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We calculate the centrality dependence for coherent photoproduction of very low-pT J/ψ at Relativistic Heavy Ion Collider (RHIC)
and Large Hadron Collider (LHC) energies within the impact parameter-dependent saturated color dipole model. By using the
large equivalent photon fluxes, we present the differential cross-section of very low-pT J/ψ produced by coherent photonuclear
in peripheral heavy ion collisions. The numerical results demonstrate that our calculation agrees with J/ψ data in peripheral
heavy ion collisions at Relativistic Heavy Ion Collider (RHIC) energies.

1. Introduction

The Relativistic Heavy Ion Collider (RHIC) and Large
Hadron Collider (LHC) are the most powerful collider for
the central and noncentral heavy ion collisions, offering a
unique opportunity to study fundamental aspects of quan-
tum electrodynamics (QED) and quantum chromodynamics
(QCD). The central collisions of heavy ions provide a unique
tool to create and study the strongly interacting matter,
known as quark-gluon plasma (QGP) at high energy density
and temperature [1–9]. The J/ψ suppression in heavy ion
collisions has been proposed as a signature of QGP forma-
tion [7]. The peripheral collisions of heavy ions at RHIC
and LHC give an opportunity to explore high-energy nuclear
physics with beams of quasi-real photons [10–14]. The J/ψ
can also be produced via the strong electromagnetic fields
generated by heavy ions, e.g., photon-nucleus coherent or

incoherent interactions, in peripheral heavy ion collisions
[15–29]. Recently, a significant excess of J/ψ yield at very
low transverse momenta has been observed by the ALICE
collaboration in peripheral hadronic Pb-Pb collisions withffiffiffiffiffiffiffi
sNN

p = 2:76 TeV at forward rapidity [30], and by the STAR
collaboration in hadronic Au-Au collisions with

ffiffiffiffiffiffiffi
sNN

p =
200GeV and U-U collisions with

ffiffiffiffiffiffiffi
sNN

p = 193GeV at mid-
rapidity [31, 32], that cannot be explained within the
hadronic J/ψ production modified by the cold and hot
medium effects. It indicates that the significant excess maybe
originated from the coherent photoproduction in hadronic
heavy ion collisions (b < 2R). In this process, the strong
electromagnetic fields generated by the colliding ions can
be represented by a spectrum of equivalent photons, that
can be used to study coherent photonuclear interactions.
The quasireal photons coherently interact with the gluon
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field of the other nucleus to produce a J/ψ with low trans-
verse momentum.

In the present work, we investigate the coherent photo-
production of very low-pT J/ψ within the impact
parameter-dependent saturated dipole model, that can be
described by dipole-nucleus scattering amplitude. The dipole
model became an important tool in investigations of deep-
inelastic scattering due to the simple ansatz for the dipole
cross-section integrated over the impact parameter (b), that
was able to describe simultaneously the total inclusive and
diffractive cross-sections. In the color dipole model,
photon-nucleus scattering process is described as the virtual
photon fluctuating into a quark-antiquark color dipole, that
then scatters off the nucleus, via Pomeron exchange, the
perturbative-QCD equivalent of which is the exchange of
gluon ladder. Coherently produced J/ψ in peripheral hadronic
collisions are expected to probe the nuclear gluon distribution
at low Bjorken x which is still considerable uncertainty.

The paper is organized as follows. In Section 2, we present
the coherent photoproduction of very low-pT J/ψ in peripheral
heavy ion collisions within the impact parameter-dependent
saturated dipole model. The numerical results for low-pT J/ψ
in Au-Au and U-U collisions at RHIC energies and Pb-Pb
collisions at LHC energies are plotted in Section 3. Finally,
the conclusion is given in Section 4.

2. General Formalism

In peripheral nucleus-nucleus collisions, the strong interac-
tions are heavily suppressed, and the electromagnetic interac-
tion is expected to dominate. The differential cross-section for
coherent photoproduction of very low-pT charmonium in
peripheral heavy ion collisions within the impact parameter-
dependent saturated dipole model can be written as

dσ = dNγ r, ωð Þdbσγ∗A⟶J/ψA ∣r − b∣,xp,Q2, Δ
� �

= d2rdω
dNγ r, ωð Þ
d2rdω

dt̂d2b
dbσγ∗A⟶J/ψA

dt̂d2b
∣r − b∣,xp,Q2, Δ
� �

,

ð1Þ

where r and b are the impact parameters [7], and t̂ = −Δ2

is the transfer momentum. The energy for the photon is ω =
ðMV /2Þ exp ðyÞ; here, MV and y are the vector meson mass
and rapidity, respectively. In the center-of-mass frame, the
transformation dt̂ ~ dp2T and dω = ωdy can be performed.
Therefore, the differential cross-section for the nucleus-
nucleus collisions can be written in the terms of charmonium
transverse momentum as the following:

dσ
dp2Tdy

=
ð
d2rd2b

dNγ r, ωð Þ
d2rdω

dbσγ∗A⟶J/ψA

dt̂d2b
∣r − b∣,xp,Q2, Δ
� �

,

ð2Þ

Here, xp = ðMV /2Þ exp ðyÞ/ ffiffiffiffiffiffiffi
sNN

p
is the momentum frac-

tion of the gluon probed by the photon.
The equivalent photon spectrum for nucleus can be

obtained from the semiclassical description of high-energy

electromagnetic collisions. A relativistic nucleus with Z
times the electric charge moving with a relativistic factor
γL ≫ 1 with respect to develop an equally strong magnetic
field component; hence, it resembles a beam of photons,
where the number of photons can be expressed as [33–35]

dNγ r, ωð Þ
d2rdω

=
Z2αη2

π2r2ω
K1 ηð Þ + 1

γ2L
K2

0 ηð Þ
� �

, ð3Þ

where η = ωr/γL, ω is the photon momentum, K0ðxÞ and
K1ðxÞ are the Bessel function, and α is the electromagnetic
coupling constant.

The differential cross-section for the quasielastic coher-
ent vector meson photoproduction in nucleus-nucleus colli-
sions can be written as [36, 37]

dbσγ∗A⟶VA

dt̂d2b
∣r − b∣,xp,Q2, Δ
� �

=
R2
g 1 + β2� �
16π

Aγ∗A⟶VA
T ,L ∣r − b∣,xp,Q2, Δ

� ���� ���2, ð4Þ

with

Rg =
22δ+3ffiffiffi

π
p Γ δ + 5/2ð Þ

Γ δ + 4ð Þ , β = tan
πδ

2

� 	
, δ =

∂ ln Aγ∗A⟶VA
T ,L

∂ ln 1/xp
� � :

ð5Þ

The elementary elastic amplitude Aγ∗A⟶VA
T ,L ð∣r − b∣,xp,

Q2, ΔÞ which is defined such that the elastic differential
cross-section for the quark-antiquark color dipole scattering
on the nucleus is given by

Aγ∗A⟶VA
T ,L ∣r − b∣,xp,Q2, Δ

� �
=
ð

dz
4π

d2rde
−i ∣r−b∣− 1−zð Þrd½ �∗Δ × Ψ∗

VΨð ÞT ,L
dbσq�q

d2b
∣r − b∣,rd , xp
� �

,

ð6Þ

Here, the overlaps between the photon and the vector
meson wave functions can be written as [36]

Ψ∗
VΨð ÞT = êf e

Nc

πz 1 − zð Þ m2
f K0 εrdð ÞϕT rd , zð Þ

n
− z2 + 1 − zð Þ2
 �

εK1 εrdð Þ∂rdϕT rd , zð Þ
o
,

Ψ∗
VΨð ÞL = êf e

Nc

π
2Qz 1 − zð ÞK0 εrdð Þ

� m2
vϕT rd , zð Þ + δ

m2
f − ∇2

rd

Mvz 1 − zð Þ ϕL rd , zð Þ
( )

,
ð7Þ

where Nc = 3, êf = 2/3, e =
ffiffiffiffiffiffiffiffi
4πα

p
, and ε2 = zð1 − zÞQ2 +

m2
f , mf is the quark mass, and Mv is the mass of vector

meson. The scalar functions ϕT ,Lðrd , zÞ of vector meson, that
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is parameterized in the boosted Gaussian expressions, have
the following general form [38–42].

ϕ
J
ψ

T ,L rd , zð Þ =N T ,Lz 1 − zð Þ exp −
m2

fR
2

8z 1 − zð Þ −
2z 1 − zð Þr2d

R2 +
m2

fR
2

2

 !
:

ð8Þ

Here, the parameters (N T ,L and R2) of the boosted
Gaussian scalar functions for J/ψ can be found in Ref. [36].

For a large and smooth nucleus, the dipole-nucleus
cross-section ðdbσq�q/d

2bÞð∣r − b∣,rd , xpÞ in Glauber-Gribov
approach is given by [25, 43–47]

dbσq�q

d2b
∣r − b∣,rd , xp
� �

= 2 1 − exp 2πBpATA r − bj jð Þbσq�q rd , xp
� �
 �� 

,

ð9Þ

Here, the diffractive slope parameters (Bp) and the
nuclear profile function TAðjr − bjÞ can be found in Ref.
[48–50]. There are many dipole cross-section parametriza-
tions available in the literature, and we have taken for this
study three representative models. In the Golec-Biernat

and W€usthoff (GBW) model, the dipole cross-section can
be written as [51, 52]

bσGBW
q�q rd , xp

� �
= σ0 1 − e−r

2
dQ

2
s xpð Þ/4� �

, ð10Þ

where σ0 is a constant and Q2
s ðxpÞ denotes the xp depen-

dent saturation scale [36]. Despite the appealing simplicity
and success of the GBW model, it suffers from clear short-
comings. In particular, it does not include scaling violations,
that is not match with QCD Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi (DGLAP) evolution at large Q2. Therefore,
Bartels, Golec-Biernat, and Kowalski (BGBK) proposed a
new the dipole cross-section by replacing Q2 by a gluon
density with explicit DGLAP evolution [53].

bσBGBK
q�q rd , xp

� �
= σ0 1 − exp −

π2r2dαs μ2
� �

xg xp, μ2
� �

3σ0

" #( )
:

ð11Þ

Here xgðxp, μ2Þ is gluon density, and μ2 = C/r2d + μ20 is
the gluon density scale. Therefore, Iancu, Itakura, and
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Figure 1: The very low-pT J/ψ yield in relativistic heavy ion collisions. The dash line (red) is for the GBW model, the dash-dot line (wine) is
for the BGBK model, and the dash-dot-dot line (blue) is for the CGC model. The data points are from the STAR Collaboration [32].
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Munier proposed a new saturation model, the color glass
condensate (CGC) model [54], that can be written as

bσCGC
q�q rd , xp
� �

= σ0
N 0

rd
Qs

� 	2 γs+ 1/κλYð Þ ln 2/rdQsð Þ½ �
, rdQs ≤ 2,

1 − e−A ln2 BrdQsð Þ, rdQs > 2,

8>><>>:
ð12Þ

where Y = ln ð1/xpÞ, γs = 0:63, and κ = 9:9. The coeffi-
cients A and B are determined uniquely by matching of the
two parts of dipole amplitude and their logarithmic deriva-
tives at rdQs = 2, and the free parameters σ0 and N 0 were
determined by a fit to Hadron Electron Ring Accelerator
(HERA) F2 data [36].

The saturation scale Qs which depends on the impact
parameter is given by

Qs =Qs x, bð Þ = x0
x

� �λ/2
exp −

b2

BCGC

 !" #1/2γs
, ð13Þ

where the value of BCGC = 5:5GeV−2 is derived by the t
distribution of the exclusive diffractive processes at Hadron
Electron Ring Accelerator (HERA) [37].

3. Numerical Results

In order to present our results in a way that can be compared
with STAR data from RHIC, we will study the invariant yield
of very low-pT J/ψ production as the following:

Be+e−
dN

dp2Tdy
=
Be+e−

σtotal

dσ
dp2Tdy

, ð14Þ

where Be+e− = 5:97 ± 0:03% is the branching ratio for J/ψ
decay into electron-position pair (J/ψ⟶ e+e−) [55], σtotal
~ 4πR2

T is the total cross-section for nucleus-nucleus colli-
sions [56], RT = 1:2A1/3 f m is the transverse radius of the
nucleus, and A is the nucleon number of the nucleus.

In Figure 1, we plot the spectra of low-pT J/ψ produced
by coherent photoproduction processes in Au-Au collisions
with

ffiffiffiffiffiffiffi
sNN

p = 200GeV and U-U collisions with
ffiffiffiffiffiffiffi
sNN

p = 193
GeV at RHIC, as well as Pb-Pb collisions with

ffiffiffiffiffiffiffi
sNN

p = 5:02
TeV at LHC. Compared with STAR collaboration J/ψ
meson data [32], we can see that our results agree with the
coherently produced J/ψ at very low transverse momentum.

4. Conclusions

Within the impact parameter-dependent saturated color
dipole model, we have investigated the coherently produc-
tion of very low-pT J/ψ in peripheral nucleus-nucleus colli-
sions at RHIC and LHC energies. The scattering between
the virtual photon and the nucleus is seen as the dissociation
of virtual photon into a color dipole dipole with transverse
size followed by the interaction of color dipole with the
proton via gluon exchanges. Our numerical results are con-

sistent with experimental data for Au-Au and U-U collisions
at Relativistic Heavy Ion Collider (RHIC) energies.
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