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Photoproduction of J/ψ in d+Au ultraperipheral collisions
at the BNL Relativistic Heavy Ion Collider
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We argue that the STAR data on J/ψ photoproduction in d + Au ultraperipheral collisions (UPCs) at the
momentum transfer t �= 0 primarily probes elastic and possibly nucleon-dissociative J/ψ photoproduction on
quasifree nucleons, while being essentially insensitive to expectedly weak nuclear modifications of the gluon
distribution in the deuteron. Analyzing the STAR detector capabilities for selection of UPC events, we explore
the possibility that the contribution of nucleon-dissociative J/ψ photoproduction is negligibly small and obtain
a very good description of the t dependence of the STAR total cross section.
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I. INTRODUCTION

Ultraperipheral collisions (UPCs) of relativistic ions have
become a standard tool for studies of quantum chromody-
namics (QCD) [1,2]. In particular, photoproduction of J/ψ
vector mesons off heavy nuclear targets in Pb-Pb UPCs at
the CERN Large Hadron Collider (LHC) provided new con-
straints on the nuclear gluon distribution at small x, see
Ref. [3] for references to the experimental data. These results
have been interpreted within the leading twist approximation
(LTA) [3–5] and also in terms of proton shape fluctuations in
the context of the color glass condensate (CGC) framework
and the color dipole model [6,7].

Recently the STAR collaboration at Brookhaven National
Laboratory (BNL) for the first time measured J/ψ photo-
production in d + Au UPCs at

√
sNN = 200 GeV [8]. Since

the flux of equivalent photons from ions of Au is much
larger than that from the deuteron (the photon flux scales
as Z2 with Z being the ion electric charge), these data are
treated as photoproduction off the deuteron target. The results
for the differential cross section as a function of the momen-
tum transfer squared t were compared in [8] to theoretical
predictions of the two approaches mentioned above and it
was found that the CGC saturation model provides a better
agreement, primarily at large |t |. Note that the theoretical pre-
dictions were made for generic BNL Relativistic Heavy Ion
Collider (RHIC) kinematics and without taking into account
the specifics of STAR detector capabilities for selection of
UPC events.
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The purpose of this paper is to demonstrate that since the
STAR d + Au UPC data correspond to the photon-nucleon
invariant energy W ≈ 25 GeV and, hence, to the parton
momentum fraction x ≈ 0.015, nuclear modifications of the
gluon distribution in the deuteron expectedly play an insignif-
icant role in interpretation of the data, see also the discussion
in [8]; the enhancement in the t → 0 limit is well understood
and explained by nuclear coherence of the gluon density of
the deuteron. Instead, the data at t �= 0 is sensitive primarily
to elastic and possibly nucleon-dissociative J/ψ photopro-
duction on quasifree nucleons, which were previously studied
at HERA at high W . In particular, we explore the scenario
that the dominant range of the produced nucleon-dissociative
masses and the corresponding rapidity interval were vetoed by
the STAR detector system selecting the UPC events, set the
nucleon-dissociative contribution to zero, and obtain a very
good agreement with the STAR data on the total cross section
over the entire range of t . We also suggest that the difference
between the LTA and CGC predictions could come from dif-
ferent extrapolations of the elastic and nucleon-dissociative
J/ψ photoproduction cross sections on the nucleon target
from HERA to RHIC energies.

The remainder of the paper is organized as follows. In
Sec. II, within the LTA, we present the derivation of the cross
section of J/ψ photoproduction off the deuteron, when the
nuclear target can stay intact or dissociate (so-called summed
cross section). Our predictions for the t dependence of the
d + Au UPC cross section and their comparison to the STAR
data are discussed in Sec. III. Finally, we summarize our
findings in Sec. IV.

II. SUMMED CROSS SECTION OFF THE DEUTERON

Applying the formalism of Ref. [9] to J/ψ photoproduc-
tion on the deuteron and using completeness of final nuclear
states, one obtains the following expression for the summed
(coherent+incoherent) γ + d → J/ψ + X differential cross
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section:

dσ sum
d (t )

dt

= χ2

4π

∫
d2�b

∫
d2�b′ei �q·(�b−�b′ )〈0|�†

d ( �b′, �r)�d (�b, �r)|0〉, (1)

where χ is proportional to the γ − J/ψ transition amplitude.
In Eq. (1), �d (�b, �r) is the scattering amplitude on the deuteron
in impact parameter space; �b and �q are two-dimensional vec-
tors of the impact parameter and the momentum transfer,
respectively; the latter is taken to be transverse, t = −|�q|2.
The matrix element 〈0| · · · |0〉 stands for the integration with
the deuteron ground-state wave function �d (�r) squared:

〈0|�†
d ( �b′, �r)�d (�b, �r)|0〉 =

∫
d3�r |�d (�r)|2�†

d ( �b′, �r)�d (�b, �r),

(2)

where �r is the relative distance between the proton and the
neutron in the deuteron; averaging over the deuteron polariza-
tion is implied. In our analysis, we used the Paris deuteron
wave function [10].

In the Glauber multiple scattering approach [11], the γ +
d → J/ψ + X nuclear scattering amplitude �d (�b, �r) can be
expressed in terms of the nucleon scattering amplitudes �N

corresponding to the γ + N → J/ψ + N process (elastic pro-
duction) and �Y corresponding to the γ + N → J/ψ + Y
process (nucleon dissociation), respectively, as follows (we do
not distinguish protons and neutrons):

�d (�b, �r) = �N

(
�b − �r

2

)
+ �N

(
�b + �r

2

)

−�N

(
�b − �r

2

)
�N

(
�b + �r

2

)
+ �Y

(
�b − �r

2

)

+�Y

(
�b + �r

2

)
− �N

(
�b − �r

2

)
�Y

(
�b + �r

2

)

−�Y

(
�b − �r

2

)
�N

(
�b + �r

2

)

−�Y

(
�b − �r

2

)
�Y

(
�b + �r

2

)
, (3)

where �b − �r/2 and �b + �r/2 denote the coordinates of the two
nucleons in the deuteron. Equation (3) corresponds to the
interaction with one and two nucleons of the nuclear target and
generalizes the classic result of the Gribov-Glauber theory of
nuclear shadowing for hadron-deuteron scattering [12,13] by
including the contribution of nucleon dissociation.

The nucleon scattering amplitudes are parametrized in the
following form [9]:

�N (�b) =
√

16πdσel(t = 0)/dt

4πBelχ
e−|�b|2/(2Bel ),

(4)

�Y (�b) =
√

16πdσdiss(t = 0)/dt

4πχ

∫
d2 �q′

2π
e−i �q′ ·�b fpd (t ′),

where dσel(t )/dt is the cross section of the γ + N →
J/ψ + N elastic production on the nucleon and Bel = 4.3 ±

0.2 GeV−2 [14] is the slope of its t dependence; dσdiss(t )/dt
is the cross section of the nucleon-dissociative J/ψ pho-
toproduction γ + N → J/ψ + Y with fpd (t ) giving its t
dependence, see details below.

Substituting Eq. (3) into Eq. (1), one notices that the re-
sulting terms can be grouped together as follows (we need
to consider only the terms even in powers of �Y since the
terms odd in �Y do not contribute to the matrix element
in Eq. (2)). The terms �

†
N ( �b′ ± �r/2)�N (�b ± �r/2) decouple

from the integration with |�d (�r)|2 and correspond to the
dσel(t )/dt cross section, while the terms �

†
Y ( �b′ ± �r/2)�Y (�b ±

�r/2) correspond to dσdiss/dt . The interference terms �
†
N ( �b′ ±

�r/2)�N (�b ∓ �r/2), when integrated with the deuteron wave
function squared, result in the product of the deuteron charge
form factor Fd (4t ) and the dσel(t )/dt cross section on the
nucleon. Note that 4t argument of the deuteron form factor
is a characteristic feature of the summed cross section and the
nuclear shadowing correction, which originates from taking
into account the effect of the deuteron center of mass. A sim-
ilar contribution results from the �

†
Y ( �b′ ± �r/2)�Y (�b ∓ �r/2)

interference terms.
The higher terms O(�3

N ) give a small negative contribution
to the summed cross section and, hence, describe the effect
of nuclear shadowing. While their effect is negligibly small
in the considered kinematics, it is still instructive to present
the LTA shadowing correction to the summed nuclear cross
section since it has not been discussed in the literature. For
a review and extensive references on early results on pho-
toproduction of light and heavy vector mesons off light and
heavy nuclei, see Ref. [11]. To understand the structure of
the answer, one notices that, e.g., in the �

†
N ( �b′ − �r/2)�N (�b −

�r/2)�N (�b + �r/2) term, the first factor is proportional to the
elastic γ + N → J/ψ + N amplitude, while the product of
the last two factors is proportional to the (dσdiff/dt )/σtot

ratio of the diffractive and total cross sections of in-
clusive deep inelastic scattering (DIS) on the nucleon
γ ∗ + N → X + N [15].

Neglecting a vanishingly small contribution O(�2
Y ) to the

shadowing term, one obtains the following expression for the
summed cross section:

dσ sum
d (t )

dt
= 2(1 + Fd (4t ))

(
dσel(t )

dt
+ dσdiss(t )

dt

)

− 8
dσel(t = 0)

dt
e−Bel t/2 dσdiff/dt (t = 0)

σtot

×
∫

d2 �q′

2π
e−B(| �q′ |2+�q′ · �q+t/2)Fd (4t ′), (5)

where B ≈ 6 GeV−2 [16] is the slope of the t dependence
of the diffractive γ ∗ + N → X + N differential cross section.
Note that the deuteron quadrupole form factor does not con-
tribute to the summed cross section, see Ref. [17].

Equation (5) has a transparent physical interpretation.
The first line is the impulse approximation (IA), where the
overall factor of two reflects the contributions of two nu-
cleons (proton and neutron) in the deuteron and the factor
of Fd (4t ) originates from the interference of the proton and
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neutron contributions at small t . Note that the slope of the
t dependence of this term is twice as large as that for the
coherent cross section on the deuteron in IA. In the t → 0
limit, dσ sum

d (t )/dt = 4(dσel(t )/dt + dσdiss(t )/dt ). The sec-
ond and third lines in Eq. (5) give the negative shadowing
correction, whose strength is driven by the (dσdiff/dt )/σtot

ratio and whose t dependence is determined by the geometry
of the photon-deuteron scattering in transverse plane, i.e., by
the deuteron form factor and the slopes Bel and B.

In LTA, the shadowing correction in J/ψ photoproduction
can be expressed in terms of the nuclear shadowing factor for
the gluon distribution in the deuteron gd (x, Q2) at small x. The
latter is given by the following relation [15]:

Sg(x) = gd (x, Q2)

2gN (x, Q2)

= 1 − dσdiff/dt (t = 0)

σtot

∫
dt ′e−Bt ′

Fd (4t ′), (6)

where gN (x, Q2) is the free nucleon gluon distribution. Note
that all involved cross sections implicitly depend on energy
(Bjorken x).

Equation (6) allows us to rewrite the expression for the
summed cross section in the following final compact form:

dσ sum
d (t )

dt
= 2(1 + Fd (4t ))

(
dσel(t )

dt
+ dσdiss(t )

dt

)

− 8
dσel(t = 0)

dt
(1 − Sg(x))e−(Bel+B)t/2, (7)

where we neglected the numerically unimportant e−B �q′ · �q term
in Eq. (5).

Since the deuteron is the lightest nucleus and the STAR
kinematics corresponds to W ≈ 25 GeV [8], x = M2

J/ψ/W 2 ≈
0.015, and Q2 ≈ M2

J/ψ/4 ≈ 2.4–3 GeV2 (MJ/ψ is the mass of
J/ψ and Q is a generic value of the resolution scale probed in
J/ψ photoproduction), the gluon shadowing correction in this
case is very small, Sg(x) = 0.99, i.e., on the order of 1% [15].
This explicit numerical estimate supports a similar conclusion
in Ref. [8].

III. LTA PREDICTIONS FOR t DEPENDENCE OF d + Au
UPC CROSS SECTION AND COMPARISON TO STAR DATA

It is customary to present UPC cross sections as a function
of the rapidity of the produced final state, in the considered
case, the J/ψ rapidity y. In the STAR notation, the UPC cross
section and the cross section at the photon level are related via
the photon flux 	T,γ ,

d2σ d+Au→J/ψ+X

dtdy
= 	T,γ

d2σγ+d→J/ψ+X

dtdy
, (8)

where t = −| �pT |2 and �pT is the J/ψ transverse momentum.
Note that J/ψ photoproduction on the gold nuclei can be
safely neglected because the photon flux due to the deuteron
ions is suppressed approximately by the factor of 1/(792) =
1/6240 compared to that due to the gold ions. Since the STAR
results are given for d2σγ+d→J/ψ+X /(dtdy), our predictions
can be readily compared to the data. This is presented in
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FIG. 1. The summed γ + d → J/ψ + X differential cross sec-
tion as a function of |t |: The LTA predictions (blue dot-dashed curve)
and the STAR data [8] for the total cross section. The experimental
statistical and systematic errors have been added in quadrature.

Fig. 1, which shows predictions of Eq. (7) for the summed
γ + d → J/ψ + X cross section as a function of |t | (blue
dot-dashed curve) and the STAR data [8] for the total cross
section (filled circles). The error bars represent statistical and
systematic errors added in quadrature. A comparison of the
LTA prediction to the filled circles shows that while the theory
describes well the data within experimental errors at small |t |,
it significantly overestimates the data for |t | > 0.2 GeV2.

This discrepancy cannot be attributed to the gluon nuclear
shadowing since it affects the summed cross section only
at the level of a few percent. In fact, with 1–2% precision,
Eq. (5) for |t | > 0.2 GeV2 can be written in the following
approximate simple form:

dσ sum
d (t )

dt
≈ 2

dσel(t )

dt
+ 2

dσdiss(t )

dt
, (9)

thus emphasizing that the gluon nuclear shadowing or details
of the nuclear structure (deuteron wave function) do not play
a role here.

At this point it is important to discuss the input for the
elastic and proton-dissociative cross sections of J/ψ pho-
toproduction on the nucleon. In our analysis, we used the
low-energy (LE) H1 parametrization based on the data cov-
ering the 25 GeV < W < 80 GeV interval [14]. In particular,
we combined results of the fit for the W dependence in Table
3 of Ref. [14] with that for the t dependence in Table 2. The
resulting parametrization reads

dσel(t )

dt
= Nel

(
W

90

)δel

bel e
−bel |t |,

(10)
dσdiss(t )

dt
= Npd

(
W

90

)δpd fpd (t )∫
dt ′ fpd (t ′)

,

where Nel = 81 ± 3 nb, δel = 0.67 ± 0.03, and bel = 4.3 ±
0.02 GeV−2 for the elastic case; Npd = 62 ± 12 nb, δpd =
0.42 ± 0.05, and fpd (t ) = 1/(1 + bpd |t |/n)n with n = 3.58
and bpd = 1.6 ± 0.2 GeV−2 for the nucleon-dissociative case.
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FIG. 2. The summed γ + d → J/ψ + X differential cross sec-
tion as a function of |t |: the LTA predictions with the dσdiss/dt = 0
scenario (red solid curve) vs. the STAR data [8] for the total cross
section (filled circles). The data for the neutron-tagged cross sec-
tion are shown by open circles. Our result from Fig. 1 is given by the
blue dot-dashed curve.

Note that the H1 analysis included the proton-dissociative
masses in the range mp < MY < 10 GeV [14]. A simple es-
timate in the case of the RHIC kinematics shows that the
nucleon-dissociative final state covers the rapidity interval
�y = (1/2) ln[(M2

Y + |t |)/(m2
p + |t |)] ≈ 2, which is adjacent

to the |yN | = ln[2EN/(m2
p + |t |)1/2] ≈ 5 rapidity of the final-

state nucleon scattered quasielastically. When comparing our
calculations to the RHIC UPC data, one has to keep in mind
that in selection of UPC events, the STAR detector covers
a wide range of rapidities vetoing events with dissociation.
This includes |y| < 1 covered by the time projection chamber
(TPC), 3.4 < |y| < 5 covered by two beam-beam counters
(BBCs), and zero degree calorimeters (ZDCs) tagging for-
ward neutrons. Therefore, the nucleon-dissociative state Y is
predominantly produced in the rapidity region covered by the
STAR detector and, hence, can be effectively rejected.

To explore the possibility that the range of MY included
in the STAR analysis is significantly smaller than that in the
H1 case, we set dσdiss/dt = 0 in Eq. (7). Note that since
dσdiss/dt � dσel/dt for sufficiently large |t |, the discrep-
ancy mentioned above should originate from a modeling of
dσdiss/dt . The resulting prediction is given by the red solid
curve in Fig. 2 and leads to a very good agreement with the
STAR data over the entire range of t . For comparison, we
also show our result from Fig. 1 by the blue dot-dashed curve,
which includes the nucleon-dissociative events.

Note that the H1 measurement of proton-dissociative J/ψ
photoproduction [14] is the only collider data in the relevant
range of W = 25 GeV; the earlier ZEUS data [18] correspond
to higher W , 80 GeV < W < 120 GeV.

The comparison of the LTA results to the RHIC data pre-
sented in Fig. 2 should be taken with some degree of caution.
First, the RHIC data correspond to the rapidity range |y| <

1, where the UPC cross section of J/ψ photoproduction at
RHIC energies has a rapid y dependence, see, e.g., [19,20].
Second, to validate our hypothesis of the absence of the
nucleon-dissociative contribution, it is important to model the

distribution over the momentum of the recoiled nucleons and
to utilize the “n-tagged data” (open circles in Fig. 2), which is
beyond the scope of the present article.

To explain the latter point, we notice that the incoherent
cross section is given by the difference between the summed
and coherent cross sections, which in IA reads

dσ inc
d (t )

dt
= dσ sum

d (t )

dt
− dσ coh

d (t )

dt

= 2
dσel(t )

dt
(1 + Fd (4t ) − 2|Fd (t )|2)

+ 2
dσdiss(t )

dt
(1 + Fd (4t )). (11)

Thus, our hypothesis of the absence of a noticeable nucleon-
dissociative contribution seems to be supported by “n-tagged
data” for |t | < 0.1 GeV2 since the difference between the
solid and open circles in Fig. 2 can be explained by the con-
tribution of coherent J/ψ photoproduction off the deuteron.
In the 0.1 < |t | < 0.4 GeV2 range, the measured cross
sections with and without neutron-tagging agree within ex-
perimental errors and are also described by our calculations
neglecting the nucleon-dissociation contribution. At the same
time, the data at |t | > 0.4 GeV2 require further analysis.

We discussed in the Introduction that the STAR data on
J/ψ photoproduction in d + Au UPCs is described well
within the CGC framework with nucleon shape fluctuations
[21]. We also explained above that the effect of leading
twist gluon nuclear shadowing as well as details of the
deuteron structure are largely unimportant for |t | � 0.2 GeV
and that the summed cross section on the deuteron should
be reproduced sufficiently accurately by approximate Eq. (9).
Therefore, the difference in predictions of the LTA and CGC
approaches could come from different extrapolations of the
dσel(t )/dt and dσdiss(t )/dt cross sections on the nucleon from
HERA to RHIC energies. Note also that the CGC approach
considers cross sections integrated over MY , which makes
it challenging to do a comparison with the data containing
various cuts on MY .

IV. SUMMARY

In this paper, we argue that the STAR data on J/ψ pho-
toproduction in d + Au UPCs for t �= 0 primarily probes
elastic and probably nucleon-dissociative J/ψ photoproduc-
tion on quasifree nucleons and is essentially insensitive to
nuclear modifications of the gluon distribution in the deuteron.
Exploring the possibility that the nucleon-dissociative contri-
bution is negligibly small, we obtain a very good description
of the t dependence of the STAR total cross section. We point
out that the difference between the LTA and CGC predictions
could come from different extrapolations of the elastic and
nucleon-dissociative J/ψ photoproduction cross sections on
the nucleon from HERA to RHIC energies.
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