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Understanding gluon density distributions and how they are modified in nuclei are among the most
important goals in nuclear physics. In recent years, diffractive vector meson production measured
in ultra-peripheral collisions (UPCs) at heavy-ion colliders has provided a new tool for probing
the gluon density. In this Letter, we report the first measurement of J/ψ photoproduction off the
deuteron in UPCs at the center-of-mass energy

√
sNN = 200 GeV in d+Au collisions. The differential

cross section as a function of momentum transfer −t is measured. In addition, data with a neutron
tagged in the deuteron-going Zero-Degree Calorimeter is investigated for the first time, which is
found to be consistent with the expectation of incoherent diffractive scattering at low momentum
transfer. Theoretical predictions based on the Color Glass Condensate saturation model and the
gluon shadowing model are compared with the data quantitatively. A better agreement with the
saturation model has been observed. With the current measurement, the results are found to be
directly sensitive to the gluon density distribution of the deuteron and the deuteron breakup, which
provides insights into the nuclear gluonic structure.

Keywords: ultra-peripheral collision, vector meson production, deuteron, gluon density distributions

One of the most outstanding problems in modern nu-
clear physics is the origin of nuclear modifications [1–7].
In the valence quark region, the structure of a bound
nucleon in medium and heavy nuclei was found to be sig-
nificantly different from that of a free nucleon, which is
known as the EMC effect [8]. The EMC effect has been
a standing puzzle for almost 40 years, while the origin of
this modification has not yet been fully understood. Fur-
thermore, the problem of nuclear modification is far more
complicated than just the EMC effect, because gluons are
also found to be modified in a nuclear environment (See
Ref. [9] for a review). In addition to inclusive high energy
deep inelastic scattering measurements, an experimental
tool for studying the gluon density is the measurement
of Vector Meson (VM) photoproduction, e.g., ρ0 or J/ψ ,
off nuclear targets [10–23].

In recent analyses carried out by the Large Hadron
Collider (LHC) collaborations [15, 16, 18–23], photopro-
duction of the J/ψ meson has been measured in ultra-
peripheral collisions (UPCs) of heavy ions. The resulting
cross sections were found to be significantly suppressed
with respect to that of a free proton [15, 16, 21, 22]. Lead-
ing Twist Approximation (LTA) calculations strongly
suggest that the suppression is caused by the gluon shad-
owing effect [24–26], while other models, e.g., the Color
Dipole Model with gluon saturation and nucleon shape
fluctuations [27], can also describe the UPC data qual-
itatively. Similar to the EMC effect, the mechanism of
gluon modification in the nuclear environment remains
unknown.

An interesting experimental approach to reveal the glu-
onic structure of nuclei is to study the deuteron - the sim-
plest nuclear bound state of one proton and one neutron.
While neither saturation nor gluon shadowing effect is
expected to be significant in such loosely bound system,
the deuteron may provide unique physics insights in un-
derstanding phenomena that are poorly understood from

∗ Deceased

data of heavy nuclei, e.g., the interplay between coherent
and incoherent VM productions, nuclear breakups, single
and double nucleon scattering, and short-range nuclear
correlations. Recent studies have shown the importance
of understanding the parton modifications in light nu-
clei [28–30], where (gluon) EMC effects and short-range
nuclear correlations might be deeply connected. This is
a subject of interest for a wide range of physics commu-
nities, from nuclear and particle physics to high density
neutron stars in astrophysics.

In this Letter, we investigate the differential cross sec-
tion of J/ψ photoproduction as a function of momentum
transfer, −t, in d+Au UPC events at

√
s
NN

= 200 GeV.
In the photoproduction limit, the momentum transfer
variable −t can be approximated by the transverse mo-
mentum squared of J/ψ particles, p2T,J/ψ. The ap-

proximate photon-nucleon center-of-mass energy is [31],
W =

√
2〈EN 〉MJ/ψe−y ∼ 25 GeV, where EN is the av-

erage per nucleon beam energy, MJ/ψ is the mass of the
J/ψ particle, and y is the J/ψ rapidity. In addition, the
differential J/ψ cross section with single neutron tagged
events is reported. The data are compared with differ-
ent theoretical models, where these model predictions are
based on an extension of the saturation model and the
gluon shadowing model from heavy nuclei to light nu-
clei [26, 32, 33].1

The Solenoidal Tracker At RHIC (STAR) detector [34]
and its subsystems have been thoroughly described in
previous STAR papers [35, 36]. This analysis utilizes sev-
eral subsystems of the STAR detector. Charged particle
tracking, including transverse momentum reconstruction
and charge sign determination, is provided by the Time
Projection Chamber (TPC) [37] positioned in a 0.5 Tesla
longitudinal magnetic field. The TPC volume extends
between 50 and 200 cm from the beam axis and covers

1Both model calculations are made specifically to the
d+Au UPC data at RHIC, where Ref. [33] is an extension of
Ref. [26] from heavy nuclei at the LHC to the deuteron at RHIC.
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pseudorapidities |η| < 1.0 and over the full azimuthal
angle, 0 < φ < 2π. Surrounding the TPC is the Bar-
rel Electromagnetic Calorimeter (BEMC) [38], which is
a lead-scintillator sampling calorimeter. The BEMC is
segmented into 4800 optically isolated towers covering
the full azimuthal angle for pseudorapidities |η| < 1.0.
There are two Beam-Beam Counters (BBCs) [39], one on
each side of the STAR main detector, covering a pseu-
dorapidity range of 3.4 < |η| < 5.0. There are also two
ZDCs [34], used to determine and monitor the luminosity
and tag the forward neutrons.
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FIG. 1. Left: invariant mass distribution and fit of
J/ψ particles photoproduced off the deuteron target at
hadronic center-of-mass energy 25 GeV in d+Au ultra-
peripheral collisions. Right: Zero-Degree Calorimeter (ZDC)
energy deposition (abitrary units) distribution for both Au-
and deuteron-going directions.

The UPC data used for this analysis were collected
by the STAR Collaboration during the 2016 d+Au run.
The integrated luminosity of the dataset used is approx-
imately 93 nb−1. A total of ∼ 2 × 106 UPC J/ψ -
triggered events are used. The UPC J/ψ trigger is de-
fined by no signal in either BBC East or West, Time-
Of-Flight (TOF) [34] track multiplicity between 2 and 6,
and a topological selection of back-to-back clusters in the
BEMC. In the offline analysis, the events are required to
have a valid vertex that is reconstructed within 100 cm of
the center of the STAR experiment. In addition, a valid
event is required to have at least two TPC tracks associ-
ated with the primary vertex with transverse momentum
pT > 0.5 GeV/c and |η| < 1.0. Tracks reconstructed in
the TPC are required to have at least 25 space points (out
of a maximum of 45) to ensure sufficient momentum reso-
lution, contain no fewer than 15 points for the ionization
energy loss (dE/dx) determination to ensure good dE/dx
resolution, and to be matched to a BEMC cluster. Fur-
thermore, tracks are required to have a distance of closest
approach less than 3 cm to the primary vertex. In or-
der to further select electron candidates, the dE/dx of a
charged track is used. The variable nσ,e (nσ,π) is the dif-
ference between the measured dE/dx value compared to
an electron (π) hypothesis of the predicted dE/dx value.

It is calculated in terms of number of standard devia-
tions from the prediction mean. The variable χ2

e+e− is
defined as n2σ,e+ + n2σ,e− (similar for π). For the region

of χ2
π+π− < 30, the ratio χ2

e+e−/χ
2
π+π− is required to be

less than 1/3, while for χ2
π+π− > 30, χ2

e+e− must be less
than 10. This selection ensures the purity of electrons is
higher than 95%, which is determined by a data-driven
approach using photonic electrons [35].

The unlike sign electron candidates are paired to re-
construct an invariant mass distribution, while the like
sign pairs are also investigated to indicate the contri-
bution from the combinatorial background. The re-
sulting J/ψ candidates are required to have a rapidity
|y| < 1.0. In Fig. 1 (left), the invariant mass distri-
bution is shown with a template fit to extract the raw
yield of J/ψ particles. The signal template is taken from
the STARlight [40] Monte Carlo program that was run
through the STAR detector GEANT3 simulation [41] for
its detector response, indicated by the shaded histogram.
Motivated by contributions from the two-photon interac-
tion (γγ → e+e−) [42–44] and the combinatorial back-
grounds, the background function is taken to be of the

form, (m−A)eB(m−A)(m−C)+Cm3

, and the fitted result is
shown as the dotted line, where m is the invariant mass,
A, B, and C are free parameters [31]. The raw yield of
the entire analyzed sample after full event selections and
background subtraction is 359 ± 22. For measurement
of the differential cross section, raw yields of each p2T,J/ψ
interval are determined based on the same fitting proce-
dure. In Fig. 1 (right), the ZDC energy depositions in
terms of Analog-to-Digital Converter (ADC) count are
shown for both Au- and deuteron-going directions. For
the deuteron-going direction, an ADC count larger than
40 is required for events associated with single neutron
emission. Note that after extracting the J/ψ signal, no
significant background (pedestal) has been found under
the neutron peak for the ADC count larger than 40.

The differential cross section of J/ψ photoproduction
as a function of −t is measured in the photon-deuteron
system as follows:

d2σ

dtdy
=

1

ΦT,γ

Nobs
Lint ×BR(ee)×∆t×∆y × (A× ε)× εtrig

.

(1)
Here ΦT,γ = 11.78 is the transversely polarized photon
flux based on the STARlight MC generator [40], Nobs
is the raw J/ψ yield, Lint is the integrated luminosity,
BR(ee) is the branching ratio of J/ψ decaying into elec-
tron pair, ∆t is the bin width of p2T,J/ψ, ∆y = 2.0 is

the rapidity range, A × ε is the J/ψ reconstruction ac-
ceptance and efficiency corrections, and εtrig is the trig-
ger efficiency correction. The J/ψ reconstruction effi-
ciency and trigger efficiency correction are based on the
STARlight MC events embedded into STAR zero-bias
events, where an unfolding technique is employed in the
correction procedure. The default unfolding algorithm
is based on the Bayesian method from the RooUnfold
software package [45].
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Different sources of systematic uncertainty on the dif-
ferential cross section were investigated. Variations of the
fit functions, signal templates, yield extraction methods
(bin counting vs fit parameter), and momentum resolu-
tion of tracks yield a combined systematic uncertainty
of 7.3%. Track selections with more than 20 or 30 space
points in TPC hits, with more than 10 or 20 space points
of dE/dx determination, and less than 2 cm in a dis-
tance of closest approach with respect to the primary
vertex were investigated and found to lead to a system-
atic uncertainty of 4%. Variation of the electron identi-
fication selection yields a systematic uncertainty of 2%.
The systematic uncertainty associated with the unfold-
ing technique, e.g., regularization parameter (4 vs 10 it-
erations), unfolding algorithm (RooUnfold Bayesian vs
TUnfold [46]), and modified underlying truth distribu-
tions (exponential vs flat), is found to be 3%. The trig-
ger efficiency associated with the trigger simulation of
the BEMC is found to have an uncertainty of 8%. The
systematic uncertainty on the integrated luminosity de-
termined by the STAR experiment during this d+Au run
is 10% [47, 48]. Finally, the systematic uncertainty on
modeling the transversely polarized photon flux is found
to be 2% by varying the Au radius of ±0.5 fm, where
a similar study has been done in Ref. [31] at the LHC.
The different sources of uncertainty are added in quadra-
ture for the total systematic uncertainty, which is found
to be 15.8%. The systematic uncertainty is largely in-
dependent of −t, which is expected given the daughter
electrons in the studied kinematic region are within a
range of momentum with good detector resolutions.

In Fig. 2, the fully corrected differential cross sec-
tion of J/ψ photoproduction in d+Au UPCs at

√
s
NN

=
200 GeV is shown. The total diffractive J/ψ cross
section is labelled “Total data”. Figure. 2 also
shows the n−tagged data, which requires that a neu-
tron be detected in the deuteron-going ZDC from
deuteron breakup. Note that the cross section of
J/ψ photoproduction presented in Fig. 2 can be a mix-
ture of photon-deuteron scattering or photon-gold scat-
tering; however, the probability that the photon is emit-
ted by the deuteron beam is ∼4 orders of magnitude
smaller, therefore negligible in this measurement.

For the full differential cross section reported in
this Letter, three distinct physics processes contribute.
First, the coherent diffractive process requires that the
deuteron stays intact after the interaction. It is possi-
ble that the deuteron can be broken up by a secondary
soft photon, though this is still considered coherent scat-
tering with regard to the J/ψ production mechanism.
The quantitative estimate of the probability of dissocia-
tion by a secondary photon is found to be on the order
of 0.1% [49, 50], which is not significant to the current
measurement. The second contribution is the incoherent
diffractive process, where the primary interaction takes
place at the nucleon level. Due to the small binding en-
ergy of the deuteron (∼ 2.2 MeV), the interaction could
break the deuteron apart into a proton and a neutron.
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FIG. 2. Upper: differential cross section as a function of
p2T,J/ψ of J/ψ photoproduction in UPCs at

√
sNN = 200 GeV.

Data for the total diffractive process are shown with solid
markers, while data with neutron tagging in the deuteron-
going ZDC are shown with open markers. Theoretical pre-
dictions based on the saturation model (Color Glass Con-
densate) [32] and the gluon shadowing model (LTA) [33] are
compared with data, shown as solid lines. Statistical uncer-
tainty is represented by the error bars, and the systematic
uncertainty is denoted by the shaded box. For the lower, ra-
tios of total data and models are presented as a function of
−t ≈ p2T,J/ψ. Color bands are statistical uncertainty based
on the data only, while systematic uncertainty is indicated by
the gray box.

The last contribution is similar to the second, but the
active nucleon fragments and produces particles. When
the deuteron is dissociated by either a primary or sec-
ondary photon, the spectator nucleon is expected to go
in the forward direction.

During the d+Au data taking at STAR, the only
forward detector available was the ZDC. The STAR
ZDC has approximately ±2.5–3 mrad of angular accep-
tance [51], which corresponds to almost 100% acceptance
when the neutron is the spectator nucleon. However,
when the neutron is the leading nucleon interacting with
the quasi-real photon, the nearly 100% acceptance is only
valid for p2T,J/ψ ≈ p

2
T,neutron < 0.1 GeV2. Therefore, with

the ZDC detector alone, separating the three physics pro-



6

0 0.2 0.4
)2 (GeV

ψT, J/
2 p≈-t 

10

210

310

)2
/d

td
y 

(n
b/

G
eV

σd

Total data 
n-tagged data 

Saturation Model (CGC)
Total 
Coherent 
Incoherent 

-1 = 93 nb
int

 = 200 GeV, LNNsd+Au 

0 0.2 0.4
)2 (GeV

ψT, J/
2 p≈-t 

10

210

310

)2
/d

td
y 

(n
b/

G
eV

σd

STAR

Shadowing Model (LTA)
Total 
Coherent 
Incoherent 

FIG. 3. Theoretical predictions of the saturation model [32] (left) and the gluon shadowing model [33] (right). Coherent and
incoherent contributions from the two models are presented separately by dashed lines.

cesses described above across the entire kinematic range
is extremely difficult. In the very low −t region, though,
the n-tagged events are expected to be dominated by the
incoherent scattering process [49, 50], where the ZDC
would be able to capture most of the breakup neutrons.
In addition, there is the possibility of more complicated
incoherent scattering processes, e.g., the photon inter-
acts with both nucleons simultaneously [52–54], where
the data with neutron tagging reported in this measure-
ment will be extremely helpful in constraining these sce-
narios.

In order to further understand the structure of glu-
ons in the deuteron, we compare our data quantitatively
with theoretical predictions. There are two major models
available to predict the J/ψ photoproduction cross sec-
tion in UPCs. One is based on the saturation model
using a dipole-target scattering formalism [32], while
the other is based on the gluon shadowing model using
LTA and Impulse Approximation (IA) [33]. It is impor-
tant to note that for STAR kinematics, where Bjorken-
x ∼ 0.01, a very small saturation or shadowing effect
is expected. Without these effects, however, the data
and model comparisons (and comparison between mod-
els) will be more sensitive to the underlying gluon density
distributions, deuteron breakup processes, etc. There are
a few model variations available for comparison with the
STAR data, while only one variation from each model is
presented in Fig. 2. The presented CGC prediction uses
a AV18 deuteron wavefunction [55] with Qs/shape fluc-
tuations [32]. The presented shadowing model uses the
LTA formalism. Other model variations and their com-
parisons to the data are available in the Supplementary
Material. In Fig. 2, both models present the sum of all
diffractive processes (coherent and incoherent), denoted
by the solid lines. The ratios between the total data and

the two models are shown in the lower panel. Note that
the theoretical uncertainties related to these two models
are significantly less than those of the data in the mea-
sured −t range, and therefore are not shown.

It is found that the prediction based on the saturation
model describes the data better quantitatively. The data
and the saturation model comparison in terms of χ2 per
degree of freedom is found to be 3.38. On the other hand,
the gluon shadowing model over predicts the data over
most of the measured −t range except for the first bin.
The overall data and model comparison in terms of χ2 per
degree of freedom is 13.41, which is significantly larger
than that of the saturation model. In these analyses, no
model parameters are allowed to vary, and so the absolute
differential cross sections from the models are directly
compared with the data.

In Fig. 3, our total and n-tagged data are compared
with the same model predictions from Fig. 2, but decom-
posed into coherent and incoherent contributions. For
the coherent process, the gluon shadowing model predicts
a similar −t distribution as that of the saturation model,
where the slope of coherent −t distribution is generally
a measure of the target size [56]. In contrast, the inco-
herent contributions are found to be similar at high −t
but significantly different at low −t. Both models have
been constrained by the HERA electron-proton measure-
ments [57], which leads to similar high −t descriptions.
However, the low −t distribution is in a regime that is
sensitive to the deuteron breakup, where no experimental
data were available prior to this measurement. There-
fore, by using the forward neutron tagging in the ZDC,
the n-tagged data in Fig. 3 provides the first direct mea-
surement of the incoherent diffractive J/ψ production at
low −t. The result is found to be in better agreement
with the incoherent prediction based on the saturation
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model. A quantitative comparison between the n-tagged
data and incoherent contributions from the two models
can be found in the Supplementary Material.

In conclusion, the differential cross section of
J/ψ photoproduction has been measured as a function
of momentum transfer −t in d+Au ultra-peripheral col-
lisions at

√
sNN = 200 GeV using the STAR detector.

The data are corrected to the photon-deuteron system,
where final-state particles from deuteron breakup are all
included. In addition, the differential cross section with
a single neutron detected in the deuteron-going Zero-
Degree Calorimeter is reported. The data are compared
with theoretical predictions based on the Color Glass
Condensate saturation model and the gluon shadowing
model. The data are found to be in better agreement
with the saturation model, for both the total diffractive
process and the incoherent diffractive process. The data
and model comparisons reported in this Letter place sig-
nificant experimental constraints on the deuteron gluon
density distributions and the deuteron breakups. The re-
ported differential cross section of J/ψ photoproduction
will become an experimental baseline for a high preci-
sion measurement of diffractive J/ψ production at the
upcoming Electron-Ion Collider.
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SUPPLEMENTAL MATERIAL

In Table. I, the data and model comparisons are per-
formed based on the Color Glass Condensate saturation
model [32] in terms of the χ2 per degree of freedom, de-
noted as χ2/ndf. Different theoretical variations are per-
formed, where the coherent contributions are based on
two different deuteron wavefunctions, Hulthen [58] and
AV18 [55]. For the incoherent contribution, the authors
of Ref. [32] has compared with and without saturation
scale (Qs) and nucleon shape fluctuations. A total of
four combinations are presented. Note the fits have no
free parameter, therefore the χ2/ndf values reflect the
direct comparisons between data and models. The fit
range is between 0 and 1.2 GeV2.

It is found that the data slightly favors the AV18 wave
functions. However, the two wave functions are very sim-
ilar at low momentum transfer −t region. For details, see
Ref. [32]. In order to distinguish the details of the two
wavefunctions, we would need a significant better preci-
sion at high −t in the measurement. For the incoherent
production, it is mostly sensitive to the high −t region,
therefore the data cannot conclude which one is better.
Currently, the data is found to be consistent with both
scenarios.

TABLE I. It summarizes the goodness of fits in terms of
χ2/ndf between data and theoretical predictions based on the
Color Glass Condensate saturation model in different combi-
nations of templates [32].

Data/Model comparisons Goodness of fits
(coh,incoh) χ2/ndf
(Hulthen, Qs/shape fluc.) 4.04
(Hulthen, No fluc.) 2.27
(AV18, Qs/shape fluc.) 3.83
(AV18, No fluc.) 2.09

Similarly, in Table. II, the data are compared with
models based on gluon shadowing model with Leading
Twist Approximation (LTA) and the Impulse Approxi-

mation (IA) in terms of the χ2 per degree of freedom [33].
The two comparisons are found to be very similar.

TABLE II. It summarizes the χ2/ndf between data and theo-
retical predictions based on gluon shadowing model LTA and
the impulse approximation.

Data/Model comparisons Goodness of fits
χ2/ndf

Impulse Approximation 13.97
Leading Twist Approximation 13.41

Finally, we make comparisons of incoherent predictions
from both the saturation model and the gluon shadow-
ing model to the n-tagged data only. As the acceptance
of the ZDC is limited, we only compare the data up to
0.3 GeV2. The data is found to be quantitatively bet-
ter described by the saturation model. Given only very
small number of available bins (small number of degree
of freedom) at low −t, the interpretation of the abso-
lute χ2/ndf values is not meaningful, as some values are
significantly below unity. The small number of degrees
of freedoms would not reflect the statistical fluctuations.
However, to compare which model describes the data is
better, the relative difference between the χ2/ndf values
is still reliable.

TABLE III. It summarizes the goodness of fits in terms of
χ2/ndf between data and theoretical predictions based on the
saturation model and gluon shadowing model with incoherent
production only to the n-tagged data.

Data/Model comparisons Goodness of fits
χ2/ndf

Saturation - Qs/shape fluc. 0.81
Saturation - no Qs/shape fluc. 0.54
Shadowing - LTA 8.38
Shadowing - IA 9.04
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