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We report a measurement of exclusive J/ψ photoproduction in Au+Au ultra-peripheral colli-
sions at

√
sNN = 200 GeV using the STAR detector. For the first time, i) the rapidity correlation

between J/ψ photoproduction and neutron emission from nuclear breakups has been experimen-
tally measured; ii) nuclear suppression factors are measured for both the coherent and incoherent
J/ψ production. At photon-nucleon center-of-mass energy of 25.0 GeV, the coherent and incoherent
J/ψ cross sections of Au nuclei are found to be 71± 10% and 36± 7%, respectively, of that of free
protons. The stronger suppression observed in the incoherent production provides a new experi-
mental handle to study the initial-state parton density in heavy nuclei. Data are compared with
theoretical models quantitatively.
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The fundamental structure of protons and neutrons,
collectively known as nucleons, is at the core of under-
standing modern physics. They are directly connected to
problems of color confinement, the microscopic structures
of visible matter, and the origin of dynamical mass gener-
ation from nonperturbative Quantum Chromodynamics
(QCD). These problems are even more complex in the
nuclear environment. Quark and gluon distributions for
bound nucleons inside nuclei could be drastically differ-
ent from those of the free nucleon. Understanding the
fundamental structures of both nucleons and nuclei in a
consistent framework is one of the most pressing tasks in
high energy nuclear physics.

In recent years, vector meson photoproduction in ultra-
peripheral collisions (UPC) of heavy ions has provided an
excellent experimental probe to study the structures of
nucleons and nuclei [1]. Typically, these photon-induced
interactions take place at a large impact parameter and
only produce one particle, e.g., the J/ψ meson [2]. In
this reaction, the target nucleus may stay intact (coher-
ent) or break up (incoherent), largely depending on the
momentum transfer of the interaction.

Specifically, coherent J/ψ photoproduction has been
extensively investigated by heavy-ion collider experi-
ments [3–12], where the resulting cross sections are found
to be significantly suppressed with respect to those of a
free proton [4, 5, 11–13]. Many models attempt to ex-
plain this phenomenon [14–19], but the underlying mech-
anism remains highly debated [1]. On the other hand,
the nuclear suppression of incoherent vector meson pro-
duction has never been explicitly measured. Comparing
incoherent vector meson production on a heavy nucleus
and on a free proton is equivalent to comparing the par-
ton structure of bound and free nucleons. This is one of
the most direct and unambiguous approaches for study-
ing bound nucleons in heavy-ion collisions. In addition,
the incoherent production is a direct measure of nucleon
and parton density fluctuation based on the Good-Walker
paradigm [20], which provides a dynamical picture of the
structure of nuclei at high energy.

In this Letter, we report measurements in

Au+Au UPCs at
√
s
NN

= 200 GeV using the STAR
detector at the Relativistic Heavy-Ion Collider (RHIC).
Specifically, we measure: i) coherent and incoherent
J/ψ photoproduction cross sections on Au nuclei,
associated with different neutron emission patterns as
detected in zero degree calorimeters (ZDCs); ii) rapidity
correlation between the J/ψ photoproduction and for-
ward neutron emissions in both coherent and incoherent
production; iii) nuclear suppression factors with respect
to free nucleons. The photon-nucleon center-of-mass
energy, Wγ∗N, is approximately 25.0 GeV for both coher-
ent and incoherent processes at midrapidity in Au+Au
UPCs [21]. The nuclear suppression data are compared
with theoretical models: the nuclear shadowing model
with leading twist approximation (LTA) [22, 23] and the
saturation model color glass condensate (CGC) [17, 24].

The Solenoidal Tracker at RHIC (STAR) detector [25]
and its subsystems have been thoroughly described in
previous STAR papers [26, 27]. Charged particle track-
ing, including transverse momentum reconstruction and
charge sign determination, is provided by the Time
Projection Chamber (TPC) [28] positioned in a 0.5 T
solenoidal magnetic field. The TPC volume extends from
50 to 200 cm from the beam axis and covers pseudorapidi-
ties |η| < 1.0 over the full azimuthal angle, 0 < ϕ < 2π.
The TPC also provides ionization loss (dE/dx) measure-
ment of tracks used for particle identification. Surround-
ing the TPC is the Barrel Electromagnetic Calorime-
ter (BEMC) [29], which is a lead-scintillator sampling
calorimeter. The BEMC is segmented into 4800 opti-
cally isolated towers covering the full azimuthal angle
for pseudorapidities |η| < 1.0. Between the TPC and
BEMC is the Time Of Flight (TOF) system. It is finely
segmented in η and ϕ and provides fast trigger signals
for charged particles in the range |η| < 0.9. There are
two Beam-Beam Counters (BBCs) [30], one on each side
of the STAR main detector, covering a pseudorapidity
range of 3.4 < |η| < 5.0. There are also two ZDCs [25],
18 m along each beam direction covering |η| > 6.7, used
to monitor the luminosity and to tag forward neutrons.

The UPC data were collected by the STAR experi-
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ment during the 2016 Au+Au run, which corresponds
to an integrated luminosity of 13.5 nb−1 yielding ap-
proximately 2.4 × 107 UPC J/ψ triggered events. The
J/ψ candidates are reconstructed via the electron decay
channel, J/ψ → e+e−. Based on this channel, the UPC
J/ψ trigger is defined by a topological selection of back-
to-back clusters in the BEMC, a TOF charged track mul-
tiplicity between 2 and 6 (inclusive), and no BBC signal
in either beam direction.

In the offline analysis, the events are required to have a
pair of tracks with a vertex that is reconstructed within
100 cm of the center of the STAR detector along the
beam direction. Tracks are required to have at least 15
points (out of a maximum of 45) to ensure sufficient mo-
mentum resolution, contain no fewer than 11 points for
the ionization energy loss determination to ensure good
dE/dx resolution, and to be matched to a BEMC cluster
for consistency with the trigger. Electron pair selection
is performed based on the dE/dx of tracks, where the
dominant contamination at pT ∼ 1.5 GeV/c is from
pions. The variable nσ,e (nσ,π) is the difference between
the measured dE/dx value compared to an electron (π)
hypothesis of the predicted dE/dx value. It is calcu-
lated in terms of the number of standard deviations from
the predicted mean. The pair selection variable χ2

ee is
defined as n2σ,e1 + n2σ,e2 for tracks 1 and 2, and simi-
larly for the π pair hypothesis. Tracks consistent with
electron pairs were selected by requiring χ2

ee < 10 and
those consistent with pion pairs were rejected by requir-
ing χ2

ee < χ2
ππ. The selections were performed separately

for opposite-sign (+−) and like-sign (++,−−) pairs. The
like-sign pairs were taken as a measure of combinatoric
backgrounds and subtracted from the opposite-sign pairs
for final distributions.

Like-sign subtracted distributions of invariant mass
mee and pair pT were produced. Template distribu-
tions of signal J/ψ and background e+e− from Quan-
tum Electrodynamics (QED) photon-photon interactions
and ψ(2S) production were also created. The templates
used output from the STARlight [31] Monte Carlo pro-
gram weighted by the H1 data [32], which were passed
through the GEANT3-based [33] STAR detector simu-
lation to model the detector response. To extract the
J/ψ yield, simultaneous fits of the templates to both the
mee and pair pT distributions were performed. For the
differential cross section measurements in rapidity inter-
vals, the same procedure was applied, and the J/ψ yields
were extracted for both coherent and incoherent produc-
tion. See the detailed procedure in Ref. [34].

The results were further divided into different neutron
emission patterns as measured by the ZDCs, where neu-
trons can be produced by either the QED process of mu-
tual Coulomb excitation [2] or nuclear breakup from hard
scattering processes. The patterns of neutron emission
are categorized as: i) 0n0n - neither ZDC has detected a
neutron; ii) 0nXn - one ZDC has detected at least one
neutron and the other has no neutrons; iii) XnXn - both
ZDCs have detected at least one neutron. Results sum-

ming over these three categories are denoted as the all n
category. Overlaps of ZDC hits from other events in the
same RHIC bunch crossing caused migrations between
these categories. This effect was measured in a sample
of zero-bias data in terms of ZDC requirement, and the
migrations were corrected for. This correction was up to
8% for the coherent J/ψ photoproduction cross section.
The differential cross section of J/ψ photoproduction

as a function of p2T and rapidity y is measured in the
Au+Au UPCs as follows,

d2σ

dp2T dy i
=

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

. (1)

Here d2σ
dp2T dy i

is the doubly differential cross section in

(p2T , y) bin i, where i is a single index that includes all
measured (p2T , y) combinations. Nraw,i is the raw num-
ber of J/ψ in bin i. εtrig is an overall scale correction
for trigger efficiency, and corri is the acceptance and ef-
ficiency correction for bin i. The integrated luminosity
is denoted by L, and BR = 5.97% is the branching ra-
tio of J/ψ decaying into an electron and positron [35];
∆p2Ti and ∆yi are the widths of bin i. The factor of 2
is introduced because J/ψ events are measured within
|y| < 1, while the cross section is only reported for y > 0;
this factor is not included for the cross section dσ/dy for
0nXn discussed later. The J/ψ acceptance corrections
are based on the STARlight [31] MC events embedded
into STAR zero-bias events, where a bin-by-bin unfold-
ing technique is employed in the correction procedure as
exhibited in Eq. 1.
For each rapidity of J/ψ there are two different con-

tributions mixed together, a higher energy and a lower
energy photon, which correspond to photons emitted by
either nucleus. Based on the technique in Ref. [36], we
resolve the photon energy ambiguity and measure the co-
herent J/ψ photoproduction cross section for γ + Au →
J/ψ + Au. The details of this procedure are outlined in
the article Ref. [34] submitted along with this Letter.
Different sources of systematic uncertainty on the

differential cross section were investigated, which
are similar to the previous STAR publication on
J/ψ photoproduction in deuterons [37]. The back-
ground subtraction using fit templates introduces un-
certainties from the fitting, resulting in 10-20% on the
background-subtracted distributions, depending on the
J/ψ transverse momentum. Several factors contribute to
the acceptance and efficiency corrections for pair mass
and pT distributions. The trigger efficiency determina-
tion results in final uncertainties ∼ 8%. The efficiency
of matching tracks to BEMC energy deposits as mea-
sured with data has an uncertainty of ∼ 5% on the pair
efficiency. The uncertainty on weighting of STARlight
to match the pT distributions is only significant on the
steeply falling coherent J/ψ peak, where the pair de-
tection efficiency uncertainty is up to 15%. The uncer-
tainty from modeling radiative events in the simulation
is ∼ 2% on pair acceptance. The background subtrac-
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FIG. 1. Differential cross sections dσ/dy for coherent (top
left) and incoherent (top right) J/ψ photoproduction and
their ratios (bottom) as a function of |y| in Au+Au UPCs
at

√
sNN = 200 GeV, for the different neutron categories de-

fined in the text. Statistical uncertainties are represented by
the error bars, and the systematic uncertainties are denoted
as boxes. There is a systematic uncertainty on the cross sec-
tions of 10% from the integrated luminosity that is not shown.

tion and acceptance uncertainties were determined bin-
by-bin in mass and pT of electron pairs. They were added
in quadrature along with an overall 4% uncertainty on
track and vertex reconstruction efficiency; this sum is
shown with the displayed data points. The systematic
uncertainty on modeling the transversely polarized pho-
ton flux is found to be up to 3.5% by varying the Au ra-
dius ±0.5 fm, where the same method has been adopted
as in Ref. [37]. Finally, there is an uncertainty of 10% on
the luminosity measurement, resulting in a scale uncer-
tainty of 10% on all cross sections, which is not displayed
in the figures.

In Fig. 1, the differential cross sections dσ/dy of
J/ψ photoproduction as a function of |y| for coherent
(left) and incoherent (right) production are presented, for
all n data and each neutron category separately. They
are obtained by integrating the data over low (coherent)
or high (incoherent) p2T and using the template fits to
correct to the full p2T range [34]. The rapidity interval
includes both positive and negative rapidities, where the

data are plotted at the bin center. The ratio between
incoherent and coherent J/ψ production is also shown in
the bottom panel.
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FIG. 2. Coherent and incoherent differential cross sections,
dσ/dy, as a function of y of J/ψ photoproduction for the
0nXn neutron configuration in Au+Au UPCs at

√
sNN =

200 GeV. Here the negative y direction has zero neutrons
(0n) and the positive y direction has at least one neutron
(Xn). Statistical uncertainties are represented by the error
bars, and the systematic uncertainties are denoted as boxes.
There is a systematic uncertainty of 10% from the integrated
luminosity that is not shown. The BeAGLE model [38] is also
shown.

To further investigate the rapidity dependence, the
rapidity distributions for coherent and incoherent
J/ψ photoproduction are shown for the asymmetric
0nXn neutron category in Fig. 2. Positive J/ψ rapidity
(sgn(yn) · yJ/ψ) is defined by the direction of forward go-
ing neutrons, sgn(yn), where yn is the neutron rapid-
ity. The coherent J/ψ rapidity distribution is found to
be symmetric under the transformation y → −y. Neu-
tron emission for coherent J/ψ photoproduction occurs
through mutual Coulomb excitation, in which the neu-
tron may be emitted by either nucleus. Thus, the neu-
tron direction is not expected to be correlated to the
J/ψ direction. Before this measurement, the assumption
that neutron emission is independent of coherent vector
meson photoproduction has never been experimentally
tested. By contrast, in the incoherent process the target
nucleus breaks up in the hard interaction, and neutrons
hitting a ZDC identify the direction of the target nucleus;
for the 0nXn configuration, this direction is unambigu-
ous. This result is also compared with an incoherent
J/ψ production model, BeAGLE [38], which is found to
be qualitatively consistent with the data.
In Fig. 3, the nuclear suppression factors of coherent
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FIG. 3. Nuclear suppression factor of coherent (SAu
coh) and in-

coherent (SAu
incoh) J/ψ photoproduction in Au+Au UPCs. The

data are compared with the nuclear shadowing model [22] and
the CGC model [17]. The CGC points are shifted from the
vertical line for better visibility. Statistical uncertainties are
represented by the error bars, and the systematic uncertain-
ties are denoted as boxes. There is a systematic uncertainty
of 10% from the integrated luminosity that is not shown.

(SAu
coh) and incoherent (SAu

incoh) J/ψ photoproduction are
shown as a function of Wγ∗N in Au+Au UPCs. For the
coherent case, the SAu

coh is calculated based on the ra-
tio between the coherent J/ψ cross section of all n and
the Impulse Approximation (IA) [23], where IA repre-
sents the scenario without any nuclear effect. The sup-
pression factor at Wγ∗N = 25.0 GeV is found to be
0.71 ± 0.04 ± 0.07 ± 0.07. The first quoted error is the
model uncertainty on IA [23] for Au nuclei and the second
error is a combination of statistics and systematic uncer-
tainties added in quadrature, while the third is from the
scale uncertainty of the integrated luminosity.

For the incoherent suppression factor, SAu
incoh, it is de-

fined as the ratio between the incoherent J/ψ cross sec-
tion of all n and the free proton data at HERA. In or-
der to compare with photoproduction in ep collisions,
we use the published H1 data and its well-constrained
parametrization [32]. It is found that the STAR UPC
incoherent p2T distribution is well described by the H1
ep template, with a suppression factor found to be
0.36+0.03

−0.04 ± 0.04 ± 0.04 at Wγ∗N = 25.0 GeV. Here the
first uncertainty is the H1 parametrization uncertainty,
the second one is from the measurement that includes sta-
tistical and systematic uncertainty, and the third is the
scale uncertainty on the integrated luminosity. The de-
tails of this procedure, both for coherent and incoherent
processes, are outlined in the article Ref. [34] submitted

along with this Letter.

The nuclear shadowing model LTA and the saturation
model CGC are compared with the data quantitatively.
For the LTA, the upper bound of each band is show-
ing the weak shadowing mode, while the lower bound
shows the strong shadowing mode [22]. It is found that,
for the first time, the incoherent suppression factor is
less than that of the coherent production, as well as the
strong shadowing mode in the LTA model. For the CGC
model, although it is not strictly calculated at the STAR
kinematic range due to the applicability of the model
(x > 0.01, where x is the momentum fraction the parton
carries of the nucleon), the incoherent data are found to
be between the model scenarios calculated with or with-
out sub-nucleonic fluctuation of the parton density [17].
Based on this data, it is hard to conclude if sub-nucleonic
parton density fluctuation is present in the incoherent
J/ψ photoproduction, contrary to the conclusion to a
recent measurement by the ALICE Collaboration [39].
Note that the p2T distribution of the incoherent produc-
tion are found to be consistent between STAR and AL-
ICE. Nevertheless, the reported data provides new in-
sights to the nuclear parton density at RHIC.

In conclusion, differential cross sections of
J/ψ photoproduction in coherent and incoherent
processes as a function of rapidity y in Au+Au UPCs
at

√
s
NN

= 200 GeV have been reported. These cross
sections are measured separately in different neutron
emission categories, as detected by the zero degree
calorimeters. It is observed that in the asymmetric
neutron configuration the coherent J/ψ production is
independent of the neutron emission direction, while the
incoherent production has a strong dependence. This is
consistent with expectations from Monte Carlo simula-
tions, but confirmed experimentally for the first time.
Furthermore, the relative coherent cross section to that
of a free nucleon is found to be 71 ± 10% (∼ 30% sup-
pressed). The incoherent J/ψ photoproduction has been
compared to that of a free proton based on the H1 data,
where a stronger suppression than that of the coherent
production is observed with a relative cross section of
36 ± 7% (∼ 60% suppressed). This is stronger than
predictions from the nuclear shadowing model, and does
not directly support the CGC model with sub-nucleonic
fluctuation. The parton density at the top RHIC energy
lies in the transition region (xparton ∼ 0.01) between
large momentum quarks (xparton > 0.1) and low mo-
mentum gluons (xparton < 0.001), which is essential to
the understanding of both gluon saturation and nuclear
shadowing mechanisms. This measurement provides
important constraints to the parton density and is an
essential experimental baseline for such measurements
at the upcoming Electron-Ion Collider.
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