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Heavy quarkonium production in ultraperipheral nuclear collisions (UPC) is described within the QCD
dipole formalism. Realistic quarkonium wave functions in the QQ̄ rest frame are calculated by solving the
Schrödinger equation with a subsequent Lorentz boost to high energy. We rely on several realistic QQ̄
potentials, which allow us to describe well the quarkonium masses and decay widths, as well as data on
diffractive electroproduction of quarkonia on protons. Nuclear effects are calculated with the phenom-
enological dipole cross sections fitted to deep-inelastic scattering (DIS) data. The higher twist quark
shadowing related to the lowest QQ̄ Fock component of the photon, as well as the leading twist gluon
shadowing, related to higher components containing gluons, are included. The results for coherent and
incoherent photoproduction of charmonia and bottomonia in UPC of heavy nuclei are in good accord with
available data from the LHC. They can also be verified in future experiments at electron-ion colliders.
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I. INTRODUCTION

Ultra-peripheral collisions (UPC) of nuclei at high
energies correspond to collisions with impact parameter
much larger than the sum of nuclear radii. Correspondingly,
the total cross section of UPC is much larger than that of
collisions with nuclear overlap. Besides, UPC is the
dominant source of heavy vector mesons. Collisions with
double rapidity gaps can be interpreted as photon-Pomeron
fusion into a heavy vector meson V ¼ J=ψð1SÞ, ϒð1SÞ, or
their radial excitations. In impact parameter space the
Pomeron is short range exchange, while the radius of
photon exchange is infinitely large.
UPC provide a unique access to photon-nucleus inter-

actions. Weizsäcker-Williams photons, originated from one
of the nuclei, can interact diffractively with another one.
The mechanisms of photoproduction of vector mesons on
nuclei have been studied pretty well beyond the Glauber
approximation, either in the multichannel approach [1],
or employing the color dipole model [2]. Having a

comprehensive understanding of photoproduction mecha-
nisms, one can switch to description of nuclear UPC, as
was done in Ref. [3].
Within the popular light-front (LF) color dipole approach

[2,4–14] (for recent studies of quarkonium photo- and
electroproduction, see also Refs. [15–18]), the effect, known
as color transparency (CT), significantly affects heavy
quarkonium photoproduction off nuclei. It is controlled by
the formation length lf, characterizing evolution of the QQ̄
pair, evolving from the small initial size∼1=mQ, wheremQ is
the heavy quark mass, up to a larger nonperturbative size of
the quarkonium. The corresponding expression for lf can be
obtained in the nuclear rest frame from the condition that the
relative phase shift between the two lowest levels, V and V 0
becomes of the order of unity [2,9],

lf ¼ 2k
M2

V 0 −M2
V
; ð1:1Þ

where k is the photon energy and MV and MV 0 are the
quarkonium masses in 1S and 2S states, respectively.
Another important length scale, called coherence length

(CL) [2,9], characterizes the phase shift between QQ̄
photoproduction amplitudes with different longitudinal
coordinates of interaction. It has the following form,

lc ¼
2k
M2

V
; ð1:2Þ
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The amplitudes are coherent, provided that the length
interval Δl ≪ lc. The coherence length lc can also be
interpreted as a lifetime (or path) of the QQ̄ fluctuation of
the photon.
In our calculations of nuclear effects we rely, for the sake

of simplicity, on the eikonal approximation for in-medium
propagation of long-livedQQ̄ photon fluctuations, which is
relevant at rapidity y ¼ 0. However, at forward or backward
rapidities at the Large Hadron Collider (LHC), as well as at
Relativistic Heavy Ion Collider (RHIC), such an approxi-
mation cannot be applied anymore because the coherence
length Eq. (1.2) becomes too short at least for one of the
colliding nuclei. Here, for the first time, we apply the
rigorous path-integral technique as is described in Sec. II D.
Another source of nuclear suppression, called gluon

shadowing (GS), in terms of parton model looks like
reduction of gluon density in nuclei at small Bjorken x.
In the infinite momentum frame of the nucleus this occurs
due to longitudinal overlap and fusion of gluons, originated
from different bound nucleons. This effect is difficult to
evaluate, and usually extracted from the global fits to data.
The result is unreliable and is known only for the density
integrated over impact parameter.
The parton model description is not Lorentz invariant

(only observables are), it depends on reference frame. What
looks like gluon fusion in the infinite momentum frame of
the nucleus, corresponds to usual Glauber-like shadowing
of the photon fluctuations in the nuclear rest frame.
Namely, gluon reduction corresponds to shadowing of
higher Fock components of the photon, which contain
one or more gluons (corrected for the effect for the lowest
Fock state jQQ̄i) [19]. The transverse size of such
fluctuations depends on the hard scale (mQ) logarithmi-
cally, so is the leading twist effect.
Notice that onset of gluon shadowing requires much

smaller x in comparison with the QQ̄ component. That
happens due to a specifically short coherence length for
higher Fock states, lGc ≪ lc. They differ by an order of
magnitude [19,20]. Since the transverse size of QQ̄ − G
dipoles fluctuates during propagation through the nucleus,
even at very high energies of the LHC, one cannot rely on
the “frozen” eikonal approximation, lGc ≫ RA, where RA is
the nuclear radius. For this reason, our calculations of the
GS effect are performed relying on the Green’s function
formalism [19,21,22].
In the present paper we incorporate various improve-

ments in theoretical description of quarkonium photo-
production off nuclei, performed in Ref. [19], and apply
them also to UPC at RHIC and the LHC. We include the
higher- and leading-twist shadowing corrections corre-
sponding to the jQQ̄i and jQQ̄Gi Fock state of the photon,
respectively. The multigluon Fock components have too
short coherence length to generate a significant shadowing
effects even at very high energies of the LHC. Moreover, as
is discussed in Ref. [19] (see also Refs. [23–26]), we ignore

the frequently used unjustified model of the photon-like
V → QQ̄ transition, which would lead to an exaggerated
weight of the D-wave in the rest frame quarkonium wave
function.
The paper is organized as follows. We present expres-

sions for calculations of differential cross sections dσ=dy
corresponding to coherent (elastic) and incoherent (qua-
sielastic) heavy quarkonium production in UPC in Secs. II A
and II B, respectively. Incorporation of a small real part
of the production amplitude, as well as spin rotation effects
is explained in Sec. II C. In the following Sec. II D we
discuss the two main effects, which influence on nuclear
effects in UPC: (i) the corrections for a finite coherence
length, and (ii) gluon shadowing. The former effect is
calculated for the first time within the LF dipole approach
based on the Green’s function formalism, leading to the
results, that are substantially different from the standard
vector dominance model (VDM). The following Sec. III is
devoted to comparison of model predictions with available
data and to the analysis of particular nuclear effects in
coherent and incoherent quarkonium production in UPC.
Finally, the last Sec. IV contains a summary and con-
cluding remarks.

II. QUARKONIUM PRODUCTION CROSS
SECTION IN ULTRAPERIPHERAL COLLISIONS

The large charge Z of colliding heavy nuclei gives rise to
strong electromagnetic fields: in a heavy-ion UPC, the
photon field of one nucleus can produce a photonuclear
reaction in the other. Then the cross section for photo-
production of a vector meson V by the Weizsäcker-
Williams photons can be written in the rest frame of the
target nucleus A as follows [27]:

k
dσ
dk

¼
Z

d2τ
Z

d2bnðk; b⃗− τ⃗; yÞd
2σAðs; bÞ
d2b

þfy→ −yg;

ð2:1Þ

where the rapidity variable y ¼ ln½s=ðMV
ffiffiffiffiffi
sN

p Þ�≈
ln½ð2kM þM2Þ=ðMV

ffiffiffiffiffi
sN

p Þ�.
The formula (2.1) is derived in the one-photon-exchange

approximation. Here the variable τ⃗ is the relative impact
parameter of a nuclear collision, and b⃗ is the impact
parameter of the photon-nucleon collision relative to the
center of one of the nuclei. Particularly, the collision of
identical nuclei with the nuclear radius RA in UPC leads to
a condition that the impact parameter τ > 2RA [27].
The variable nðk; b⃗Þ in Eq. (2.1) represents the photon

flux induced by the projectile nucleus with Lorenz factor γ
and has the following form,

nðk; b⃗Þ ¼ αemZ2k2

π2γ2

�
K2

1

�
bk
γ

�
þ 1

γ2
K2

0

�
bk
γ

��
; ð2:2Þ
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where αem ¼ 1=137.036 is the fine-structure constant, K0;1

are the modified Bessel functions of the second kind and
the Lorentz factor γ ¼ 2γ2col − 1 with γcol ¼ ffiffiffiffiffi

sN
p

=2M. The
first and the second term in Eq. (2.2) corresponds to the
flux of photons transversely and longitudinally polarized
to the ion direction, respectively. The former photon
flux dominates in ultrarelativistic collisions with γ ≫ 1.
Consequently, in heavy-ion UPC at RHIC and the LHC one
can safely neglect the second term in Eq. (2.2) treating
the photons as almost real due to very small virtuality,
−q2 ¼ Q2 < 1=R2

A.

A. Coherent production of quarkonia

To calculate the cross sections for coherent (coh)
quarkonium production, γA → VA, we use the light-front
dipole approach [2], which has been applied to describe
J=ψ photoproduction off nucleons [12,23,24] and nuclei
[21,28]. In this approach, assuming sufficiently large
photon energies, corresponding to most of the kinematic
regions studied in the present paper when the CL (1.2)
lc ≫ RA, the nuclear cross section takes a simple asymp-
totic form,

d2σcohA ðs; bÞ
d2b

����
lc≫RA

¼
����
Z

d2r
Z

1

0

dαΨ�
Vðr⃗; αÞ

×

�
1 − exp

�
−
1

2
σQQ̄ðr; sÞTAðbÞ

��
Ψγðr⃗; αÞ

����
2

≡
����
Z

d2r
Z

1

0

dαΣcoh
A ðr; α; s; bÞ

����
2

: ð2:3Þ

Here we rely on the optical approximation, assuming the
elastic dipole amplitude pure imaginary, which is rather
accurate for heavy nuclei. Expression (2.3) is frequently
called “frozen” approximation, assuming that the trans-
verse separation of the jQQ̄i Fock state of the photon does
not change during propagation through a nuclear medium.
It represents the higher twist shadowing correction since
the Q − Q̄ transverse separation diminishes as 1=mQ.
In Eq. (2.3) TAðbÞ ¼

R∞
−∞ dzρAðb; zÞ is the nuclear

thickness function normalized as
R
d2bTAðbÞ ¼ A, where

ρAðb; zÞ is the nuclear density function, for which we
employ the realistic Wood-Saxon form with parameters
taken from [29];ΨVðr;αÞ is the LF wave function for heavy
quarkonium; Ψγðr; αÞ is the LF distribution or the wave

function of the QQ̄ Fock component of the quasireal
(transversely polarized) photon, where the QQ̄ fluctuation
(dipole) has the transverse size r⃗ and the variable α ¼
pþ
Q=p

þ
γ is the boost-invariant fraction of the photon

momentum carried by a heavy quark (or antiquark).
The universal dipole-nucleon total cross section

σQQ̄ðr; sÞ depends on transverse dipole separation r and
c.m. energy squared s ¼ MV

ffiffiffiffiffi
sN

p
exp½y�. Energy depend-

ence of the dipole cross section can be alternatively
included also via variable x ¼ M2

V=s ¼ MV exp½−y�= ffiffiffiffiffi
sN

p
.

Notice that the coherent cross section, Eq. (2.3), is
different from the usual Glauber expression [30] due to
presence of the dipole cross section [31]. It effectively
includes the Gribov inelastic shadowing corrections [32,33]
in all orders for the QQ̄ Fock component of the photon.

B. Incoherent production of quarkonia

Besides “elastic” coherent photoproduction γA → VA,
where the nucleus remains intact, the vector meson can be
produced in a quasielastic process γA → VA�, where the
nucleus is excited and decays to fragments. Important is
that additional meson production is excluded. In this case,
one can sum over different products of nuclear excitation
and employ the conditions of completeness. Of course, one
channel of elastic photoproduction must be subtracted. It is
instructive to see the result within the Glauber approxima-
tion [34],

d2σincA ðs; bÞ
d2b

����
Gl

lc≫RA

∝ exp ½−σVNin TAðbÞ� − exp ½−σVNtot TAðbÞ�

¼ exp ½−σVNtot TAðbÞ�
× fexp ½−σVNel TAðbÞ� − 1g: ð2:4Þ

Here the inelastic V − N cross section σVNin ¼ σVNtot − σVNel ,
where the elastic cross section

σVNel ≈
ðσVNtot Þ2
16πBVN ð2:5Þ

and BVN is the slope of the differential elastic V − N cross
section.
The cross section of incoherent (inc) photoproduction

has the form, analogous to (2.4), but with additional
integrations over the dipole size (see derivation in
Sec. VII of Ref. [35]),
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d2σincA ðs; bÞ
d2b

����
lc≫RA

¼
Z

d2r1

Z
1

0

dα1Ψ�
Vðr⃗1; α1ÞΨγðr⃗1; α1Þ exp

�
−
1

2
σQQ̄ðr1; sÞTAðbÞ

�

×
Z

d2r2

Z
1

0

dα2Ψ�
Vðr⃗2; α2ÞΨγðr⃗2; α2Þ exp

�
−
1

2
σQQ̄ðr2; sÞTAðbÞ

�

×

�
exp

�
σQQ̄ðr1; sÞσQQ̄ðr2; sÞ

16πBðsÞ TAðbÞ
�
− 1

	
: ð2:6Þ

The elastic cross section of a heavy quarkonium on a nucleon is rather small and the exponential in the last row of Eq. (2.6)
can be expanded. Then we arrive at a simple result [21],

d2σincA ðs; bÞ
d2b

����
lc≫RA

≈
TAðbÞ
16πBðsÞ

����
Z

d2r
Z

1

0

dαΨ�
Vðr⃗; αÞΨγðr⃗; αÞσQQ̄ðr; sÞ exp

�
−
1

2
σQQ̄ðr; sÞTAðbÞ

�����
2

≡ TAðbÞ
16πBðsÞ

����
Z

d2r
Z

1

0

dαΣinc
A ðr; α; s; bÞ

����
2

: ð2:7Þ

C. Real part of the production amplitude
and spin rotation effects

Both Eqs. (2.3) and (2.7) contain a small correction due
to the real part of the γN → VN amplitude applying the
following replacement [6,36,37],

σQQ̄ðr; sÞ ⇒ σQQ̄ðr; sÞ
�
1 − i

π

2

∂ ln σQQ̄ðr; sÞ
∂ ln s

�
: ð2:8Þ

The advantage of the S-wave heavy quarkonia, consid-
ered in the present paper, is based on a simple factorization
of the radial and spin-dependent components of their wave
functions. Here is well defined in the QQ̄ rest frame and
can be obtained by solving the Schrödinger equation for
various realistic interaction potentials between Q and Q̄
proposed in the literature. In our calculations, we choose
two of them, the powerlike (POW) [38,39] and
Buchmüller-Tye (BT) [40] potentials, which provide the
best description of available data on charmonium electro-
production off protons, as was demonstrated in Ref. [24].
For the dipole cross section, we employ three popular
parametrizations—Kopeliovich-Schäfer-Tarasov (KST)
from Ref. [22], Golec-Biernat-Wüsthoff (GBW) from
Refs. [41,42], and Bartels-Golec-Biernat-Kowalski
(BGBK) from Ref. [43].
Treating the structure of the V → QQ̄ vertex from

Refs. [3,19,21,23,24,44] the Melosh spin transformation
[45] is incorporated performing following substitutions in
Eqs. (2.3) and (2.7),

Σcoh
A ðr; α; s; bÞ ⇒ Σcoh

A ðr; α; s; bÞ · ½Σð1Þðr; αÞ þ Σð2Þðr; αÞ�
Σinc
A ðr; α; s; bÞ ⇒ Σinc

A ðr;α; s; bÞ · ½Σð1Þðr; αÞ þ Σð2Þðr; αÞ�;
ð2:9Þ

where

Σð1;2Þðr; αÞ ¼ NK0;1ðmQrÞ
Z

∞

0

dpTpTJ0;1ðpTrÞ

×ΨVðα; pTÞRð1;2ÞðpTÞ ð2:10Þ

with

Rð1ÞðpTÞ ¼
2m2

QðmL þmTÞ þmLp2
T

mTðmL þmTÞ
;

Rð2ÞðpTÞ ¼
m2

QðmL þ 2mTÞ −mTm2
L

mQmTðmL þmTÞ
pT: ð2:11Þ

Here N ¼ ZQ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Ncαem

p
=4π, where the factor Nc ¼ 3

represents the number of colors in QCD, ZQ ¼ 2
3
and 1

3

are the charge-isospin factors for the production of char-
monia and bottomonia, respectively, and J0;1 are the Bessel
functions of the first kind. The variables mT;L in the above
formulas have the following form,

mT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

Q þ p2
T

q
; mL ¼ 2mQ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
αð1 − αÞ

p
: ð2:12Þ

Note that the new form of Eqs. (2.9)–(2.11) does not
require performing the so-called “resummation pro-
cedure” proposed in [21] in order to include properly
the spin rotation effects in nuclear photoproduction cross
sections (2.3) and (2.7).
For numerical calculations, following the results from

Refs. [3,21,23,24,44], we relied on the charm and the
bottom quark masses, corresponding to the values used
with the realistic phenomenological models for the Q − Q̄
interaction potential, such as POW and BT. Consequently,
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the LF quarkonium wave functions ΨVðα; rÞ have been
obtained adopting the Lorentz boosting procedure as
described in Ref. [46] and justified in Ref. [47].

D. Corrections for a finite coherence length
and the gluon shadowing

As was already mentioned above, the Green’s function
approach allows to include directly the effects of quantum
coherence without any restrictions for the magnitude of CL,
Eq. (1.2). However, as an alternative and a more simple
way, instead of such a complicated method, one can use
expressions (2.3) and (2.7) for nuclear cross sections in the
limit of long CL, lc ≫ RA, and then provide additional
corrections for a finite CL when lc ≲ RA. Such an incor-
poration of finite-lc effects via the effective correction
factors (form factors), Fcohðs; lcÞ and Fincðs; lcÞ based on

VDM has been suggested in Ref. [48] and employed in
Ref. [21] for calculations of charmonium photoproduction
off nuclei. Then nuclear cross sections corrected to the
finite coherence length effects are given as

d2σcohA ðs; bÞ
d2b

¼ d2σcohA ðs; bÞ
d2b

����
lc≫RA

· Fcohðs; lcðsÞÞ;

d2σincA ðs; bÞ
d2b

¼ d2σincA ðs; bÞ
d2b

����
lc≫RA

· Fincðs; lcðsÞÞ: ð2:13Þ

In the present paper, as the further improvement, instead
of VDM the corresponding factors Fðs; lcÞ have been
calculated within a more sophisticated Green’s function
formalism and have the following form,

Fcohðs; lcÞ ¼
Z

d2b

����
Z

∞

−∞
dzρAðb; zÞF1ðs; b; z; lcÞ

����
2



ð…Þ
����
lc→∞

; ð2:14Þ

Fincðs; lcÞ ¼
Z

d2b
Z

∞

−∞
dzρAðb; zÞjF1ðs; b; z; lcÞ − F2ðs; b; z; lcÞj2=ð…Þ

����
lc→∞

; ð2:15Þ

where the functions F1 and F2 read,

F1ðs; b; z; lcÞ ¼
Z

1

0

dα
Z

d2r1d2r2Ψ�
Vðr⃗2; αÞGQQ̄ðz0; r⃗2; z; r⃗1; lcÞσQQ̄ðr1; sÞΨγðr⃗1; αÞ

����
z0→∞

ð2:16Þ

F2ðs; b; z; lcÞ ¼
1

2

Z
z

−∞
dz1ρAðb; z1Þ

Z
1

0

dα
Z

d2r1d2r2d2rΨ�
Vðr⃗2; αÞ

×GQQ̄ðz0 → ∞; r⃗2; z; r⃗; lcÞσQQ̄ðr⃗; sÞGQQ̄ðz; r⃗; z1; r⃗1; lcÞσQQ̄ðr⃗1; sÞΨγðr⃗1; αÞ: ð2:17Þ

Here Ψγðr⃗;αÞ ¼ K0ðmQrÞ, and the Green’s function
GQQ̄ðz0; r⃗2; z; r⃗1; lcÞ describes the propagation of an inter-
acting QQ̄ pair in a nuclear medium between points with
longitudinal coordinates z and z0 and with initial and final
separations r⃗1 and r⃗2. In calculations for the sake of
simplicity, we employed the quadratic form for the dipole
cross section σQQ̄ðr; sÞ ¼ CðsÞr2, and the harmonic oscil-
latory form for the LF Q − Q̄ interaction potential in the
evolution equation for the Green’s function (e.g. see
Ref. [9]). Another simplification is related to a constant
nuclear density, ρAðb; zÞ ¼ ρ0ΘðR2

A − b2 − z2Þ, which is
rather accurate for heavy nuclei used in our analysis.
Consequently, for the LF quarkonium wave functions,
we obtained the following Gaussian shape [9] for the 1S
and 2S states,

ΨVðr; αÞ ¼ CVa2ðαÞfðαÞ exp
�
−
1

2
a2ðαÞr2

�
ð2:18Þ

ΨV 0 ðr; αÞ ¼ CV 0a2ðαÞfðαÞ exp
�
−
1

2
a2ðαÞr2

�

× f1þ 4hðαÞ − β2a2ðαÞr2g; ð2:19Þ

where

fðαÞ ¼ exp½−hðαÞ� ¼ exp

�
−

m2
Q

2a2ðαÞ þ
4αð1 − αÞm2

Q

2a2ðαÞ
�
;

ð2:20Þ

and the parameter β, controlling the position of the node,
has been determined from the orthogonality conditionR
d2rdαΨVðr; αÞΨV 0 ðr; αÞ ¼ δVV 0 . We have found β ¼

0.908 and 0.963 for production of ψ 0 and ϒ0, respectively.
The function a2ðαÞ ¼ 2αð1 − αÞmQω, where the oscilla-
tory frequency ω ¼ ðMV 0 −MVÞ=2 ≈ 0.3 GeV.
The above approximations substantially simplify the

calculations of the lc-correction factors Fcoh and Finc since
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allow to obtain an explicit analytical harmonic oscillatory
form for the Green’s function [49],

GQQ̄ðr⃗2; z2; r⃗1; z1; lcÞ

¼ bðαÞ
2πi sinðΩΔzÞ exp

�
ibðαÞ

2 sinðΩΔzÞ

×

�
ðr21 þ r22Þ cosðΩΔzÞ − 2r⃗1 · r⃗2

�	
exp

�
−
iΔz
lc

�
;

ð2:21Þ
with Δz ¼ z2 − z1, lc ¼ 2kαð1 − αÞ=m2

Q and

Ω¼ bðαÞ
kαð1− αÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a4ðαÞ− ikαð1− αÞCeffðs;αÞρAðb; z2Þ

p
kαð1− αÞ :

ð2:22Þ
Here, considering the standard saturated shape of the dipole
cross section,

σQQ̄ðr⃗; sÞ ¼ σ0

�
1 − exp

�
−

r2

r20ðsÞ
��

; ð2:23Þ

the factor Ceff in Eq. (2.22) can be expressed in the
following form,

Ceffðs; αÞ ¼ CðsÞ
�
1 − exp

�
−

1

a2ðαÞr20ðsÞ
�	

a2ðαÞr20ðsÞ;

CðsÞ ¼ σ0=r20ðsÞ: ð2:24Þ
The lc-correction factors FðsÞ, obtained from

Eqs. (2.14)–(2.17), are depicted in Fig. 1 as a function
of the square of c.m. energy s for coherent and incoherent
J=ψ (solid lines) and ψ 0 (dashed lines) photoproduction

on the lead target (left panels). Analogous results for FðsÞ
for photoproduction of ϒ and ϒ0 are depicted on the right
panels of the same Fig. 1. Here the top and bottom panels
correspond to calculations using KST and GBW para-
metrization for the dipole cross section, respectively.
One can see from Fig. 1 that the effects of a finite CL are

important for energies s≲ 103 GeV2 and s≲ 104 GeV2 in
the production of charmonia and bottomonia, respectively.
This is a direct consequence of the CL dependence on the
quarkonium mass as given by Eq. (1.2). Figure 1 also
demonstrates that contraction of the CL at smaller values
of s leads to a significant reduction of the coherent cross
sections for the 1S quarkonium states. However, the
corresponding incoherent cross sections are enhanced by
∼20%–30% and ∼7%–12% for production of J=ψð1SÞ and
ϒð1SÞ, respectively.
For radially excited 2S quarkonia, the manifestations of

finite-lc is affected by the nodal structure of quarkonium
wave functions. Its influence is stronger for ψ 0ð2SÞ in
comparison with ϒ0ð2SÞ, leading to a more complicated
nonmonotonic behavior of the factor FincðsÞ at small values
of s. On the other hand, a stronger energy dependence from
the region of small QQ̄ transverse separations below the
node position compared to large QQ̄ dipole sizes above the
node position causes a weakening of the node effect with
rising energy, resulting in a gradual convergence of factors
Finc
V 0 ðsÞ and Finc

V ðsÞ toward large s.
The leading twist gluon shadowing was introduced

within the dipole representation in [22] and applied to
photoproduction of vector mesons on nuclei in
Refs. [9,10,21,28]. In the present paper, we include only
one gluon Fock state jQQ̄Gi, because higher multigluon
components give negligible contribution to nuclear
shadowing within the kinematic regions of present UPC

FIG. 1. Left panels: the lc-correction factors for coherent and incoherent production of J=ψ (solid lines) and ψ 0 (dashed lines) in
Pb − Pb UPC obtained within the color dipole approach based on the Green’s function technique, Eqs. (2.14)–(2.17). The quarkonium
wave functions are generated by the BT potential. Right panels: the same as left panels but for production of ϒ and ϒ0. The top and
bottom panels correspond to calculations using KST and GBW models for the dipole cross section, respectively.
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experiments at the LHC (see analysis and discussion in
Ref. [19]). Since the dipole cross section σQQ̄ðr; sÞ at small
dipole sizes r⃗ depends on the gluon distribution in the
target, nuclear shadowing of the gluon distribution can be
interpreted within the parton model as a reduction of
σQQ̄ðr; sÞ in nuclear reactions with respect to processes
on the nucleon,

σQQ̄ðr; xÞ ⇒ σQQ̄ðr; xÞ · RGðx; bÞ: ð2:25Þ

Here the Gribov correction factor RGðx; bÞ, related to
the QQ̄G component of the photon, was calculated
at impact parameter b using the Green’s function for-
malism [9,21,22,28,50–52]1 (see also Fig. 1 and a dis-
cussion in Ref. [19]).

FIG. 2. Rapidity distributions of coherent (left panels) and incoherent (right panels) charmonium photoproduction in UPC at RHIC
collision energy

ffiffiffiffiffi
sN

p ¼ 200 GeV (top panels) and at LHC energies
ffiffiffiffiffi
sN

p ¼ 2.76 TeV (middle panels) and
ffiffiffiffiffi
sN

p ¼ 5.02 TeV (bottom
panels). The nuclear cross sections are calculated with charmonium wave functions generated by the POW (thin lines) and BT (thick
lines) potentials and with GBW (solid lines), KST (dashed lines), and BGBK (dotted lines) models for the dipole cross section. The data
are taken from PHENIX [57], CMS [58], ALICE [59–63], and LHCb [64,65] collaborations.

1An alternative estimation of gluon shadowing effects in
charmonium production in UPC can be found in [53,54], for
example.
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It is worth emphasizing that modification of the dipole
cross section Eq. (2.25) is a b-dependent procedure and
can be done only theoretically. Indeed, the magnitude
of the gluon shadowing factor RGðxÞ extracted from global
analyses of nuclear parton distributions is b-integrated, so
cannot be used in Eq. (2.25), like it was done in Ref. [55]
without any justification.
Another difference between our calculation and those

done in Ref. [55] is related to the effect of the finite
coherence length, which are unavoidable due to specifics of
the UPC kinematics. The approximation used in [55] was
the same as in the previous studies [3,21,44,48] and was
based on unjustified extrapolation of the small qT behavior
to long qL. In the present paper such an effect is calculated
exactly in the rigorous quantum-mechanical description
based on the Green’s function formalism. Moreover, the
photon energy given by Eq. (3.1) in [55] cannot provide us
with the lc-values in the target rest frame as follows from
the subsequent Eq. (3.4). This fact makes questionable the
correctness of calculations of the finite-lc effects.

III. MODEL PREDICTIONS VS AVAILABLE DATA

We have calculated rapidity distributions dσ=dy for the
coherent and incoherent heavy quarkonium photoproduc-
tion in UPC according to Eq. (2.1). Here the jQQ̄i Fock
component of the photon was treated in the “frozen”
approximation, lc ≫ RA [see Eqs. (2.3) and (2.7)].
Moreover, in order to calculate the nuclear cross sections
(2.7) for the incoherent (quasielastic) production, one
should know also the slope parameter for the elastic process
γN → VN. Here we rely on the standard Regge form,
BJ=ψ ðsÞ ¼ B0 þ 2α0ð0Þ lnðs=s0Þ, where the parameters
α0 ¼ 0.171 GeV−2, the slope of the Pomeron trajectory,
and B0 ¼ 1.54 GeV−2 were fitted in [24] to data on J=ψ
photoproduction with s0 ¼ 1 GeV2. The slope for 1S
bottomonium photoproduction was fitted to data in [24]
and found to have a smaller value than for J=ψ,
BϒðsÞ ≈ BJ=ψ ðsÞ − 1 GeV−2. For the production of radially

excited 2S state of bottomonia, the node effect is negligibly
small, and one can safely use the same magnitudes
of the slope parameter for both 1S and 2S states, i.e.
Bϒ0 ðsÞ ∼ BϒðsÞ. Not so for the production of radially
excited charmonia where the difference of diffraction
slopes ΔBðsÞ ¼ BJ=ψðsÞ − Bψ 0 ðsÞ cannot be neglected.
Here we adopt a parametrization of the factor ΔBðsÞ from
Ref. [24] (see also Ref. [56]).
Besides nuclear suppression of the lowest Fock compo-

nent, jQQ̄i, we included in our predictions two main
phenomena affecting the nuclear cross sections: the gluon
shadowing and the finite-lc corrections. Whereas the former
dominates at large photon energies, the latter is prominent at
smaller energies, when lc ≲ RA. Here the lc-correction
factors are calculated for the first time within a rigorous
Green’s function formalism as described in Sec. II D.
In Fig. 2 we present our results for the rapidity distribu-

tions dσ=dy of coherent (left panels) and incoherent (right
panels) charmonium photoproduction in UPC obtained forffiffiffiffiffi
sN

p ¼ 200 GeV (top panels),
ffiffiffiffiffi
sN

p ¼ 2.76 TeV (middle
panels), and

ffiffiffiffiffi
sN

p ¼ 5.02 TeV (bottompanels). Calculations
have been performed for charmonium wave functions
generated by two distinct QQ̄ potentials, POW (thin lines)
and BT (thick lines). For the dipole cross sections σQQ̄ we
adopted three different parametrizations, GBW (solid lines),
KST (dashed lines) andBGBK(dotted lines).Here themodel
predictions are tested by the RHIC data from the PHENIX
experiment [57], by the LHC data from the CMS [58] and
ALICE [59–61] collaborations at c.m. collision energyffiffiffiffiffi
sN

p ¼ 2.76 TeV, as well as by the ALICE [62,63] and
LHCb [64,65] data at

ffiffiffiffiffi
sN

p ¼ 5.02 TeV.
In Fig. 2 one can see that the values of dσ=dy strongly

correlate with the shape of the quarkonium wave functions
determined with various models for Q − Q̄ interaction
potentials (compare thin and thick lines). While in char-
monium production in UPC, the POW (thin lines) and BT
(thick lines) models lead to rather different predictions for
dσ=dy, in the bottomonium case both models give quite

FIG. 3. The same as Fig. 2 but for the coherent ψ 0ð2SÞ production in UPC at the collision energy
ffiffiffiffiffi
sN

p ¼ 2.76 TeV (left panel) andffiffiffiffiffi
sN

p ¼ 5.02 TeV (right panel). The experimental values are taken from the ALICE [61,63] and LHCb [65] collaborations.
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similar (almost identical) results (see Fig. 4). This is in
correspondence with our previous studies [24] of quarko-
nium electroproduction off protons.
The experimental data on the production of radially

excited heavy quarkonia in UPC are very scarce. The
ALICE collaboration [61] measured dσ=dy for coherent
production of ψ 0ð2SÞ at ffiffiffiffiffi

sN
p ¼ 2.76 TeV and y ¼ 0, as is

depicted in the left panel of Fig. 3 together with our results.
Besides, a new experimental value of dσ=dy has been
obtained recently at higher energy

ffiffiffiffiffi
sN

p ¼ 5.02 TeV in the
ALICE experiment [63] at y ¼ 0, as well as several data
points of dσ=dy by the LHCb [65] experiment at various
positive rapidities (see the right panel of Fig. 3). One can
see a reasonable agreement of our calculations with these

FIG. 5. Manifestations of particular nuclear effects in coherent charmonium (left panels) and bottomonium (right panels)
photoproduction in UPC at the LHC collision energy

ffiffiffiffiffi
sN

p ¼ 5.5 TeV. Here top and bottom panels correspond to the production
of 1S and 2S quarkonium states, respectively. The nuclear cross sections are calculated with charmonium wave functions generated by
the BT potential adopting the KST model for the dipole cross section. The dashed lines represent predictions in the high energy eikonal
limit, Eq. (2.3). The solid lines include additional corrections for a finite CL and the gluon shadowing.

FIG. 4. The same as Fig. 2 but for the bottomonium production in UPC at the collision energy
ffiffiffiffiffi
sN

p ¼ 5.02 TeV.
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data for both c − c̄ interaction potentials, as well as for all
models of the dipole cross section. Whereas at

ffiffiffiffiffi
sN

p ¼
2.76 TeV the better agreement with data is achieved with
charmonium wave functions generated by the POW c − c̄
potential, the higher collision energy

ffiffiffiffiffi
sN

p ¼ 5.02 TeV pre-
fers excited charmonia described by the BT potential model.
The next Fig. 4 represents analogous predictions as

Fig. 2 but for production of bottomonia in UPC. Here the
GBW, KST, and BGBK parametrizations give rather differ-
ent results in correspondence with the previous analysis of
the process γN → ϒN in Ref. [24]. Differences in predic-
tions using various models for σQQ̄ðrÞ can be treated as a
measure of the theoretical uncertainty in our results.
Figure 5 demonstrates importance of particular nuclear

effects for the rapidity dependence dσ=dy at energy
ffiffiffiffiffi
sN

p ¼
5.5 TeV in coherent production of charmonia (left panels)
and bottomonia (right panels) in UPC, whereas the top and
bottom panels represent model predictions for 1S and 2S
quarkonium states, respectively. Here dashed lines corre-
spond to our calculations in the standard high energy
eikonal limit, lc ≫ RA, Eq. (2.3). The solid lines incorpo-
rate additionally two effects, corrections to a finite CL and
the leading twist GS effect. Our model predictions are
based on the KST model for the dipole cross section and
include quarkonium wave functions determined from the
BT model for the Q − Q̄ interaction potential.

One can see from Fig. 5 that differences between solid
and dashed curves at large forward (backward) rapidities
represent the relevance of the finite-lc corrections which is
more pronounced in coherent production of bottomonia
compared to the charmonium case. Here effects of gluon
shadowing are substantially diminished due to their small
contribution to dσ=dy at large photon energies given by a
significantly reduced photon flux, Eq. (2.2). However, the
latter effects dominate at the mid rapidities, where effects of
CL reduction do not play any role since the “frozen”
eikonal limit is acquired for the higher twist shadowing
correction. Both effects substantially suppress the cross
sections dσ=dy. In comparison to charmonium production,
a weaker onset of gluon shadowing at a fixed

ffiffiffiffiffi
sN

p
in

production of bottomonia is caused by larger values of the
both the variable x and the corresponding scale ∝ M2

ϒ ≫
M2

J=ψ (see also Fig. 1 in Ref. [19]).
Figure 6 illustrates a manifestation of particular nuclear

effects at energy
ffiffiffiffiffi
sN

p ¼ 5.5 TeV in the incoherent pro-
duction of the 1S ground state (top panels) and 2S radially
excited (bottom panels) quarkonia. The effects of reduced
CL are visible only in the production of J=ψ at large
positive and negative rapidities. For other quarkonium
states, they can be neglected in accordance with values
of lc-correction factors which are close to unity (see Fig. 1).
At the midrapidity, the difference between solid and dashed

FIG. 6. The same as Fig. 5 but for incoherent production of the ground state 1S (top panels) and radially excited 2S (bottom panels)
quarkonia in UPC at

ffiffiffiffiffi
sN

p ¼ 5.5 TeV.
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lines shows the net effect of gluon shadowing with a
maximal magnitude at y ¼ 0.

IV. CONCLUSIONS

In this paper we treat the heavy quarkonium
[J=ψð1SÞ;ψ 0ð2SÞ;ϒð1SÞ;ϒ0ð2SÞ] production in heavy-
ion UPC within the light-front QCD dipole approach in
the energy range accessible by experiments at RHIC and
the LHC. Here the main observations are the following:

(i) The quarkonium wave functions are well defined in
the QQ̄ rest frame. They have been included in our
calculations by solving the Schrödinger equation
with several realistic Q − Q̄ interaction potentials.
Consequently, the corresponding LF wave functions
have been generated performing the boosting to the
LF frame using the so-called Terent’ev prescription
from Ref. [46], which was found in Ref. [47] to have
a reasonable accuracy in comparison with the exact
solution.
Here we ignore the model for the photonlike V →

QQ̄ transition, frequently used in the literature,
avoiding so too large weight of the D-wave compo-
nent in the QQ̄ rest frame, in consistence with
solutions of the Schrödinger equation.

(ii) The spin-dependent part of the wave function for
S-wave quarkonia can be safely factorized from the
radial component. Consequently, we perform explic-
itly the transformation of two-dimensional heavy
(anti)quark spinors from the rest to the LF frame
known as the Melosh spin rotation. We derived new
formulas for coherent and incoherent nuclear cross
sections incorporating such a transformation [see
Eqs. (2.9)–(2.11)].

(iii) UPC at RHIC and the LHC at the mid rapidities,
provide a sufficiently high energy and a long
coherence length for the lowest jQQ̄i Fock state
of the photon. As far as CL considerably exceeds the
nuclear size, one can rely on the high-energy eikonal
approximation for nuclear effects [see Eqs. (2.3) and
(2.7)]. The corresponding shadowing correction is
small since diminishes with heavy quark mass as
1=m2

Q, so represents the higher twist effect.
(iv) At forward and/or backward rapidities, the eikon-

alization of σQQ̄ðr; sÞ cannot be applied anymore
and we included corrections for a finite coherence
length which have been calculated for the first time
within a rigorous quantum-mechanical description,
summing up all possible paths of the quarks. A
proper treatment of finite-lc corrections is absent in
the most of the recent calculations of UPC. These
corrections lead to a significant modification of

rapidity distributions dσ=dy at small photon ener-
gies when lc ≲ RA (see Figs. 1, 5, and 6).

(v) We also included the gluon shadowing corrections
related to higher Fock components of the photon
containing gluons. Those components have a coher-
ence length much shorter than the lowest jQQ̄i Fock
state. They represents the leading-twist effect since
the transverse size of the QQ̄ −G dipole is much
larger compared to the small-sized QQ̄ fluctuation
and is almost independent of mQ. The dominant
contribution to nuclear shadowing comes from the
jQQ̄Gi Fock state of the photon. In calculations of
the corresponding shadowing factor one cannot use
the standard eikonal approximation even at high
energies since the QQ̄ −G size fluctuates during
propagation through the medium. This is why we
applied the Green’s function formalism. The higher
photon fluctuations with more gluons do not cause a
significant shadowing effect (see also Sec. IV
in Ref. [19]).

(vi) We have also studied differences in our predictions
employing KST, GBW, and BGBK phenomenologi-
cal parametrizations for the dipole cross section
σQQ̄ðr; sÞ in order to estimate a corresponding
measure of the theoretical uncertainty in our current
analysis. We concluded that whereas in charmonium
production in UPC, the main source of theoretical
uncertainties is related predominantly to our choice
of quarkonium wave functions, in the bottomonium
case, the main role in the variability of predictions is
played by various models for σQQ̄ðr; sÞ.

(vii) Our predictions for dσ=dy are in a rather good
accord with available data on coherent production of
J=ψð1SÞ and ψ 0ð2SÞ in UPC at the energies of RHIC
and LHC (see Figs. 2 and 3). They can be tested not
only by measurements at the LHC, but also in future
experiments at the planned electron-ion colliders.
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