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Evidence for J=ψ Suppression in Incoherent Photonuclear Production
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(Received 12 April 2025; revised 12 January 2026; accepted 12 March 2026; published 29 July 2026)

According to quantum chromodynamics, at sufficiently high energy, the structure of hadrons reveals a
dynamic equilibrium between gluon splitting and gluon recombination—a phenomenon known as
saturation. The process of diffractive photonuclear production of a J=ψ vector meson provides a direct
insight into the gluon composition of hadrons. The J=ψ production as a function of momentum transferred
in the interaction, quantified by the Mandelstam-t variable, serves as an excellent probe for studying the
structure of hadrons within the impact-parameter plane, because different ranges in t are sensitive to the
dynamics of the gluon field at varying spatial size scales. The ALICE Collaboration has measured the
energy dependence of incoherent photonuclear production of J=ψ mesons off lead ions, at
ffiffiffiffiffiffiffiffi

sNN
p ¼ 5.02 TeV, for three Mandelstam-t intervals. The energy dependence of the photonuclear cross

section at the highest jtj range measured, ð0.81 < jtj < 1.44Þ GeV2, is sensitive to subnucleonic structures
of the Pb target. The increase of the cross section with energy at large jtj shows evidence of suppression
with respect to the increase seen at low jtj. The observed pattern of the energy evolution in data is similar to
that of gluon saturation models.

DOI: 10.1103/jmwb-75m7

Introduction—Deep-inelastic scattering experiments
have demonstrated that the structure of protons in high-
energy interactions is dominated by gluons, with their
number increasing according to a power law with the
interaction energy [1]. Quantum chromodynamics (QCD),
the prevailing theory of the strong force, predicts that such
high-energy conditions give rise to saturation: a dynamic
equilibrium between splitting and recombination of gluons
that plays a crucial role in taming the growth of the gluon
number [2]. The search for saturation is currently one of the
key research areas in perturbative QCD. It is, for example,
one of the scientific pillars of the future electron-ion
collider [3]. Various observables have been put forward
to seek experimental evidence of this phenomenon [4].
However, to date, measurements potentially sensitive to
saturation have also been explained by models that do not
incorporate this effect.
The diffractive photoproduction of the J=ψ meson,

where a photon fluctuates into a charm-anticharm pair that
exchanges at least two gluons with the target before
creating a J=ψ meson, is a good tool for studying saturation
owing to its strong sensitivity to the gluon density within
the target [5,6]. This process has been extensively studied at

the CERN Large Hadron Collider (LHC), employing
protons and lead nuclei (Pb) as targets, see, e.g., reviews
[7–9] and Refs. [10–16]. The photons are provided by the
electromagnetic field of the particles accelerated in the
LHC, which can be represented as a flux of quasireal
photons. Photon-induced processes can be experimentally
studied in ultraperipheral collisions (UPCs), characterized
by an impact parameter larger than the range of the strong
interaction [17].
In photonuclear production, the process is called coher-

ent if the photon interacts with the full nucleus, and
incoherent if the photon interacts with a single nucleon
in the target, which causes the nucleus to break up. In both
cases, the emitting nucleus remains intact. The incoherent
processes are further classified into elastic, when the struck
nucleon remains intact, and dissociative, when the target
nucleon dissociates into a system with a mass larger than
that of the nucleon. By measuring the rapidity (y) and the
transverse momentum (pT) of the J=ψ , the following
kinematic variables can be determined event-by-event
using ðWγPb;nÞ2 ¼ m

ffiffiffiffiffiffiffiffi

sNN
p

exp ð−yÞ and jtj ¼ p2
T , where

m is the invariant mass of the J=ψ . The J=ψ rapidity is
measured in the laboratory frame with respect to the
direction of the incoming Pb nucleus. WγPb;n is the
center-of-mass energy per nucleon of the photon-lead
system,

ffiffiffiffiffiffiffiffi

sNN
p

is the center-of-mass energy per nucleon
pair of the nucleus–nucleus collision, and t is the square of
the four-momentum transfer in the interaction.
Saturation effects are expected to be more pronounced in

heavy nuclei, such as Pb, and to manifest at lower energies
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compared to proton targets [18]. In photon-nucleus colli-
sions, it is an established experimental observation that, at
high energies, the gluon density in a nucleus composed of A
nucleons is reduced compared to the expectation from A
free nucleons [19]. Two primary theoretical frameworks
have been proposed to explain this effect: saturation
models, which describe nonlinear dynamics of gluon
densities, and shadowing models, which account for
multiple scatterings of the probe in the nuclear color field
[19]. Both approaches have successfully described a variety
of observables, leaving it unclear which of them better
represents the underlying physics. Identifying observables
capable of distinguishing between the predictions of
saturation- and shadowing-based models is therefore cru-
cial for advancing our understanding of these phenomena.
The energy dependence of the cross section of coherent

J=ψ photonuclear production, as a function of WγPb;n, was
recently studied at the LHC by the ALICE and CMS
Collaborations, across an energy range of ð20 < WγPb;n <
633Þ GeV [10,11]. There are also recent data from the
STAR Collaboration for ð15 < WγAu;n < 25Þ GeV [20].
Moreover, the ALICE Collaboration has carried out mea-
surements of the jtj dependence for both coherent and
incoherent photonuclear production cross sections of J=ψ
mesons from lead nuclei at WγPb;n ¼ 125 GeV [12,13].
Notably, the ALICE studies have highlighted the signifi-
cance of the incoherent dissociative component for describ-
ing the data trend at jtj values near 1 GeV2. The
Mandelstam-t variable is related to the impact parameter
via a Fourier transform. This connection serves as an ideal
tool for probing the gluon distribution across various size
scales in the transverse plane of the target’s trajectory, with
larger (smaller) spatial scales prevailing at lower (higher) jtj
values. Current data on coherent J=ψ production above
WγPb;n ∼ 100 GeV can be explained by saturation or
shadowing models when their dependence on WγPb;n or
on jtj is studied separately.
In this Letter, the ALICE Collaboration presents the first

multidifferential measurement of theWγPb;n and jtj depend-
ence of the cross section for incoherent J=ψ photonuclear
production. The measurement is performed within the
ð20 < WγPb;n < 633Þ GeV range. The energy dependence
is studied over three different jtj intervals, spanning from
0.09 to 1.44 GeV2.
Analysis—In the autumn of 2018, the LHC delivered Pb–

Pb collisions at
ffiffiffiffiffiffiffiffi

sNN
p ¼ 5.02 TeV. The products of the

collisions were recorded with the ALICE experimental

apparatus [21,22]. The selection of the events is composed
of three sets of requirements. First, the J=ψ meson is
reconstructed from its decay into a μþμ− pair, with both
muons measured either in ALICE’s central barrel at
midrapidity (jyj < 0.8) [23,24] or within the muon spec-
trometer [25] for muons at backward or forward rapidities
(2.5 < jyj < 4). Second, the direction of the incoming lead
nucleus that participates in the photonuclear interaction is
determined by measuring neutrons, from the dissociation of
the target nucleus, detected at beam rapidities using the
zero-degree calorimeters (ZDCs) [26]. Last, the AD [27]
and V0 [28] detectors are employed to require vetoes on
activity at other rapidities than those of the muons and
neutrons, thus selecting UPCs. AD, V0, and ZDC are two-
armed systems with detectors placed at either side of the
nominal interaction region along the direction of the
incoming beams. The sides are labeled with the letters A
andC, with the muon spectrometer being located on sideC.
The two arms of AD, V0, and ZDC are thus denoted as
ADA, ADC, V0A, V0C, ZNA, and ZNC. Cross sections
are measured in three jtj intervals: ð0.09 < jtj < 0.36Þ,
ð0.36 < jtj < 0.81Þ, and ð0.81 < jtj < 1.44Þ GeV2. Four
values of WγPb;n are sampled for each jtj range: 20
(3.25 < y < 4), 30 (2.5 < y < 3.25), 125 (jyj < 0.8),
and 633 GeV (−4 < y < −2.5). The quoted values of
WγPb;n correspond to the middle of the rapidity range used
for the measurement. For the data at WγPb;n ¼ 125 GeV,
the dimuon pair is measured with the central barrel
detectors, and measurements at the other energies utilize
the muon spectrometer to reconstruct the J=ψ . At
WγPb;n ¼ 633 GeV, the neutrons are detected with ZNC,
while at WγPb;n ¼ 20 and WγPb;n ¼ 30 GeV with ZNA.
This Letter builds upon established techniques and

methodologies previously developed by the ALICE
Collaboration, as demonstrated in recent analyses
[10,13,15]. The analysis for the J=ψ mesons produced at
midrapidity follows the same procedure and uses the same
dataset, of integrated luminosity 232� 7 μb−1, as those
described in Ref. [13]. The analysis of muon pairs
reconstructed with the muon spectrometer follows the same
technique employed in Ref. [10]. Since the jtj dependence
has never been measured before at forward rapidity, details
of the analysis are given here. Such events are selected
based on a trigger requiring two muons of opposite charge
in the muon spectrometer and a veto on signals in the V0A
detector. The cross section for incoherent photonuclear
production of J=ψ is given by

dσPb→J=ψPb

djtj ðyÞ ¼ 1

nγðyÞ
d2σJ=ψPb Pb

djtjdy ¼ 1

nγ

NJ=ψ=ð1þ fC þ fDÞ
ðAcc × εÞ · BRðJ=ψ → μþμ−Þ · L · Δy · Δjtj : ð1Þ

Here, NJ=ψ is the J=ψ raw yield, fC and fD are factors to account for the contamination by coherent J=ψ production and
feed down from coherent and incoherent ψð2SÞ, Δy (Δjtj) accounts for the width of the rapidity (jtj) region where the
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measurement is performed, and (Acc × ε) accounts for
acceptance and efficiency in the muon spectrometer for the
incoherent J=ψ process, the neutron detection efficiency in
the ZDCs as well as the effect of pileup on the efficiency of
AD, V0, and ZDC vetoes. The branching ratio of the
dimuon decay of the J=ψ , BRðJ=ψ → μþμ−Þ, is 0.05961�
0.00033 [29]. The integrated luminosity, L, for the muon-
spectrometer sample is ð533� 13Þ μb−1, determined using
reference cross sections measured in van der Meer scans
[30]. The photon flux, nγ , is calculated with the nO

On
Monte Carlo program [31].
The J=ψ yield is extracted from unbinned extended log-

likelihood fits to the invariant mass distributions of μþμ−
pairs (see Appendix A). The J=ψ and ψð2SÞ contributions
are modeled with double-sided Crystal Ball distributions
[32]. The free parameters are the normalization of both
distributions and the pole-mass value of the J=ψ . The rest
of the parameters are fixed as explained in Ref. [10]. The
contribution from nonresonant μþμ− pairs is modeled by a
decaying exponential distribution with the slope and
normalization being free parameters. The ψð2SÞ contribu-
tion is not visible at highWγPb;n. In the two largest jtj ranges
at the largest WγPb;n, the fits are consistent with no back-
ground. As the resolution is substantially smaller than the
width of the jtj range, migration effects play no significant
role. The J=ψ yield varies from about 1000 candidates at
the lowest WγPb;n and jtj, to about 40 candidates at the
largest WγPb;n and jtj.
Both fC and fD are determined from a fit to the

transverse momentum distribution of the J=ψ yield in
the invariant mass range ð2.85; 3.35Þ GeV=c2 (see
Appendix B). The fit model consists of four templates
obtained from Monte Carlo simulated data, and one
distribution function. A binned likelihood fit is used.
The four Monte Carlo templates, from the STARlight
Monte Carlo program [33], correspond to the following
processes: coherent and elastic incoherent production of
either J=ψ or ψð2SÞ that after decaying produces a J=ψ .
The distribution for the contribution of the incoherent
dissociative production of J=ψ is based on the H1 param-
eterization of this process [34]. This model has two
parameters, n and b, describing the power-law behavior
at large jtj and the exponential shape at low jtj, respectively.
These two parameters are strongly correlated, so the first is
fixed to n ¼ 3.58, as found by the H1 Collaboration, and
the second is a free parameter. The contamination from
coherent photonuclear production of J=ψ , fC, is a few per
mill or less for all cases, except for the lowest jtj at the
highest WγPb;n, where it is a 10% effect. Similarly, in this
region, the contamination from feed-down from ψð2SÞ is
significant, reaching 20%. Otherwise, fD ranges from a few
per cent to a few per mill level.
The acceptance and efficiency for detecting both muons

from the J=ψ decay are obtained using a reweighted
STARlight Monte Carlo. This reweighting accounts for

the absence of the incoherent dissociative process in the
generator. The procedure is applied as a function of
transverse momentum in each rapidity region to ensure
that the reweighted MC accurately matches the raw data.
The resulting correction varies from 0.10 to 0.13 with
WγPb;n and remains fairly constant with jtj. The efficiency
of the ZDCs to detect neutrons is 0.95, where this number is
determined using the energy spectra measured in the
calorimeters and the Poisson model of Ref. [35]. Pileup
has two contributions: signals from independent inter-
actions, and signals from the same pair of Pb ions having
two independent photon exchanges. For ZNA and ZNC the
former amounts to 2.4%, while the latter is 5% at low
WγPb;n and 30% at large WγPb;n. Both types of pileup are
evaluated simultaneously and amount to 6% and 20% at
low and large WγPb;n, respectively. At large WγPb;n, inter-
actions occur at smaller impact parameters than those at
low WγPb;n. At small impact parameters the probability of
extra independent photon exchanges is larger, which
explains the difference in the quoted values [31].
The uncertainty on the signal extraction is determined by

varying the value of the tail parameters of the Crystal Ball
distribution, the invariant-mass range used for the fit, and
using a first order polynomial as the model for nonresonant
background. This uncertainty varies from a few per mill to
up to 3.5%. It is uncorrelated across WγPb;n and jtj. The
uncertainty on the measurement of the muon tracks is
described in detail in Ref. [10]. Its value is 6.9%, dominated
by the uncertainty on the muon trigger. The uncertainty on
fC and fD is given by the fit used to obtain these
parameters. It is 6% (fC) and 5% (fD) for the lowest jtj
region at the largest WγPb;n. The uncertainty on Acc × ε
derived from the reweighted STARlight MC is well below
1% and therefore considered negligible for this analysis.
The uncertainty on vetoing activity in V0C is 5.6%,
obtained by varying the amount of accepted activity in
this detector. The uncertainty on vetoing activity in V0A is
5% and originates from the knowledge of the V0A trigger
efficiency as determined from data. The uncertainty on the
efficiency of the ZDCs is 1%, and arises from the modeling
of the energy spectra in the calorimeters. The uncertainty
on the same-Pb pair pileup is negligible at lowWγPb;n (4 per
mill level), and 3% at large WγPb;n. This uncertainty is
related to the size of the data sample used for its
determination (see Appendix C). The uncertainty on the
branching ratio, 0.6%, is taken from the PDG [29]. The
uncertainty on the luminosity is 2.5% [30]. The uncertainty
on the photon flux, 2%, is obtained by varying the
parameter of the nuclear radius in the Woods-Saxon
distribution according to neutron-skin measurements
[36]. Note that for 80% of the events containing a dimuon
with a mass around the J=ψ mass, the dissociated system
does not leave signals in the AD detector, which covers the
pseudorapidity range 4.6≲ η≲ 6.9. This is consistent with
a boosted dissociated system with a steeply falling mass
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distribution. In this scenario the vetoes imposed with V0,
located at more central pseudorapidities than AD, would
reject at most a few percent of the cross section. Thus, no
correction is considered for this effect. The uncertainties on
the signal extraction and on the measurement of the muon
tracks are uncorrelated across jtj and WγPb;n. All other
uncertainties are considered as correlated.
Results—The cross section for incoherent photonuclear

production of J=ψ as a function ofWγPb;n, shown in Fig. 1,
displays an interesting trend over the three jtj intervals
probed. For the lower jtj values, there is a visible increase in
the cross section as the energy increases. A similar, but
softer, trend is also observed within the intermediate jtj
values. Regarding the data for the uppermost jtj values, the
cross section initially rises with energy, reaching a maxi-
mum, and then stops growing at the largest WγPb;n. As
mentioned above, jtj is related to spatial size scales within
the impact-parameter plane. Specifically, a value of jtj ¼
0.1 GeV2 corresponds to scales of approximately 0.6 fm in
size, while jtj ¼ 1.0 GeV2 is dominated by the contribution
of structures with a scale of the order of 0.2 fm. To
effectively quantify the energy dependence of the cross
section across these different scales, the ratio of cross
sections with different jtj ranges, normalized such that this
ratio is unity at WγPb;n ¼ 20 GeV, is studied. This ratio is
shown in Fig. 1, right. At the highest energies and jtj values
the ratio is 0.52� 0.13, well above 3 standard deviations
from unity, where statistical and uncorrelated systematic
uncertainties from the normalization factor at low energies
and the measurements at high energies were added in
quadrature. This quantifies the suppression of the growth of

incoherent J=ψ production with energy when sampling
small size gluon configurations in the transverse plane, with
respect to sampling larger size regions.
In order to explore the origin of this suppression, data are

compared with model predictions in Fig. 2. In the leading
twist approximation (LTA) by Guzey et al., shadowing is
described by multiple scattering of the probe among
different nucleons in the target [37]. This model offers
two extreme cases, given by the uncertainty on the
determination of the parameter that models three or more
nucleon interactions, representing the cases of weak and
strong shadowing. When compared with the WγPb;n
dependence of coherent production of J=ψ , the average
of these two cases successfully describes the jtj -integrated
measurements above WγPb;n ∼ 100 GeV [10,11]. At
WγPb;n ≈ 500 GeV, their predictions differ by about a factor
of 2 for coherent production and 3 for incoherent produc-
tion. With a ∼20% experimental uncertainty on the
coherent cross section in this range, the measurement
strongly constrains the model, and the average of the
two scenarios is taken as the LTA reference. LTA can also
predict the behavior of incoherent photonuclear production
of J=ψ at a fixed energy ofWγPb;n ¼ 125 GeV [38]. In this
case, the cross section is given by the product of a
shadowing factor, which does not depend on jtj, and a
parameterization of HERA data on exclusive and disso-
ciative J=ψ photoproduction. At energies exceeding
100 GeV, the difference between the model and the
measurements is above 3 sigmas (adding all uncertainties
in quadrature) for the lower jtj ranges and above 4 sigmas
for the large jtj range. Thus, this implementation of nuclear

FIG. 1. The energy dependence of the cross section of incoherent J=ψ photonuclear production off lead nuclei is shown for three
different ranges of the Mandelstam-t variable (left). The symbols denote the measured cross section, the vertical lines across them
represent the uncorrelated uncertainty, the open boxes the correlated uncertainty, and the horizontal shadow box the uncertainty from the
computation of the photon flux. Ratio of the cross sections at different Mandelstam-t ranges (right) normalized such that the lower
energy ratio is one. The vertical line denotes the statistical and jtj -uncorrelated systematic uncertainties added in quadrature. In the left
panel the data symbols have been slightly displaced horizontally to improve their visibility.
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shadowing, which otherwise successfully describes the
coherent process, is disfavored by the data.
The data are also compared with two saturation models,

which are based on similar underlying physics concepts but
incorporate differing levels of fluctuations in the color field
of Pb. First, data are compared with the energy-dependent
hot-spot model by Cepila et al. [41], where the energy
evolution is given by two sources: the Golec-Biernat
Wüsthoff model [42] and the growth in the number of
hot spots inside a nucleon to mimic the growth of the gluon
density with energy [43]. The position of the hot spots
within the nucleon changes event by event. The model by
Cepila et al. is framed within the Good-Walker (GW)
approach [44–46] where the coherent process is propor-
tional to the average of color configurations in the target,
while the incoherent production is sensitive to the variance
of those configurations. In this model the decrease of the
cross section seen at large energies is a geometric effect
[47], given by the overlap of hot spots in the transverse
plane when their number is large. Thus, as the incoherent
cross section is given by the variance over color configu-
rations of the target, the observed decrease implies that all
configurations at the corresponding size scale start to
resemble each other, as expected when the saturation
regime is approached. As illustrated in Fig. 2, this model
predicts a power-law growth with energy at small jtj.
However, at large jtj, the power-law behavior is evident
only at lower energies, while the cross section is predicted
to decrease at higher energies. For energies above 100 GeV,
the difference between the theoretical prediction and the
data is below 2 sigmas for the two lower jtj ranges and
around 2.5 sigmas for the large jtj range.
Another saturation based model formulated within the

GW approach is that by Mäntysaari et al. [39,40]. They
implement the energy evolution by solving the JIMWLK
equation [48], where the initial condition incorporates
nucleon-shape fluctuations using three hot spots whose

position and color strength varies event-by-event [49].
Figure 2 demonstrates that this model predicts a power-
law behavior across the three jtj ranges, with the power-law
exponent decreasing as jtj increases. Beyond the energies
of 100 GeV, the variation between the model and the data is
below or around 2 sigmas for all data. First studies on the
uncertainties in dipole models indicate that they are at the
5%–10% level, with no strong dependence on kinematics;
see, e.g., Figs. 4(b) and 4(d), orange line in Ref. [50]. The
results from Refs. [51,52], although comparing only to
DIS, yield even smaller uncertainties.
The shadowing and saturation models yield distinct

predictions for the first time, despite both successfully
describing the cross section for coherent J=ψ photonuclear
production at high energies [10]. The current LTA imple-
mentation of the shadowing model is disfavored by this
analysis, highlighting the need for comprehensive compar-
isons between theoretical predictions and data, including
both coherent and incoherent J=ψ production.
Regarding the saturation models discussed here, as

anticipated, they exhibit a distinct behavior at high energies
and large jtj values. Additional data in this kinematic region
would be invaluable for elucidating the underlying physical
mechanisms driving the energy evolution of the cross
section at large jtj. Recent work by Mäntysaari et al. has
suggested that their saturation model requires the inclusion
of enhanced quantum fluctuation sources [39]. These
experimental results call for new theoretical studies on
how quantum fluctuations are incorporated in saturation
models.
In summary, for the first time, the incoherent J=ψ

photonuclear cross section was measured as a function
of both WγPb;n and jtj. The measurement extends from
WγPb;n ¼ 20 toWγPb;n ¼ 633 GeV, and it was carried out in
three different jtj ranges. The rise of the cross section with
energy shows evidence of suppression as jtj increases. For
WγPb;n ¼ 633 GeV, the ratio between cross sections at the

FIG. 2. The energy dependence of the cross section of incoherent J=ψ photonuclear production off lead nuclei is shown for three
ranges of the Mandelstam-t variable and compared with model predictions. The shadowing based model of Guzey et al. [38] is shown
with a dot-dashed line. Two saturation-based predictions are also shown: from Mäntysaari et al. [39,40] with a dashed line and from
Cepila et al. [41] with a solid line.
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lowest and the highest jtj interval is 0.52� 0.13, a 3
standard deviation effect. The rise of the cross section with
energy exhibits clear suppression at large jtj with respect to
low jtj. The energy dependence of this suppression,
compared with the models discussed here, suggests that
gluon saturation plays a significant role at smaller spatial
scales.
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End Matter

Appendix A: Invariant mass distributions—The fits to
the invariant mass distributions are shown in Fig. 3. The
upper set of panels corresponds to the rapidity interval
3.25 < y < 4.0, which covers the lowest WγPb;n within
the measured transverse momentum ranges. In this
region, the J=ψ signal was modeled with a double-sided
Crystal Ball function (DSCB), while the ψð2SÞ
contribution and the background were described with an
additional DSCB and an exponential function,
respectively. The middle row shows the results for
2.5 < y < 3.25, where the same fitting procedure was
applied. The bottom row corresponds to the backward
rapidity interval −4 < y < −2.5; here, no ψð2SÞ
contribution was included in the fit, and for the last two
pT ranges the background component was not included,
as no significant background is present.

Appendix B: Transverse momentum distributions—
Figure 4 shows the transverse momentum distribution of
the dimuons for the three rapidity intervals studied with
the muon spectrometer. It also shows the fit to the
different templates that are used to describe the data:
contributions from coherent and incoherent elastic
production of J=ψ , the contributions (via feed-down)

of the same processes for the case of ψð2SÞ, and
the contribution from incoherent dissociative J=ψ
production. The first 4 templates are obtained from
STARlight, while the last template is defined according
to the H1 prescription [34].

Appendix C: Treatment of neutron emission and
photon fluxes—In ultraperipheral Pb-Pb collisions,
neutrons detected in the zero degree calorimeters
(ZDCs) originate from two distinct mechanisms:
(i) electromagnetic dissociation (EMD), where additional
photons exchanged between the nuclei lead to nuclear
breakup, and (ii) the hadronic vertex of incoherent J=ψ
production, which, in the jtj range considered here,
always produces at least one forward neutron.
The ALICE ZDC system categorizes events according to

neutron detection on each side of the interaction point:
0n0n, 0nXn, Xn0n, and XnXn, where “0n” denotes no
detected neutron and “Xn” indicates one or more detected
neutrons. These four categories are crucial for separating
coherent and incoherent production, as well as for isolating
contributions from EMD processes.
For both coherent and incoherent J=ψ production, the

photon flux used must correspond to the photon
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FIG. 3. Dimuon invariant mass distributions in pT and y intervals and the corresponding extended unbinned likelihood fits. The value
of χ2, which is not defined for unbinned fits, is provided for illustration purposes only and correspond to the chosen binning scheme of
this figure.

FIG. 4. Transverse momentum distribution of the dimuons for the three rapidity intervals studied with the muon spectrometer.
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participating in the hard scattering. Thus, the full photon
flux is applied when modeling the production of the J=ψ .
The EMD-specific fluxes are only used when describing
the extra photons responsible for neutron emission via
electromagnetic dissociation.
To disentangle these effects and correct for detector

inefficiencies, we simultaneously fit the measured
yields in all four ZDC categories. This data-driven
procedure allows us to (1) Correct for losses due to
the finite ZDC efficiency. (2) Account for pileup from

multiple EMD interactions. (3) Subtract backgrounds
from coherent J=ψ , coherent J=ψ þ EMD, and pure
EMD events originating from other ion pairs.
This system of equations does not rely on external

models for neutron emission, as all relevant quantities
are determined directly from data. By construction, the
incoherent component is always treated with the full
photon flux, while EMD-only processes are modeled with
the appropriate EMD fluxes.
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