, a nuclear suppression
factor, SJ=ψ , is defined as a ratio of measured cross section
to the IA prediction in Ref. [28,29]. The extracted SJ=ψ

values are plotted as a function of x in Fig. 3. The
suppression in the region of x > 3 × 10−3 is approximately
0.4–0.5. The SJ=ψ value drops rapidly to around 0.25 at
x ≈ 10−3 before plateauing at a value of around 0.14–0.18

FIG. 1. The total differential incoherent J=ψ photoproduction cross section versus jyj (left) and y (right). The right panel shows the
results after disentangling the directional correlation between the produced J=ψ and emitted forward neutrons. The small vertical bars
and shaded boxes represent the statistical and systematic uncertainties, respectively. The horizontal bars show the bin widths.
Theoretical predictions from the LTA [28,29] are shown by curves.

FIG. 2. The incoherent J=ψ photoproduction cross section per
γPb interaction as a function ofWγN (lower axis) or x (upper axis)
from the CMS measurement. The ALICE data (jyj < 0.9)
measured at

ffiffiffiffiffiffiffiffi

sNN
p ¼ 2.76 TeV [18] is also displayed. The small

vertical bars, shaded, and open boxes represent the statistical,
experimental, and theoretical (photon flux) uncertainties, respec-
tively. Theoretical predictions from IA and LTA [28,29], and
CGC [61,62] models are shown by the curves, where the shaded
bands are the theoretical uncertainties.
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for x < 10−4. The SJ=ψ of incoherent production is gen-
erally lower than that of coherent production for x > 10−4.
(Note that the nuclear gluon suppression factor of coherent
J=ψ photoproduction reported in Refs. [25,26] is defined
by RPb

g ¼
ffiffiffiffiffiffiffiffiffi

SJ=ψ
p

). However, at lower x, their SJ=ψ values
become more comparable, suggesting that nuclear sup-
pression effects become insensitive to whether the process
is coherent or incoherent at sufficiently small x. Both LTA
and CGC models fail to describe the observed SJ=ψ

distribution over the probed x region.
Figure 4 shows the ratio of measured incoherent to

coherent J=ψ cross sections, derived using the coherent
results from Ref. [25]. The data are significantly lower than
the IA prediction [27,29], suggesting that the incoherent
photoproduction is more strongly suppressed than the
coherent photoproduction, likely due to underlying nuclear
effects. At WγN < 60 GeV, the LTA [28,29] predicts a
steeply rising trend toward lower energies, which is not
supported by the data. This is despite the fact that the LTA
model can successfully describe the incoherent J=ψ cross
section in this energy range, as shown in Fig. 2. Although
the CGC-SF prediction does not describe separately the
coherent and incoherent cross sections well, it qualitatively
captures the overall trend of their ratio across the entireWγN

range. In contrast, the CGC-noSF model significantly
underestimates the data. In the higher WγN region, both
the LTA and CGC-SF models describe the data. For the
WγN range probed, the CMS measured ratios stay around a
constant value which agrees with previous measurements
performed by the STAR [31] and ALICE [18] experiments.
The nearly flat ratio suggests that the recent results of

slowly increasing coherent J=ψ photoproduction cross
section versus WγN [25,26] should not be attributed to
the aforementioned black disk limit [30]. If it were, the ratio
would decrease at higherWγN, as the nuclear inner structure
becomes invisible.
In summary, this Letter presents the first energy-depen-

dent measurements of incoherent J=ψ photoproduction in
ultraperipheral lead-lead collisions at a nucleon-nucleon
center-of-mass energy of 5.02 TeV. The data covers a
photon-nucleon energy range of 40–400 GeV, probing
gluons x values between 5.9 × 10−3 and 6.5 × 10−5.
Compared to baseline predictions without nuclear effects,
incoherent J=ψ photoproduction cross sections exhibit
greater suppression at lower x, and this suppression is
more pronounced than that of coherent J=ψ production.
The observed constant ratio between incoherent and
coherent photoproduction cross sections suggests suppres-
sion mechanisms disfavoring simple black disk limit
scenarios at small x. A model that includes gluon field
fluctuations at the subnucleon level does not fully describe
the incoherent and coherent cross sections, but captures the
general trend of their ratio across theWγN range. This Letter
offers important new insights into the evolution of fluctu-
ating gluon fields within nuclei across a wide x range,
indicating the need for advancements in current theoretical
models. These measurements also provide valuable input
for the planning of future facilities, such as the EIC [64] and

FIG. 3. The nuclear suppression factor SJ=ψ of incoherent (from
this Letter and ALICE [18]) and coherent (from CMS [25] and
ALICE [26]) J=ψ photoproduction as a function of x. The vertical
bars and shaded and open boxes represent the statistical,
experimental systematic, and theoretical systematic uncertainties,
respectively. The prediction (incoherent) from the LTA [28,29]
and CGC [61,62] models are shown by curves, where the shaded
bands are the theoretical uncertainties.

FIG. 4. The ratio between incoherent and coherent J=ψ photo-
production cross section as a function of WγN. The midrapidity
data from the STAR [31] and ALICE [18] experiments are also
displayed. The vertical bars, the shaded boxes, open boxes, and
brackets of the CMS data represent the statistical, experimental,
theoretical (photon flux), and total uncertainties, respectively.
The vertical bar ALICE data represent the total uncertainties. The
STAR error bars are invisible due to the assumption of substantial
cancellation of systematic uncertainties. Theoretical predictions
from the IA [27,29], LTA [28,29], and CGC [61,62] models are
shown by curves, where the shaded bands are the theoretical
uncertainties.
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LHeC [65], where photoproduction processes will be of
great interest.
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End Matter

Method of incoherent J=ψ signal yield extraction—
The reconstructed dimuon candidates can originate from
several sources: coherent and incoherent J=ψ
photoproduction; J=ψ coming from the decay of
coherent and incoherent photoproduced ψð2SÞ (referred
to as “feed-down”); and the dimuon QED continuum
resulting from the γγ → μþμ− process. To extract the
incoherent J=ψ photoproduction contribution, a two-step
analysis is performed by first fitting the uncorrected
dimuon invariant mass distribution in the coherent-
process-dominated kinematic region of pT < 0.2 GeV,
and then fitting the corrected dimuon pT spectrum
within the J=ψ mass window of 2.95 < mμþμ− <
3.25 GeV. In the first step, two Crystal Ball functions
are used to describe the J=ψ and ψð2SÞ signals, while a
third-order polynomial function parametrizes the QED
background (γγ → μþμ−), following the fitting method
described in Ref. [25]. The contributions from the QED
and feed-down processes are determined in this step. In
the second step, by taking advantage of the different pT
spectra between coherent and incoherent J=ψ photo-
production, in addition to constraints on the contri-
butions from the QED continuum and the feed-down, the
incoherent J=ψ photoproduction yield is calculated using
fitting techniques similar to those of Refs. [19,20,25,26].
Considering the long tail of the QED continuum in the

high-pT region, which may arise from high-order γγ
processes or semicoherent processes as discussed in
Refs. [46,67,68], the pT shape from the sideband region
of the J=ψ mass peak is used. While the pT spectrum
in the sideband is an averaged pT shape of the lower-
mass sideband (2.75 < mμþμ− < 2.90 GeV) and higher-
mass sideband (3.30 < mμþμ− < 3.35 GeV), the lower or
higher sideband alone is used for estimating the systematic
uncertainties. Previous studies [19,20,25,26] neglected the
contribution of J=ψ from direct incoherent photoproduced

ψð2SÞ decays with nucleon dissociation. In this study, we
obtained the pT template for this contribution by assuming
that the direct incoherent photoproduced ψð2SÞ has the
same p2

T slope as measured by the H1 experiment at
HERA [69]. The pT shape of direct incoherent photo-
produced J=ψ with nucleon dissociation is modeled
using an empirical function, employed by the H1 [70],
ALICE [19,20,26], and CMS [25] experiments: dN=dpT ≈
pT½1þ ðbpd=npdÞp2

T�−npd . The two fit parameters, bpd and
npd, are fixed to the values obtained by the H1 experiment
[70] as default, but are treated as free parameters in the fit
for systematic uncertainty estimation. Normalizations of
coherent and incoherent ψð2SÞ feed-down to J=ψ are
constrained to those of the prompt coherent and incoherent
J=ψ photoproduction components according to the cross
section ratios of ψð2SÞ to J=ψ extracted from the fit to
the invariant mass distributions within the coherent-
process-dominant pT (< 0.2 GeV) region, following
Eqs. (A2)–(A4) in Ref. [25]. The primary fitting procedures
are consistent with the well-established methods in
Refs. [19,20,26]. Since the incoherent J=ψ has a broad
pT distribution, directly extracting the total uncorrected
yield from the raw pT distribution and then correcting it by
its reconstruction efficiency would require calculating
the pT-integrated efficiency. This would depend on the
input pT shape. To mitigate the uncertainty regarding the
pT-integrated efficiency arising from the input pT shape, a
pT-dependent efficiency is applied on the uncorrected pT
spectra. Subsequently, a fit of these corrected pT spectra
allows the direct extraction of the corrected total incoherent
J=ψ yield Nincoh

J=ψ =ðAϵÞJ=ψ .
Figure 5 shows examples of the corrected dimuon pT

spectrum for dimuon candidates having an invariant mass
in the J=ψ mass window. The cases where J=ψ candidates
and neutrons have the same or opposite rapidity signs are
denoted as “J=ψ-Xn(Same)” and “J=ψ-Xn(Opposite).”
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The magnitudes of coherent contributions in the two panels
are similar, whereas the incoherent contribution in the left
panel is significantly higher than that in the right panel.
This behavior confirms the theoretical expectations [7,53]
that the emitted neutrons in coherent J=ψ production
events are primarily caused by additional soft-photon
exchange between the two nuclei, resulting in no

correlation between the neutron direction and the J=ψ
rapidity. In contrast, the neutrons emitted from incoherent
J=ψ production exhibit a strong correlation between the
neutron directions and the J=ψ rapidity, as these neutrons
are mainly induced by the incoherent interaction process
itself. Similar findings are also reported in a recent STAR
measurement [71].
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73bUniversità di Catania, Catania, Italy

74aINFN Sezione di Firenze, Firenze, Italy
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