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Measurements of exclusive J/ψ, ψ(2s), and electron-positron (e+e−) pair photoproduction in
Au+Au ultra-peripheral collisions are reported by the STAR experiment at

√
sNN = 200 GeV.

We report several first measurements at the Relativistic Heavy-Ion Collider, which are
i) J/ψ photoproduction with large momentum transfer up to 2.2 (GeV/c)2, ii) coherent
J/ψ photoproduction associated with neutron emissions from nuclear breakup, iii) the rapidity
dependence of incoherent J/ψ photoproduction, iv) the ψ(2s) photoproduction cross section at
mid-rapidity, and v) e+e− pair photoproduction up to high invariant mass of 6 GeV/c2. For mea-
surement ii), the coherent J/ψ total cross section of γ∗ + Au → J/ψ + Au as a function of the
center-of-mass energy Wγ∗N has been obtained without photon energy ambiguities. The data are
quantitatively compared with the Monte Carlo models STARlight, Sartre, BeAGLE, and theoretical
calculations of gluon saturation with color glass condensate, nuclear shadowing with leading twist
approximation, Quantum Electrodynamics, and the Next-to-Leading Order perturbative QCD. At
the photon-nucleon center-of-mass energy of 25.0 GeV, the coherent and incoherent J/ψ cross sec-
tions of Au nuclei are found to be 71±10% and 36±7%, respectively, of that of free protons. These
data provide an important experimental constraint for nuclear parton distribution functions and a
unique opportunity to advance the understanding of the nuclear modification effect at the top RHIC
energy.

Keywords: ultra-peripheral collision, vector meson production, parton distribution function, nuclear modifi-
cation

I. INTRODUCTION

In relativistic heavy-ion collisions, a large fraction of
the total cross section is provided by photon-induced in-
teractions, known as ultra-peripheral collisions (UPCs).
Typically, UPCs take place when the impact parameter
between two colliding nuclei is greater than the sum of
their radii. The interaction is initiated by one or more
photons emitted from the moving charged ions, where the
photon interacts with the other nucleus. Due to the large
mass of the heavy nucleus, the emitted photons have very
small virtualities and transverse momenta [1, 2]. UPCs
are considered clean experimental probes to study cold
Quantum Chromodynamics (QCD) in high energy nu-
clear collisions.

Coherent diffractive Vector Meson (VM) photoproduc-
tion (nucleus stays intact), through which the gluon den-
sity distribution of the nucleon and nucleus target can be
directly probed, has been extensively studied in recent
years. Photoproduction of J/ψ has been measured in
heavy-ion UPCs with high precision by the Large Hadron
Collider (LHC) experiments [3–11]. The resulting cross
sections at low momentum fraction x (10−5−10−3) were
found to be significantly suppressed with respect to that
of a free proton [3, 4, 10–12]. Calculations in the Lead-
ing Twist Approximation (LTA) strongly suggest that
the suppression is caused by the nuclear shadowing ef-
fect [13–15], while other models, e.g., the Color Dipole
Model with gluon saturation and nucleon shape fluctua-
tions [16], can also describe the UPC data qualitatively.
The mechanism of gluon density modification in the nu-
clear environment at low-x remains unknown.

Although UPCs provide experimental probes free of

hadronic interactions, previous UPC measurements have
an intrinsic ambiguity of the event kinematics. At each
nonzero VM rapidity there are two possible photon en-
ergies, depending on which nucleus serves as the photon
emitter. Therefore, the cross section measurement of VM
photoproduction at any given nonzero rapidity includes
contributions from a low and a high energy photon. The
relative magnitude of the mixing depends solely on the
photon flux at a given VM rapidity. Resolving this ambi-
guity would enable access to a wider phase space in kine-
matics. In order to understand the underlying physics
mechanism of the modified parton density in nuclei, mea-
surements with a wide range of kinematics from low-x to
high-x are extremely important, since different physics
models dominate at different kinematics. It has been
suggested in Refs. [17, 18] that neutron emission from
Coulomb excitation can be used to resolve the photon
energy ambiguity.

Previous UPC measurements have mostly focused on
coherent VM photoproduction, while the incoherent pro-
cess has not been measured in detail (nucleus breaks
up). However, the incoherent process has recently at-
tracted increasing interest. Based on the Good-Walker
paradigm [19], the incoherent VM cross section is sensi-
tive to the event-by-event fluctuation of nuclear parton
densities [20]. Measurements of incoherent photopro-
duction have been proposed to investigate nuclear defor-
mation, which is difficult to study in low energy nuclear
experiments, as well as to study sub-nucleonic parton
density fluctuations to understand the initial state con-
dition of heavy-ion collisions [21].

At the Relativistic Heavy Ion Collider (RHIC) en-
ergy of

√
sNN = 200 GeV, the kinematic phase space
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FIG. 1. Ultra-peripheral collisions at relativistic heavy ion colliders. (a) Coherent J/ψ photoproduction in Au+Au collisions
where the nucleus stays intact; Coulomb excitation via soft photon exchange can break up the nucleus (not shown); (b) incoher-
ent J/ψ photoproduction where the leading nucleon stays intact but the nucleus breaks up; (c) incoherent J/ψ photoproduction
where the leading nucleon dissociates and the nucleus breaks up.

covered by the STAR experiment is complementary to
that of the LHC. The per-nucleon center-of-mass energy,
Wγ∗N

1, is 15–41 GeV within the J/ψ rapidity range
|y| < 1.0, which is similar to the previous STAR mea-
surement of J/ψ photoproduction in the deuteron sys-
tem [22]. The STAR kinematic region is at the transition
(xparton ∼ 0.01) between high-x and low-x. In addition,
the J/ψ momentum transfer −t ≃ p2T distribution can
be measured at high p2T with high precision, in a region
expected to be sensitive not only to nucleon position fluc-
tuations but also sub-nucleonic parton density event-by-
event fluctuations. Different physics processes dominate
in different regions of p2T. There are generally 3 types of
processes, as illustrated in Fig. 1:

• Coherent J/ψ production at low p2T
(≲ 0.02 (GeV/c)2), where both nuclei stay in-
tact; however, the nucleus can be broken up by
additional soft photons via Coulomb excitation;
the primary interaction is on the nucleus level.

• Incoherent elastic J/ψ production via elas-
tic photon-nucleon scattering at intermediate p2T
(∼ 0.02− 0.5 (GeV/c)2), where the target nucleus
may break up into fragments; the primary interac-
tion is on the nucleon level.

• Incoherent dissociative J/ψ production with
nucleon dissociation at high p2T (≳ 0.5 (GeV/c)2),
where the leading nucleon (the nucleon undergoes
a hard scattering) breaks up.

1Wγ∗N is defined as Wγ∗N =
√

2 ⟨EN ⟩MJ/ψe
−y , where EN is

the per-nucleon energy, MJ/ψ and y are the mass and rapidity of
J/ψ particle.

Note that the difference in Fig. 1 (b) and (c) is not
distinguishable event-by-event with the current detector
setup in STAR.
In this paper, we report measurements of both co-

herent and incoherent J/ψ photoproduction in Au+Au
UPCs at

√
sNN = 200 GeV. The measurements are dif-

ferential in momentum transfer p2T and rapidity y, and
performed for different neutron emission classes. Fur-
thermore, we report the first measurement of ψ(2s) pho-
toproduction at RHIC and measurements of the Quan-
tum Electrodynamics (QED) process γγ → e+e− in the
invariant mass mee range of 2-6 GeV/c2.
This paper is organized as follows: In Sec. II, theoreti-

cal models that are quantitatively compared to the mea-
sured data are introduced. In Sec. III, a brief description
of the STAR detector is given. The data analysis is de-
scribed in Sec. IV, including details of signal extractions
and cross sections and a summary of systematic uncer-
tainties. In Sec. V, the main results are shown, followed
by physics discussions and model validations in Sec. VI.
Finally, a summary and outlook are discussed in Sec. VII.

II. THEORETICAL MODELS

Theoretical models provide important guidance for in-
terpreting the data. In this paper, the data have been
compared quantitatively to several different models. The
models considered with brief descriptions are as follows:

• STARlight. A Monte Carlo event generator for
simulating ultra-peripheral collisions in relativistic
heavy-ion collisions [2]. It calculates the photon
flux generated by heavy nuclei or protons via the
equivalent photon approximation, requiring that
there is no hadronic interaction, which is used in
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this analysis to derive the photon-nucleon cross sec-
tion. The STARlight program can generate dif-
ferent UPC processes, e.g., VM photoproduction,
QED two-photon (γγ) processes, etc. The funda-
mental cross section for VM photoproduction, e.g.,
J/ψ in this analysis, is based on parameterized γp
cross sections from HERA [23, 24], nuclear form
factors, and the photon flux. This model serves as a
baseline for additional nuclear effects. In addition,
the STARlight model, after tuning to describe the
data, is used with the STAR detector simulation to
correct detector effects in this analysis.

• Sartre. A Monte Carlo model for gluon satura-
tion physics via exclusive VM photo- and electro-
production in photon-nucleus collisions. The model
applies nonlinear gluon evolution to calculate the
scattering amplitude of a color-dipole, provided by
the photon, and a target at a given impact param-
eter. Based on the Good-Walker paradigm, the
model can predict both coherent and incoherent
VM production, where the coherent process probes
the average gluon density and the incoherent pro-
cess is sensitive to the density fluctuation. Also
known as the hot-spot model, the mechanism in
incoherent VM production implements fluctuations
of the parton and nucleon positions inside of a nu-
cleon and a nucleus, respectively, their gluon densi-
ties, and their associated saturation scale Qs. For
this analysis, the comparisons to the measured data
are based on Refs. [25, 26]. This model is only valid
for parton momentum fraction xparton < 0.01, while
it is compared with the STAR data at xparton ∼
0.03. The small mismatch to the data’s kinematics
needs to be taken into account when interpreting
the data.

• Color Glass Condensate (CGC). This is a the-
oretical calculation that has the same fundamental
saturation physics mechanism as described in the
Sartre model. Additionally, the CGC prediction for
UPC J/ψ photoproduction has implemented the
finite transverse momentum of the quasi-real pho-
ton and quantum interference effect when the UPC
takes place in symmetric collision systems. For this
analysis, the comparisons to the measured data are
based on Ref. [27]. Similar to the Sartre model,
the calculation is only valid for parton momentum
fraction xparton < 0.01 [27].

• Nuclear Shadowing model with Leading
Twist Approximation (LTA). Nuclear shad-
owing model with Leading Twist Approximation
(LTA) is a theoretical model based on Gribov-
Glauber theory, the QCD factorization theorem,
and HERA diffractive parton distribution functions
(PDFs). For photoproduction of J/ψ in UPCs, the
LTA predicts the cross section by dynamically mod-
elling the multi-nucleon interaction at high energy.

The case of no nuclear effects, the Impulse Approx-
imation (IA), only considers a single nucleon in-
teraction without final-state interactions. For this
analysis, the comparisons to the measured data are
based on Refs. [17, 18, 28].

• BeAGLE. A general-purpose electron-nucleus
(e+A) model, BeAGLE [29] is used for the descrip-
tion of incoherent photoproduction only. Details of
this model are given in Refs. [29–33]. The compari-
son to heavy-ion (A+A) UPC cross sections is done
by correcting the photon flux from e+A to A+A,
where the e+A photon flux is based on PYTHIA
6 [34] and the A+A UPC photon flux is provided
by the STARlight generator. BeAGLE uses the
FLUKA program [35, 36] to describe neutron emis-
sion from nuclei. For this analysis, the comparisons
to the measured data are based on Ref. [29].

• QED. Results for the purely QED process γγ →
e+e− are compared with a lowest-order QED calcu-
lation by Zha et.al [37, 38]. The QED physics deter-
mining the photon flux follows the general principle
of Weizsacker-Williams [39, 40],treating the electro-
magnetic fields in relativistic heavy-ion collisions as
quasi-real photons.

• Next-to-Leading Order (NLO) pQCD. Based
on the nuclear PDF EPPS21 [41], the nuclear form
factor, and the photon flux, the first NLO pQCD
calculation for RHIC UPCs makes use of parame-
ters that were constrained by the LHC data. For
this analysis, the comparisons to the measured data
are based on Refs. [42, 43].

Note that each model has limitations and they are only
compared to the data in applicable observables and kine-
matic regions.

III. DETECTOR

The Solenoidal Tracker At RHIC (STAR) detector [44]
and its subsystems have been thoroughly described in
previous STAR papers [45, 46]. This analysis utilizes
several subsystems of the STAR detector. Charged parti-
cle tracking, including transverse momentum reconstruc-
tion and charge sign determination, is provided by the
Time Projection Chamber (TPC) [47] positioned in a
0.5 Tesla longitudinal magnetic field. The TPC vol-
ume extends from 50 to 200 cm from the beam axis
and covers pseudorapidities |η| < 1.0 and the full az-
imuthal angle (ϕ) range. The TPC also provides par-
ticle energy loss information (dE/dx) used for particle
identification. Surrounding the TPC is the Barrel Elec-
tromagnetic Calorimeter (BEMC) [48], which is a lead-
scintillator sampling calorimeter approximately 20 radi-
ation lengths in depth. The BEMC is segmented into
4800 optically isolated towers covering the full azimuthal
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angle for pseudorapidities |η| < 1.0. Between the TPC
and BEMC is the Time Of Flight (TOF) system [49]. It
is finely segmented in η and ϕ and provides timing sig-
nals for charged particles in the range |η| < 0.9. There
are two Beam-Beam Counters (BBCs) [50], one on each
side of the central STAR detector along the beam line,
covering a pseudorapidity range of 3.4 < |η| < 5.0. There
are also two Zero Degree Calorimeters (ZDCs) [44], lo-
cated ±18 m from the center of STAR along the beam
line, used to tag forward neutrons and monitor the lumi-
nosity. The BEMC, TOF, BBCs and ZDCs provide fast
signals which are used for triggering the STAR readout.

IV. DATA ANALYSIS

A. Data selection

The UPC data were collected by the STAR experi-
ment during the 2016 Au+Au run, corresponding to an
integrated luminosity of 13.5 nb−1 and approximately
24× 106 UPC J/ψ-triggered events. J/ψ candidates are
selected via the electron decay channel J/ψ → e+e−.
Based on this channel, the UPC J/ψ trigger is defined by
BEMC energy deposits greater than ≈ 0.7 GeV in back-
to-back azimuthal sextants of the BEMC. The TOF is
required to have a hit multiplicity in the range of 2 to 6,
and the BBCs are required to have no signal. The BBC
veto and upper limit on TOF multiplicity reject most
hadronic Au+Au collisions.

Offline, pairs of tracks from a vertex within 100 cm
of the center of STAR are considered. The tracks must
extrapolate to energy deposits in the BEMC consistent
with the trigger. The tracks must have at least 15 points
in the TPC to provide good momentum resolution, and
at least 11 dE/dx measurements to provide good particle
identification, out of a possible 45. The measure dE/dx
information for a track was expressed as a number of
standard deviations from a particle identity hypothesis
A, nσA. A measure of quality for the hypothesis for
a pair is χ2

AB = (nσA)
2 + (nσB)

2. Tracks consistent
with electron pairs were selected by requiring χ2

ee < 10
and those consistent with pion pairs were rejected by
requiring χ2

ee < χ2
ππ. Events with more than 6 significant

energy deposits in the BEMC were rejected, providing
further elimination of hadronic Au+Au collisions. The
back-to-back requirement in the trigger is inefficient for
low mass mee, low pT pairs, thus only pairs with mee >
2 GeV/c2 are included in this analysis. After applying
all selection criteria, the sample includes approximately
3.9 × 104 pairs, 7.9 × 103 of which are in the J/ψ mass
range of 3.0 < mee < 3.2 GeV/c2.
The selected pairs are predominantly opposite-sign

e+e−, containing the physics processes of interest. A few
percent of the pairs are like-sign, e+e+ or e−e−. These
are taken as an estimate of combinatorial background.
For all measurements, like-sign pairs are subtracted from
opposite-sign for final data distributions, e.g. mee or pT.

B. Simulation

In order to correct detector effects, the STARlight
model that generates the J/ψ decay to two electrons
and background contributions have been passed through
STAR detector simulations. Specifically, the following
processes with final state e+e− are simulated:

• Coherent J/ψ → e+e−

• Incoherent J/ψ → e+e− with elastic nucleon

• Incoherent J/ψ → e+e− with nucleon dissociation

• Coherent ψ(2s) → e+e−

• Coherent ψ(2s) →J/ψ +X, followed by J/ψ →
e+e− (feeddown)

• Two-photon interaction γγ → e+e−

As noted above, STARlight provides the basis of events
used for simulation. However, two of these processes
are not included in the STARlight program. The feed-
down process ψ(2s) →J/ψ +X is modeled which uses
the STARlight output from ψ(2s) → e+e− to define the
ψ(2s) momentum vector and then generates the J/ψ +X
final state. The incoherent J/ψ with nucleon dissociation
is obtained by reweighting the STARlight elastic incoher-
ent J/ψ pT distribution to the H1 nucleon dissociation
parameterization [51].
Two improvements were made to the generated sam-

ples. First, the STARlight pT distributions of pairs
from coherent J/ψ and the two-photon processes have
higher pT than observed in the data. The STARlight

events were reweighted by a factor of e−∆Bp2T to de-
scribe the data, with ∆B = 165 (GeV/c)−2 for coher-
ent J/ψ and ∆B = 260 (GeV/c)−2 for the two-photon
process. Second, the detector materials that can cause
bremsstrahlung are not perfectly described by the STAR
GEANT simulation, and STARlight does not include ra-
diative processes such as J/ψ → e+e−γ. To account for
this, a parallel sample of each process was made, with one
electron replaced with an electron plus photon adding to
the same energy. The photons were generated with a
bremsstrahlung energy spectrum [52].
The generated events were passed through the simula-

tion chain of the STAR detector. Data from an zero-bias
sample (triggered on colliding bunch crossing only) of
events recorded by STAR were added to the simulated
events to reproduce the underlying activity in the TPC
during RHIC operation. The output of this was passed
though the same reconstruction algorithms as used for
the data.
The reconstructed simulation events were selected us-

ing the same track and vertex criteria as applied to the
data. The trigger energy efficiency was measured using
the data and applied to the simulated events as a weight.
Similarly, the efficiency of matching tracks to BEMC en-
ergy deposits was determined using e+e− pairs from a
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FIG. 2. Invariant mass mee, transverse momentum pT,ee, and rapidity yee of the electron pair candidates from Au+Au UPCs
at

√
sNN = 200 GeV. They are shown in the left, middle, and right panel, respectively. Template fits from J/ψ coherent and

incoherent production, QED processes, and ψ(2s) are included. Only statistical uncertainties are shown as vertical bars.

sample of data based on TOF triggering and selection.
This efficiency was also applied by weighting the simu-
lated events. The selected and weighted events were used
to create template invariant mass and pT of the pair mee

and pT distributions for each simulated process.

C. Signal extraction

Figure 2 shows the pair mass mee, transverse momen-
tum pT,ee, and rapidity yee distributions. The mass dis-
tribution shown considers only pairs at low pT < 0.15
GeV/c, where the coherent J/ψ and γγ → e+e− pro-
cesses dominate. The pT distribution is in the J/ψ mass
range of 3.0 < mee < 3.2 GeV/c2. The rapidity distribu-
tion includes the full selected data sample and shows the
bins used for further analysis: |yee| < 0.2, 0.2 < |yee| <
0.5, and 0.5 < |yee| < 1.
Shown in Fig. 2 are the process templates from the

simulation. Their sum is fit to the data mee and pT dis-
tributions by χ2 minimization. It determines the fraction
of extra radiative processes; the result is sufficient to ac-
count for the extra radiative effects and bremsstrahlung.
The sums of all processes are also shown in Fig. 2, demon-
strating a good description of the data. The rapidity
distribution, not used for the fitting, demonstrates the
quality of the fit.

The fit templates are used to subtract backgrounds
to the physics processes of interest. For J/ψ pT dis-
tributions, the two-photon and ψ(2s) templates are sub-
tracted from the data. For two-photon mee distributions,
templates for all other processes are subtracted from the
data. The statistical uncertainty from the fit for each
subtracted template contributes to the systematic uncer-
tainty.

The simulated distributions are also used to determine
acceptance corrections. The corrections are applied bin-
by-bin to the pT and mee distributions. The efficiency of
the TOF ≥ 2 hits requirement in the trigger was deter-

mined using a TOF-independent trigger, such that the
TOF requirement is a complete subset of this trigger;
the losses due to the ≤ 6 TOF hits and BBC vetoes were
measured using a sample of zero-bias events (triggered
on colliding bunch crossing only). These two factors were
applied as scale factors to the final cross sections.
J/ψ production is measured as a doubly differential

cross section d2σ/dp2T dy. The cross section for each p2T, y
bin i is calculated as:

d2σ

dp2T dy i
=

Nraw,i
ϵtrig · corri · L ·BR ·∆p2Ti · 2∆yi

(1)

where:

• Nraw,i is the number of data events in bin i

• ϵtrig is the scale factor correction for trigger effi-
ciency

• corri is the acceptance and efficiency correction for
bin i

• L is the total luminosity

• BR = 5.97% is the branching ratio for J/ψ →
e+e−[53].

• ∆p2Ti and ∆yi are the widths of p2T, y bin i; the
factor of 2 accounts for events with y < 0 and y > 0.

The QED two-photon process is measured as a differ-
ential cross section dσ/dmee. The cross section for each
mee bin i is calculated as:

dσ

dmee i

=
Nraw,i

ϵtrig · corri · L ·∆mee,i
(2)

where ∆mee,i is the width of bin i.
The fit templates are also used to separate the co-

herent and incoherent components of J/ψ production,
as described in Section VB. The measured distributions
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d2σ/dp2T dy are integrated over a range of p2T, and the
templates fit to the differential cross section are used to
extrapolate the unmeasured region at low pT and sub-
tract the contribution from the other component. This
gives the differential cross sections dσ/dy for coherent
and incoherent J/ψ production.

D. Neutron tagging

The left panel of Fig. 3 shows the pulse height distri-
bution from one of the ZDCs in the selected sample. A
clear single-neutron peak at ADC = 50 is evident, well
separated from the peak near zero; a two-neutron peak
at ADC = 120 is also visible. The inset shows the full
ADC range, exhibiting an endpoint at a pulse height cor-
responding to ∼ 80 neutrons. The distribution from the
other ZDC is similar. A neutron is defined as having a
hit with a pulse height greater than 15 ADC counts in
the ZDC, shown by the dashed line in the figure.

Neutron emissions in UPCs can provide insights to the
VM production mechanism and impact parameter be-
tween the two nuclei beams. Specifically, they are cat-
egorized by their pattern of neutron emission along the
beamline, which is measured by the ZDC hits on either
side of the central detector, labeled as 0n (no hit) or Xn
(≥ 1 neutron) for each ZDC. The categories are: i) 0n0n,
neither ZDC hit; ii) 0nXn, one ZDC hit, one not hit; iii)
XnXn, both ZDCs hit. The sum of i) to iii) is denoted as
all n. The distribution of measured hit patterns for the
full data sample is shown by the uncorrected distribution
in the right of Fig. 3.

Activity from other processes in the same RHIC bunch
crossing as the triggered event may include ZDC hits.
These will cause migrations to ZDC categories different
from those of the triggered event. The migrations will
be to higher ZDC multiplicity, i.e. 0n0n to 0nXn and
XnXn, 0nXn to XnXn. Using a sample of zero-bias
events the rate of overlaps was measured to be f1 = 3.8%
for a single hit in each of the ZDCs and not the other,
and f2 = 0.4% for hits in both ZDCs; the probability
of no overlaps is then f0 = 1 − 2f1 − f2 = 92%. This
determines the migration between neutron categories; the
possibilities, with their probabilities in parentheses, are
as follows:

• A 0n0n event will remain a 0n0n event if there is
no overlap (f0), migrate to a 0nXn event if there is
a single hit overlap in either ZDC (2f1), or migrate
to an XnXn event if there is a double hit overlap
(f2).

• A 0nXn will remain a 0nXn event if there is no
overlap or a single hit overlap in the same ZDC
(f0 + f1), or migrate to an XnXn event if a single
hit overlap is in the opposite ZDC or if there is a
double hit overlap (f1 + f2).

• An XnXn event will always remain an XnXn
event (1).

This can be written in matrix form, determining the num-
bers of measured events Mcategory from the numbers of
true events Ncategory: M0n0n

M0nXn

MXnXn

 =

 f0 0 0
2f1 f0 + f1 0
f2 f1 + f2 1

 ·

 N0n0n

N0nXn

NXnXn

 .

The matrix can be inverted to determine the numbers
of true categories from the measured ones. As an exam-
ple, the corrected distribution for the full data sample
is shown in the right of Fig. 3. It shows the expected
pattern, with the number of uncorrected 0n0n events
less than the corrected, and the number of uncorrected
XnXn events is greater than the corrected.
Figure 3 demonstrates the migration correction as ap-

plied to the total number of selected events. For the mee

and p2T distributions, the same procedure was applied to
each bin of the measured 0n0n, 0nXn, and XnXn dis-
tributions, resulting in the corrected distributions for the
three neutron categories.

E. Coherent J/ψ cross sections in γ+Au collisions

In heavy-ion UPCs, the hard photon may be emit-
ted by either beam nucleus, which would interact with
the other nucleus. The cross section for coherent
J/ψ photoproduction as a function of rapidity y, for a
neutron emission pattern ntag, is the sum of these two
processes [17]:

dσntagAuAu

dy
= ΦntagT,γ (k+) ·σγAu(W+)+ΦntagT,γ (k−) ·σγAu(W−)

(3)

Here ΦntagT,γ (k) is the differential flux of hard photons

based on STARlight [2], dNγ/dy with energy k± =
1/2MJ/ψe

∓y, and σγAu(W ) is the γ+Au cross section

at photon-nuclues center-of-mass energy W 2
± = 4ENk±.

The ± of the energy corresponds to the ambiguity of the
photon energy at a given rapidity due to the symmetric
beam condition in Au+Au UPCs. Assuming the funda-
mental cross section of coherent J/ψ photoproduction is
independent of neutron emissions from mutual Coulomb
excitation and photon fluxes are dependent on the neu-
tron emissions, the two unknown cross sections in this
equation can be resolved.
For coherent J/ψ production, neutron emission occurs

through Coulomb excitation of the nuclei via exchange of
soft photons. The different patterns of neutron emission
result from different soft photon exchanges at varying
impact parameters between the nuclei. The different im-
pact parameters determine different hard photon fluxes
for each neutron category, ΦntagT,γ . For the three neutron
categories defined in this data set, ntag = 0n0n, 0nXn,
and XnXn, the three equations Eq. 3 are independent.
A best fit determines the two σγAu(W±) in terms of the

three measured dσntagAuAu/dy.
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FIG. 3. Left: the Analog-to-Digital Count (ADC) distribution from a Zero Degree Calorimeter (ZDC) in Au+Au UPCs at√
sNN = 200 GeV. The separation between the noise peak near ADC = 0 and single neutron peak near ADC = 50 is clear.

The inset shows the full ADC range with a cutoff corresponding to ∼ 80 neutrons. Right: the ZDC category in terms of how
many neutrons (0 or X) are shown before and after migration correction.

Note that this method only applies to coherent J/ψ
photoproduction. In incoherent J/ψ photoproduction,
mechanisms other than Coulomb excitation can result in
nuclear breakup and associated final state neutrons. This
observed pattern of neutron emission ntag is no longer
directly related to the impact parameter constraints from
Coulomb excitation, and does not define the hard photon
flux in Eq. 3.

F. Systematic uncertainties

The systematic uncertainties on differential cross sec-
tions of J/ψ and γγ → e+e− are investigated sepa-
rately. Some systematic uncertainty sources are found
to be p2T or mee dependent, which are presented bin-by-
bin in the results shown later. Other sources are applied
as an overall scale. Below, a brief description of each
uncertainty source is discussed.

Several factors contribute to the acceptance and effi-
ciency corrections for pair mee and pT distributions. The
trigger energy efficiency was modeled with an error func-
tion. The uncertainty of trigger efficiency on cross sec-
tions was determined by varying the BEMC tower energy
threshold by 0.11 GeV as the energy resolution of the
BEMC, and results in cross section uncertainties ∼ 8%;
it is greater at lowmee close to the trigger threshold. The
efficiency of matching tracks to BEMC energy deposits
is evaluated with TOF matched electrons in the data, re-
sumting in an uncertainty of ∼ 5% on pair reconstruction
efficiency. The uncertainty on weighting of STARlight to
match pT distributions is only significant on the steeply
falling coherent J/ψ peak near pT ≈ 0.1 GeV/c, where

the pair uncertainty is up to 15%. The uncertainty from
additional radiative events in the simulation has an un-
certainty of ∼ 2% on the pair acceptance.

The background subtraction with fit templates de-
scribed in Section IVC has an statistical uncertainty
from the fit. It is largest in the region of ψ(2s) feed-
down, 0.2 < pT < 0.4 GeV/c, where it reaches ∼10% for
all neutron categories except for 0n0n where it dominates
and reaches ∼50%. The uncertainty from background
subtraction is < 2% outside this pT region. For the γγ
mee distributions the J/ψ region is not reported and the
background subtraction outside this region is also negli-
gible.

There is an overall 4% uncertainty on track and vertex
reconstruction efficiency, which is found to be the same
as in Ref. [22] as the data were taken in the same run
period.

There is uncertainty on the J/ψ photoproduction cross
section in γ ∗+Au→ J/ψ+Au from the photon flux used
in extracting this cross section. It is estimated by varying
the Au radius ±0.5 fm, the same method as adopted in
Ref. [22]. The uncertainty on the cross section is found
to be up to 3.5%.

There is an uncertainty of 10% on the luminosity mea-
surement, resulting in a scale uncertainty of 10% on all
cross sections, which is not displayed with the data. All
other uncertainties are shown with the displayed data
points for all results presented hereafter. All systematic
uncertainty sources are added in quadrature to obtain the
total systematic uncertainty, which has an average value
of ∼13.2%. See Table I for a summary of uncertainty on
the cross section measurements.
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FIG. 4. Differential cross section d2σ/dp2Tdy of J/ψ photoproduction as a function of p2T (0.005 < p2T < 2.2 (GeV/c)2) in
Au+Au UPCs at

√
sNN = 200 GeV. The rapidity of the J/ψ is |y| < 1.0 and averaged Wγ∗N is 25.0 GeV. MC model STARlight

(upper left), nuclear shadowing of leading twist approximation calculation (upper right), Sartre MC prediction (lower left),
and the color-glass-condense prediction (lower right) are compared with the data, presented as lines. Statistical uncertainty is
represented by the error bars, and the systematic uncertainty is denoted as boxes. Ratio between data and models is shown in
the lower sub-panel of each figure. There is a systematic uncertainty of 10% from the integrated luminosity that is not shown.

TABLE I. Summary of systematic uncertainty of J/ψ and
e+e− photoproduction in Au+Au UPCs. Systematic uncer-
tainty values are quoted for an average of each source, which
are added in quadrature to be the total uncertainty.

Systematic sources Errors

Trigger Efficiency (%) 8

BEMC Matching Efficiency (%) 5

Model template (%) 2

Electron Bremsstrahlung (%) 2

Signal Extraction (%) 2

Reconstruction efficiency (%) 4

Luminosity (%) 10

Total Uncertainty (%) 14.7

V. RESULTS

A. Momentum transfer distributions

The square of the four-momentum transferred, −t, be-
tween the incoming and outgoing nucleus (transferred
along the gluon lines in Fig. 1) characterizes the un-
derlying nuclear geometry and its fluctuation in photon-
nucleus interactions. It has both longitudinal and trans-
verse components:

t = t∥ + t⊥, (4)

−t∥ =M2
J/ψ/(γ

2e±y), (5)

−t⊥ = p2T. (6)

Here γ is the Lorentz boost of the beam nuclei. At the
top RHIC energy, t∥ is negligible due to the large γ factor,
thus,

−t ≈ p2T, (7)

where pT is the transverse momentum of the J/ψ . The
measured p2T of the J/ψ deviates slightly from −t due to
the transverse momentum of the hard photon emitted by
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the other nucleus, on average ∼ 30 MeV/c. However, this
smearing due to the photon pT is relatively small and is
included in some model calculations [2, 20, 27], which can
be directly compared to the measured p2T distributions of
the J/ψ in the data.

In Fig. 4 and Fig. 5, the J/ψ differential cross
section, d2σ/dp2Tdy over the full measured range of
p2T < 2.2 (GeV/c)2 and the low momentum transfer
range p2T < 0.12 (GeV/c)2 is shown, respectively. The
data are identical among the four panels, where each
panel shows a comparison to a different theoretical
model, indicated by the legend. At lowest p2T, the
data exhibit a steep peak characteristic of coherent
J/ψ photoproduction. As p2T increases the data follow a
softly falling exponential, indicative of incoherent photo-
production with scattering off individual nucleons in the
nucleus. At higher p2T, the distribution flattens in the re-
gion where the scattered nucleon dissociates. The models
compared with the data are the STARlight event gener-
ator, nuclear shadowing model LTA with weak shadow-
ing mode, Sartre model with sub-nucleonic fluctuations,
and CGC calculation with sub-nucleonic fluctuations. All
models exhibit similar feature as the data, while the sec-
ond peak or shoulder structure is caused by the coherent
contribution. Furthermore, all models are presented with
coherent, incoherent, and total cross sections in Fig. 5,
while only the total cross sections are shown in Fig. 4.
Ratios of data to the model total cross sections are shown
at the bottom of each panel, where the model values are
calculated by the integral of each bin instead of at the
bin center.

Based on the data and model comparisons, the pre-
diction of Sartre and LTA are found to be better in de-
scribing the magnitudes and slopes of the coherent and
incoherent components. The Sartre model has the same
underlying physics model as the CGC framework with
minor differences in the implementation. The CGC ad-
ditionally accounts for the initial photon transverse mo-
mentum and interference effects. Both models consider
the i) nonlinear gluon evolution in the target nucleus and
ii) sub-nucleonic gluon density fluctuations. The CGC
calculation overpredicts the cross section by a factor of
∼1.5 at low (∼ 0.01 (GeV/c)2) and high (> 1 (GeV/c)2)
p2T when compared to the data. The same overpredic-
tion factor has been found in comparison to the LHC
data [27]. Note that this prediction is explicitly made for
the RHIC UPC measurement.

Figure 6 shows the p2T distributions for all four neu-
tron categories over the full rapidity range |y| < 1. The
distinction between the coherent peak and incoherent
tail is clearly visible due to the large difference in the
slope, suggesting that the total cross section for each pro-
cess can be measured with minimal extrapolation. The
template fits to the cross section for coherent and in-
coherent J/ψ production and their sum are also shown
in Fig. 6. The coherent cross section is determined by
integrating the data over p2T < 0.09 (GeV/c)2 and sub-
tracting the incoherent template over the same range.

The incoherent cross section is obtained by integrating
the data over p2T > 0.025 (GeV/c)2 and subtracting the
coherent template over the same range. To account for
the low p2T region, the cross section is scaled by the ratio
of the incoherent template integrated over all p2T to that
of p2T > 0.025 (GeV/c)2. These cross sections were mea-
sured for each of the three rapidity bins, resulting in the
differential cross sections dσ/dy.

B. Rapidity distributions

In Fig. 7, the differential cross section, dσ/dy, of
J/ψ photoproduction in the coherent (top left) and in-
coherent (top right) processes are presented. The inco-
herent to coherent ratio is shown in the bottom panel.
The measurements are also separated in different neutron
emission configurations. The CGC calculation predicts
that the ratio between the rapidity-dependent cross sec-
tions for incoherent and coherent J/ψ photoproduction
is 40%, which is supported by the STAR data shown in
Fig. 7, as opposed to 20% [27]. Although this is model
dependent, the enhancement of incoherent cross section
has been regarded as a result of the sub-nucleonic parton
density fluctuation observed in the HERA data [54].
Although both coherent and incoherent photoproduc-

tion of J/ψ can be associated with neutron emissions,
the underlying mechanisms are fundamentally different.
For the coherent process, by definition, the target nu-
cleus stays intact in J/ψ production (in the Good-Walker
paradigm [19]) ; however, additional soft photons can be
emitted by either nucleus, which can excite one or both
nuclei to break up and emit neutrons. Therefore, the
differences among different neutron classes in coherent
cross sections are purely due to the different probabil-
ity of Coulomb excitation for a given impact parameter,
which is independent of the J/ψ production. On the
other hand, neutron emission associated with incoherent
J/ψ production is more directly related to the hard scat-
tering. When the nucleus breaks up, the fragments very
often include neutrons.

C. Coherent J/ψ cross section in γ+Au collisions

With the differential cross sections dσ/dy for the three
neutron categories 0n0n, 0nXn, and XnXn, the pro-
cedure to extract the γ+Au cross section described in
Section IVE was followed. Each rapidity measurement
determines two cross sections at different photon-nucleus
center-of-mass energies W±. For the present data the
results for the higher energy W+ are not statistically sig-
nificant (consistent with zero) due to the low fraction of
high energy flux compared to low energy. For the lowest
rapidity interval the lower energy result at W− is also
not significant. Instead, the rapidity range |y| < 0.2 was
used to measure the γ+Au cross section at the mean
W = 25.0 GeV. Note that there is a −0.5 GeV shift in
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FIG. 5. Differential cross section d2σ/dp2Tdy of J/ψ photoproduction as a function of p2T (0 < p2T < 0.12 (GeV/c)2) in
Au+Au UPCs at

√
sNN = 200 GeV. The rapidity of the J/ψ is |y| < 1.0 and averaged Wγ∗N is 25.0 GeV. MC model STARlight

(upper left), nuclear shadowing of leading twist approximation calculation (upper right), Sartre MC prediction (lower left),
and the color-glass-condensate prediction (lower right) are compared with the data, presented as lines. Statistical uncertainty
is represented by the error bars, and the systematic uncertainty is denoted as boxes. The ratio between data and models is
shown in the lower sub-panel of each figure. There is a systematic uncertainty of 10% from the integrated luminosity that is
not shown.

the estimate of Wγ∗N for rapidity |y| < 0.2, caused by
the higher photon flux of the lower energy photon con-
tribution; however, the effect of this shift is found to be
negligible.

In Fig. 8, the total coherent J/ψ photoproduction as
a function of Wγ∗N is presented. The data are free of
photon energy ambiguity, based on the method discussed
in Sec. IVE. The data are found to be suppressed with
respect to the IA[55] for all measured energies. Quan-
titatively, the suppression factor SAu

coh is reported, which
is the ratio between coherent J/ψ cross section and the
IA. It is found that SAu

coh = 0.71 ± 0.04 ± 0.07 ± 0.07 at
Wγ∗N = 25.0 GeV. The first quoted error is the model
uncertainty on IA [55] for Au nucleus and the second
error is a combination of statistics and systematic un-
certainties added in quadrature, while the third is from
the scale uncertainty of the integrated luminosity. The
reported STAR results in this analysis are the first mea-
surements that contain no photon energy ambiguity at
y ̸= 0 in a symmetric collision system. The data can only
be compared with the nuclear shadowing model, since the
saturation-based models do not apply toWγ∗N lower than
∼ 31 GeV. It is found that the LTA with weak shadow-

ing gives an excellent description of the data, while the
LTA with strong shadowing predicts a slighly lower cross
section. The precise data presented here provide a strin-
gent constraint on the nuclear PDFs and important in-
formation towards the understanding of the fundamental
mechanism of such parton modification.

D. Incoherent J/ψ cross section

In Fig. 9, the differential cross section of
J/ψ production as a function of p2T is shown for |y| < 1.0
for the all n neutron class. Due to the large rapidity
range, the ⟨Wγ∗N ⟩ is estimated to be 19.0 GeV based on
the all n photon flux [2] and the energy-dependent cross
section in ep photoproduction [51].

Starting above p2T > 0.02 (GeV/c)2, the cross section
is dominated by the incoherent production. In order to
compare with a free proton, the H1 published fit [51] to
ep collisions is scaled down from ⟨Wγ∗N ⟩ = 55 GeV to
19.0 GeV, based on the well measured energy-dependent
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FIG. 6. Differential cross section d2σ/dp2Tdy of
J/ψ photoproduction as a function of p2T in Au+Au UPCs at√
sNN = 200 GeV. Four neutron emission classes, all n, 0n0n,

0nXn, and XnXn are shown in different panels. Coherent
and incoherent template fits are shown as dashed lines, and
the sum is shown as the solid line. Statistical uncertainty is
represented by the error bars, and the systematic uncertainty
is denoted as boxes. There is a systematic uncertainty of
10% from the integrated luminosity that is not shown.

cross sections parametrization as follows [51]:

σel = Nel · (Wγ∗N/90)
δel , (8)

σpd = Npd · (Wγ∗N/90)
δpd . (9)

Here the σel and σpd are the proton elastic and proton dis-
sociation cross section as a function ofWγ∗N. The param-
eters areNel = 81±3nb, δel = 0.67±0.03, Npd = 66±7nb,
and δpd = 0.42± 0.05. For the elastic proton case, UPC
measurements in proton-lead UPCs at the LHC [56] has
a similar parametrization. Thus, the cross section ratios
at different energies (e.g., 19.0 and 25.0 GeV) with re-
spect to the H1 measured energy (55 GeV) are derived,
which are used for obtaining the differential cross section
dσ/dt for proton elastic and proton dissociation at the
STAR UPC kinematics.

For the differential cross section measurement, dσ/dt,
as a function of momentum transfer |t| at H1 can be fit
by the following functions [51],

dσel/dt = Nt,ele
−bel|t|, (10)

dσpd/dt = Nt,pd(1 + (bpd/n)|t|)−n. (11)

Here the parameter Nt,el = 213 ± 18 nb/GeV2, bel =
4.3± 0.2 GeV−2, Nt,pd = 62± 12 nb/GeV2, bpd = 1.6±
0.2 GeV−2, and n is fixed at 3.58.
Based on the above parametrization, the equivalent

Au+Au UPC incoherent J/ψ cross section of a free pro-
ton can be rewritten as follows:

d2σAu+Au→J/ψ+Y(⟨Wγ∗N ⟩)/dp2Tdy =

2Φall n
T,γ (⟨Wγ∗p⟩) ·A ·

[
dσγ∗+p→J/ψ+Y(⟨Wγ∗p⟩)/dt

]
.(12)
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FIG. 7. Differential cross section dσ/dy for coherent, inco-
herent, and their ratio of J/ψ photoproduction as a function
of |y| in Au+Au UPCs at

√
sNN = 200 GeV. There is a sys-

tematic uncertainty of 10% from the integrated luminosity
that is not shown, while it is canceled in the ratio.

Here the A is 197 for the Au nucleus, Φall n
T,γ = 5.03 is the

average transverse photon flux at y = 0 (the coefficient 2
is the total flux from both beams being photon emitters),
and dσγ∗+p→J/ψ+Y(⟨Wγ∗p⟩)/dt is the published H1 data
at ⟨Wγ∗N⟩ = ⟨Wγ∗p⟩ = 19.0 GeV scaled down from 55
GeV for both the elastic proton (Y = p) and the proton
dissociation (Y ̸= p). The notation is similar for the
STAR data, where Y can be elastic nucleon or nucleon
dissociation. Note that the published H1 data had been
corrected for photon flux that is integrated over the phase
space of Wγ∗p, which is equivalent to the normalization
of 1/dy in UPC measurements. The equivalent Au+Au
UPC cross section for the free proton data is shown as
the black solid line in Fig 9, where the uncertainty band
is propagated from the errors of the parametrization.

Moreover, we use the H1 free proton data as a tem-
plate to fit the STAR data with only the normalization
constant as a free parameter. The integral of d2σ/dp2Tdy
from p2T = 0 to 2.2 (GeV/c)2 between the fit and the
H1 data is defined as the incoherent suppression factor,
SAu
incoh. It is found that the SAu

incoh is 0.49+0.04
−0.05±0.05±0.05

atWγ∗N = 19.0 GeV. ForWγ∗N = 25.0 GeV correspond-
ing to the measurement within rapidity range |y| < 0.2,
the same procedure has been performed and the sup-
pression factor is found to be 0.36+0.03

−0.04 ± 0.04 ± 0.04.
Here the first uncertainty is the H1 parametrization un-
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FIG. 8. Total coherent J/ψ photoproduction cross section
as a function of Wγ∗N in Au+Au UPCs. The data are com-
pared with an expectation of a free nucleon provided by the
Impulse Approximation (IA) [55] and color glass condensate
(CGC) [27]. The ratio between data and the Impulse Approx-
imation atWγ∗N = 25.0 GeV is the suppression factor, shown
in the figure. Statistical uncertainty is represented by the er-
ror bars, and the systematic uncertainty is denoted as boxes.
There is a systematic uncertainty of 10% from the integrated
luminosity that is not shown on the data points.

certainty [51], the second one is from the measurement
that includes statistical and systematic uncertainty, and
the third is the scale uncertainty on the integrated lumi-
nosity. Therefore, the nuclear suppression in incoherent
J/ψ photoproduction in Au+Au UPCs has been found to
be stronger than that in the coherent case. This has been
qualitatively predicted by the nuclear shadowing model
LTA [17, 18].

Another observation is the similarity of shapes of the
p2T distributions between bound and free nucleons, which
is quantified by the goodness-of-fit χ2/ndf = 1.4. The
1 standard deviation (1σ) error is denoted by the un-
certainty band. At very high p2T, there is a hint that
the STAR data deviate above the H1 free proton tem-
plate. However, measurements with higher precision and
p2T greater than 2.2 (GeV/c)2 are needed in order to draw
conclusions. These data are the first quantitative mea-
surement of incoherent J/ψ photoproduction of a bound
nucleon in heavy nuclei.

Furthermore, the data are compared with different
models. For the CGC calculations, the data are found
to be in between the scenarios of strong sub-nucleonic
parton density fluctuations and no fluctuations. It is not
clear that the data directly supports either scenario. For
the Sartre model, similar sub-nucleonic parton density
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FIG. 9. Incoherent J/ψ photoproduction differential cross
section, d2σ/dp2Tdy, as a function of p2T is shown for |y| < 1.0
without neutron class requirement. The H1 data in ep colli-
sions and its template fit to the STAR data are shown. The
1σ error of the fit is denoted as uncertainty bands. The ratio
between the fit and the scaled H1 free data is the incoher-
ent suppression factor, shown in the figure. The BeAGLE
model [29], the LTA weak shadowing calculation [17], Sartre
model with sub-nucleonic fluctuation, and the CGC predic-
tions [27], are compared with the STAR data. Statistical
uncertainty is represented by the error bars, and the system-
atic uncertainty is denoted as boxes. There is a systematic
uncertainty of 10% from the integrated luminosity that is not
shown on the data points.

fluctuations are included, which describes well the high
p2T tail but not the low p2T behavior. For the LTA with
weak shadowing, the description of the data is very good.
However, this is expected as the LTA model uses the
HERA data parametrization. Finally, for the BeAGLE
event generator, the cross section is underestimated for
the entire p2T range, which indicates using only the nu-
clear PDF, e.g. EPS09 [57], is not sufficient to describe
the data.

VI. PHYSICS DISCUSSIONS AND MODEL
VALIDATIONS

A. Incoherent interactions and nuclear breakup

Figure 10 shows the differential cross section of
J/ψ photoproduction as a function of p2T in the full ra-
pidity range |y| < 1 for the all n case; the subset 0n0n
neutron category is also shown. In the coherent peak at
lowest p2T, the ratio of 0n0n to all n is ∼ 40%, consistent
with the fraction of 0n0n photon flux, where no neutrons
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are produced by nuclear dissociation following Coulomb
excitation. At higher p2T, where the incoherent processes
dominates, the additional mechanisms for neutron emis-
sion result in the 0n0n fraction dropping to 10-20%.
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FIG. 10. Differential cross section, d2σ/dp2Tdy, of
J/ψ photoproduction as a function of p2T in Au+Au UPCs at√
sNN = 200 GeV with all neutrons and 0n0n configuration.

The data are compared with the incoherent BeAGLE simu-
lation that has a STAR ZDC angular acceptance cut applied
and the same neutron configurations. Statistical uncertainty
is represented by the error bars, and the systematic uncer-
tainty is denoted as boxes. There is a systematic uncertainty
of 10% from the integrated luminosity that is not shown.

Also shown in Fig. 10 are the expectations from the
BeAGLE MC model, which only includes incoherent pho-
toproduction. The full UPC photon flux is used for the
all n case. The corresponding photon flux is used for
the 0n0n case to describe no neutron emission through
nuclear dissociation following Coulomb excitation. The
final state from BeAGLE is used to model the 0n0n state
by requiring no breakup neutrons within the ZDC ac-
ceptance of 2.5 mrad. For the all n configuration, the
BeAGLE model underestimates the cross section across
the entire p2T range, which is possibly due to the poor
description of the nuclear parton density (EPS09 [57])
and lack of fluctuations. Beyond this source, the dif-
ference between BeAGLE and data for 0n0n could be
further related to how the evaporated neutrons are mod-
eled in the nuclear breakup, which is one of the major
concerns found in Ref. [30] for vetoing the incoherent
production using the Far-forward detector system at the
Electron-Ion Collider (EIC). This is the first measure-
ment of J/ψ photoproduction associated with incoherent
nuclear breakups, which is essential for improving eAMC
models for the EIC.
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FIG. 11. Coherent and incoherent differential cross section,
dσ/dy, as a function of y of J/ψ photoproduction with 0nXn
neutron configuration in Au+Au UPCs at

√
sNN = 200 GeV.

Here the negative y direction has zero neutron (0n) and the
positive y direction has at least one neutron (Xn). The BeA-
GLE model is compared with the data. Statistical uncertainty
is represented by the error bars, and the systematic uncer-
tainty is denoted as boxes. There is a systematic uncertainty
of 10% from the integrated luminosity that is not shown.

The rapidity distributions for coherent and incoherent
J/ψ photoproduction are shown for the 0nXn neutron
category in Fig. 11. The asymmetric neutron configura-
tion breaks the symmetry of the collision. This allows a
choice of sign for the J/ψ rapidity; here y > 0 is cho-
sen as the same direction as the ZDC with a neutron
hit in the 0nXn configuration. The observed coherent
J/ψ rapidity distribution is symmetric under the trans-
formation y → −y. Neutron emission for coherent UPC
photoproduction occurs only through Coulomb excita-
tion, in which the neutron may be emitted by either the
target nucleus or the nucleus emitting the hard photon.
Therefore, the neutron direction is not expected to be
correlated to the J/ψ direction, which is consistent with
observation.

By contrast, in the incoherent photoproduction the
target nucleus usually breaks up in the hard interaction.
Resulting neutrons hitting a ZDC identify the direction
of the target nucleus. For the 0nXn configuration this
direction is unambiguous.

This is confirmed by the highly asymmetric rapid-
ity distribution for incoherent J/ψ photoproduction as
shown in Fig. 11. The figure also shows the result from a
BeAGLE modelling of this reaction. The model provides
a good description of the shape of the data. The differ-
ence in normalization may be due to the shortcomings of
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BeAGLE cited earlier. This asymmetric shape was also
described in an earlier discussion of the LTA model [17].

B. Interference

Figure 12 shows the differential cross section of
J/ψ photoproduction at very low p2T, for the three ra-
pidity bins and no selection of neutron category. This
region of p2T is dominated by coherent photoproduction,
with contamination from incoherent processes of order
1%. In the lowest p2T bin, the cross section at lowest ra-
pidity is suppressed more than 50% relative to the high-
est rapidity bin, with smaller suppression at intermediate
rapidity. In the higher p2T bins cross sections are approx-
imately equal at all rapidities.

This is a result of quantum interference in symmetric
Au+Au UPCs due to the ambiguity of which nucleus is
the hard photon source. It requires photons with oppo-
site polarization in order to have such destructive inter-
ference [58–60]. The effect of interference is shown quan-
titatively by the calculations of STARlight for both the
cases of interference and no interference. With no inter-
ference there is no suppression at lowest p2T. STARlight
with interference predicts the trend observed in the data,
suppression at lowest p2T increasing as y → 0. This in-
terference effect has also been observed in UPC ρ0 pho-
toproduction by the STAR collaboration [61].

The CGC model calculation, at y = 0, also includes
the effects of interference. The prediction for the cross
section, shown in Fig. 12, describes the suppression at
lowest rapidity and p2T observed in the data.

C. ψ(2s) cross section

Figure 13 shows the template fit to the raw mee distri-
bution in the ψ(2s) mass region. The full rapidity range
|y| < 1 and all neutron categories are included. The only
processes contributing in this region are QED γγ and co-
herent ψ(2s) → e+e−. Their templates fit to the data
and sum are shown in the figure. The number of ψ(2s)
events is 73± 22, where the uncertainty is the statistical
uncertainty from the fit.

Figure 14 shows the cross section determined from
this sample of events, expressed as dσ/dy in the range
0 < |y| < 1. The measured coherent J/ψ differential
cross section for all n is also shown for comparison. The
bottom panel shows the ratio of ψ(2s) to J/ψ cross sec-
tions. The predictions from STARlight are also shown,
which exceeds the individual cross sections by 20-30%
but correctly predicts the measured ratio.
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FIG. 12. Differential cross section, d2σ/dp2Tdy, as a func-
tion of p2T at very low p2T with different rapidity |y| bins in
Au+Au UPCs at

√
sNN = 200 GeV. All neutron categories

are included. STARlight (SL) events and color glass conden-
sate (CGC) calculations are compared with the data. There
is a systematic uncertainty of 10% from the integrated lumi-
nosity that is not shown.

D. Next-to-leading order perturbative QCD
calculation

The colored band in Fig. 14 shows the first NLO per-
turbative QCD calculation of the J/ψ photoproduction
at RHIC energies. The input nuclear PDF (nPDF) is
from EPPS21 [41], where the current uncertainty com-
ing from the nPDF on the J/ψ production cross section
can be as large as 50% to 160%. Consequently, this is
not shown. The uncertainty band shown on the figure
is only based on the scale uncertainty. For details, see
Refs [42, 43]. This prediction has been found to be un-
derestimated by more than a factor of 2 at mid-rapidity
and 10-20% at higher rapidity. This data will signifi-
cantly constrain the nPDF at the NLO for both quarks
and gluons.

E. γγ → e+e− cross sections

In Fig. 15, the differential cross sections of γγ to e+e−

pairs, as a function of the pair mass mee, are shown for
different neutron configurations. The data are compared
with both STARlight and a QED calculation performed
by Zha et al [37, 38]. The ratios between the data and
these two predictions are shown in Fig. 16. The central
value of the data are 10-20% above the STARlight predic-
tion, and 10-20% below the QED calculation. It should



15

3.5 4 4.5

) 2 (GeV/ceem

0

50

100

150

-1 )2
 (

G
eV

/c
ee

dN
/d

m

STAR data, all n

(2S)ψcoherent 

γQED 2

Total fit

 = 200 GeVNNs e+e+Au*+Au*, →Au+Au STAR

| < 1.0
ee

|y
 < 0.15 GeV/c

T,ee
p

 22± = 73 (2S)ψN
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√
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shown.

be noted that STARlight does not include e+e− pair pro-
duction inside the nucleus, whereas the QED calculation
does. The magnitude of this effect has been estimated
to be ∼ 10% [2], partially accounting for the discrepancy
seen in STARlight relative to the data. The scale un-
certainty from the luminosity measurement is 10% (not
shown), implying that both models are consistent with
the data.

The consistency between data and models across dif-
ferent neutron categories validates the photon fluxes used
in the measurement of γ+Au cross sections from Au+Au
cross sections, described in Sections IVE and VC and
shown in Fig. 8. The Au+Au cross sections are linear in
the photon flux ΦntagT,γ , as in Eq. 3. The QED γγ cross
sections are as follows:

σγγ ∝
∫
dk1dk2Φ

ntag
T,γ (k1)Φ

ntag
T,γ (k2)|M(k1, k2)|2 . (13)

Here M, the QED matrix element for γγ → e+e−, is well
known. The γγ cross section is quadratic in the photon
fluxes, while the Au+Au cross sections are linear in the
flux. Therefore, the σγγ is a test of the photon fluxes.
The 10-20% model and data discrepancy in Fig. 16 im-
plies that deviations in σAu+Au are half as large. There-
fore, the fluxes used in the γ+Au cross sections measure-
ment are valid at the 5-10% level.

Figure 15 also shows the γγ → e+e− cross section
for the XnXn category from a previous STAR publica-
tion [58]. That measurement at lower mee utilized differ-
ent experimental techniques than the present data, based
on TOF as opposed to BEMC selections. The two data
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FIG. 14. Differential cross section dσ/dy for coher-
ent J/ψ and ψ(2s) photoproduction as a function of |y| in
Au+Au UPCs at

√
sNN = 200 GeV. The STARlight model [2]

and the NLO pQCD calculations [42, 43] are compared with
the data. Ratio between ψ(2s) and J/ψ is shown in the bot-
tom panel. Statistical uncertainty is represented by the er-
ror bars, and the systematic uncertainty is denoted as boxes.
There is a systematic uncertainty of 10% from the integrated
luminosity that is not shown.

sets have excellent agreement in the overlap region near
mee ≈ 2 GeV/c2, providing further affirmation of the
measurements. These results present the first γγ → e+e−

measurement up to an invariant mass of 6 GeV/c2.

VII. CONCLUSION

Exclusive J/ψ, ψ(2s), and e+e− pair photoproduction
in Au+Au UPCs at

√
sNN = 200 GeV using the STAR

detector are measured. For J/ψ photoproduction, both
coherent and incoherent processes as a function of rapid-
ity y, p2T, and different neutron configurations are pre-
sented. In particular, three different neutron configura-
tions, 0n0n, 0nXn, and XnXn, are combined to resolve
the photon energy ambiguity in UPCs, which leads to the
total cross section of coherent J/ψ photoproduction in
γ∗+Au collisions as a function of photon-nucleon center-
of-mass energy. It is found that the coherent nuclear
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√
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The STARlight model [2] and QED theory calculations from
Zha et al [38] are compared with data. There is a systematic
uncertainty of 10% from the integrated luminosity that is not
shown.

suppression factor at Wγ∗N = 25.0 GeV is 0.71 ± 0.10
when compared to the expectation of a free nucleon. This
suppression supports the nuclear shadowing effect with
the leading twist approximation. The Next-to-Leading
order calculation of perturbative Quantum Chromody-
namics on coherent J/ψ photoproduction is compared
with this measurement. The description of the data is
off by a factor of two at midrapidity based on nPDF
EPPS21, which may indicate the large uncertainty on
the nuclear parton distribution functions that this data
can significantly constrain. The nuclear parton density
at the top RHIC energy is at the region between large
momentum quarks (xparton > 0.1) and low momentum
gluons (xparton < 0.001), which is essential to the under-
standing of nuclear modification effects in this transition
regime. Moreover, incoherent J/ψ photoproduction has
been measured up to high p2T of 2.2 (GeV/c)2, and the
incoherent suppression factor at Wγ∗N = 25.0 GeV is
found to be 0.36±0.07 relative to the free proton. Based
on a hot-spot model with sub-nucleonic parton density
fluctuation, the incoherent data indicate a similar level
of fluctuation seen in the free proton as it is characterized
by the shape of the p2T distribution. However, direct com-
parisons between hot-spot models (Sartre and CGC) and
data cannot be fully reconciled and further theory inves-
tigations are needed to draw a conclusion. Finally, the
QED γγ → e+e− has been measured up to an invariant
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FIG. 16. The ratios between data and models are shown,
where the models are STARlight [2] and QED theory calcula-
tions from Zha et al [38]. Statistical uncertainty is represented
by the error bars, and the systematic uncertainty is denoted
as boxes. There is a systematic uncertainty of 10% from the
integrated luminosity that is not shown.

mass of 6 GeV/c2 for different neutron emission classes,
which constrains the modelling of neutron emission and
photon flux. The data provide important constraints to
the parton density and its fluctuations, and also provide
an essential experimental baseline for such measurement
at the upcoming Electron-Ion Collider.
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Low energy protons as probes of hadronization dynamics,
Phys. Rev. C 106, 045202 (2022).
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