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Incoherent diffractive photoproduction of J/ψ and ϒ on heavy nuclei in the color dipole approach
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We calculate cross sections and transverse momentum distributions for the incoherent diffractive production
of vector mesons J/ψ and ϒ on heavy nuclei. In distinction to coherent diffraction, the nucleus is allowed to
break up, but except for the vector meson no new particles are produced in the reaction. Within the color dipole
approach, we derive the multiple scattering expansion of the incoherent diffractive cross section as an expansion
over quasielastic scatterings of the color dipole. We also compare our results to the measurement of the ALICE
Collaboration for incoherent J/ψ production at

√
sNN = 2.76 TeV and show predictions at

√
sNN = 5.02 TeV.

We also briefly discuss a possible contribution to J/ψ production in peripheral collisions in the 70–90% centrality
class.
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I. INTRODUCTION

There has been recently renewed interest in the diffractive
photoproduction of vector mesons on heavy nuclei, especially
in connection with ultraperipheral heavy-ion collision at Rel-
ativistic Heavy Ion Collider (RHIC) and the Large Hadron
Collider (LHC); see, for example, the reviews in Refs. [1–3].
Photoproduction of vector mesons on nuclei has been studied
for a long time, mainly as a probe of the hadronic structure
of the photon. The early works, mainly on photoproduction of
light vector mesons, are formulated within the vector meson
dominance model (see Ref. [4] for a review).

Nuclear effects in diffractive photoproduction are then
treated as a vector-meson nucleus scattering following the
rules of Glauber theory [5], developed for hadron nucleus
scattering at high energy. The energy should be not too high,
though: At some point, diffractive dissociation of hadrons
becomes important and Glauber theory needs to be amended
by introducing the so-called inelastic shadowing corrections
[6]; a review can be found in Ref. [7].

Here we discuss a specific inelastic reaction, the incoherent
diffractive photoproduction. In distinction to coherent diffrac-
tion [see the diagram of Fig. 1(a)], here the target nucleus
breaks up [diagram of Fig. 1(b)]. There is a large rapidity
gap between the produced vector meson and the nuclear
fragments—the signature of any diffractive mechanism. The
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distinction from generic inelastic diffraction is that there are
no new particles produced in the nuclear fragmentation region.

The nuclear final state may contain discrete excited states
of the target, but in general will consist of a continuum of
fragments of a variety of charge to mass ratios, among them
free protons and neutrons. The description of the nuclear
fragmentation region requires quite involved modeling of the
nuclear dynamics; for a discussion of related problems, see,
e.g., Ref. [8].

The problem becomes tractable, if we restrict ourselves
to the sum over all possible nuclear states [5]. In hadron-
nucleus scattering, the corresponding theory of incoherent
or quasielastic processes was developed in Refs. [9,10]. The
single-channel formalism found there applies in the energy
range where diffractive dissociation is not yet important. The
corresponding multichannel generalization including Gribov’s
inelastic shadowing corrections was given in Ref. [11].

In this work, we are interested in the production of vector
mesons built of heavy quarks QQ̄ (Q = charm or bottom) in
the high-energy limit, where the formation time of the vector
meson exceeds the nuclear size. In this case, the appropriate
framework is the color dipole approach, where QQ̄ states of
fixed transverse size r interact with the nucleus and play the
role of eigenstates of the diffractive S matrix [12].

Recent works on coherent and incoherent vector meson pro-
duction in the color dipole approach are presented in Refs. [13–
17], which are based on a similar Glauber-Gribov approach as
in our work. In Ref. [18], the relation of nuclear attenuation
to the so-called saturation scale is discussed, and the behavior
of helicity-flip observables in the strong attenuation regime
is derived. The formalism of Ref. [19] also employs the color
dipole approach and lends itself to the calculation of incoherent
diffractive observables; it is geared toward applications also for
soft processes. The hot-spot models [20,21] are also based on
the color dipole approach but use a different way of averaging
over target states. The treatment of coherent photoproduction
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FIG. 1. (a) Coherent photoproduction of a vector meson in which
the nucleus stays in its ground state. (b) An example diagram for
incoherent diffractive production, in which the nucleus breaks up.

in k⊥ factorization in Ref. [22] is equivalent to the color dipole
approach; however, the calculation of incoherent diffraction
becomes unnecessarily cumbersome in this formulation. An
approach implementing the Glauber-Gribov shadowing not
based on color dipoles is found in Ref. [23].

II. INCOHERENT PHOTOPRODUCTION IN THE COLOR
DIPOLE APPROACH

We start by writing the amplitude for the reaction γAi →
V (�)A∗

f for a finite transverse momentum � carried by the
vector meson, as

A(γ ∗Ai → V A∗
f ; W,�)

= 2i

∫
d2 B exp[−i�B]〈V |〈A∗

f |�̂(b+,b−)|Ai〉|γ 〉

= 2i

∫
d2 B exp[−i�B]

×
∫ 1

0
dz

∫
d2r�∗

V (z,r)�γ (z,r)

×〈A∗
f |�̂(B − (1 − z)r,B + zr)|Ai〉. (2.1)

In order not to clutter the notation, we suppressed the sum over
quark and antiquark helicities as well as the dependence of �̂ on
center-of-mass energy (per nucleon) W . Above B is the impact
parameter of the vector meson (or incoming photon), which is
the proper conjugate variable to the vector meson transverse
momentum. Notice that the impact parameters of quark b+ and
antiquark b− which share the incoming photon (or outgoing
vector meson) longitudinal momentum in fractions z and 1 − z.
The equality

B = zb+ + (1 − z)b− (2.2)

can be understood as a conservation of orbital angular mo-
mentum. Equation (2.1) has the disadvantage that it couples the
z, B, and r integrations in a complicated manner. It is therefore
more convenient to go to new variables

b = b+ + b−
2

, r = b+ − b−. (2.3)

Because of

B = b − (1 − 2z)
r
2
, (2.4)

the amplitude (2.1) now takes the form

A(γ ∗Ai → V A∗
f ; W,�)

= 2i

∫
d2b exp[−ib�]

∫
d2rρV γ (r,�)

×
〈
A∗

f

∣∣∣�̂(
b + r

2
,b − r

2

)∣∣∣Ai

〉
, (2.5)

where

ρV γ (r,�) =
∫ 1

0
dz exp

[
i(1 − 2z)

r�
2

]
�∗

V (z,r)�γ (z,r),

(2.6)

which gives us an additional �–dependence, not coming
from the Fourier transform of the nuclear amplitude. Notice,
however, that the light-cone wave function of heavy vector
mesons is sharply peaked around z ∼ 1/2, and the phase factor
in Eq. (2.6) can be safely neglected. It is indeed a relativistic
effect. By the same token, the variable b, which is just a dummy
variable without direct physical meaning, becomes equal to the
physical impact parameter at z → 1/2.

We turn to the derivation of the relevant differential cross
section. Our amplitude is normalized, so that

dσ (γAi → V A∗
f )

d�2 = 1

16π
|A(γ ∗Ai → V A∗

f ; W,�)|2. (2.7)

The incoherent cross section of interest is defined as

dσincoh

d�2 =
∑

Af 	=A

dσ (γAi → V A∗
f )

d�2 . (2.8)

Using completeness in the sum over nuclear final states (which
will include continuum states as well as bound states)∑

A 	=Af

|Af 〉〈Af | = 1 − |A〉〈A|, (2.9)

we obtain the differential cross section in the form

dσincoh

d�2 = 1

4π

∫
d2rd2r ′ρ∗

V γ (r ′,�)ρV γ (r,�)�incoh(r,r ′,�),

(2.10)

with

�incoh(r,r ′,�) =
∫

d2bd2b′ exp[−i�(b − b′)]

× C
(

b′ + r ′

2
,b′ − r ′

2
; b + r

2
,b − r

2

)
.

(2.11)

Here the function C involves only the ground-state nuclear
averages

C(b′
+,b′

−; b+,b−)

= 〈A|�̂†(b′
+,b′

−)�̂(b+,b−)|A〉
− 〈A|�̂(b′

+,b′
−)|A〉∗〈A|�̂(b+,b−)|A〉. (2.12)

In performing these nuclear averages, we will follow standard
prescriptions of Glauber theory [5], where the nuclear profile
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function operator is written as

�̂(b+,b−) = 1 −
A∏

i=1

[1 − �̂Ni
(b+ − ci ,b− − ci)], (2.13)

and we will accept the standard dilute gas approximation of
uncorrelated nucleons.

The profile functions for the free nucleon are related to
the off-forward (finite transverse momentum transfer) dipole
amplitude [24] as

σ (r,q) = 2
∫

d2b exp[iqb]
〈
N |�̂N

(
b + r

2
,b − r

2

)∣∣∣N〉

≡ 2
∫

d2b exp[iqb]�̂N

(
b + r

2
,b − r

2

)
. (2.14)

The coherent diffractive amplitude on the free nucleon is
obtained from

A(γ ∗N → V N ; W,q) = i

∫
d2rρV γ (r,q)σ (r,q). (2.15)

In performing the nuclear averages, we will encounter the
integrals (we follow closely Ref. [10] in our notation)

M(b+,b−) =
∫

d2cTA(c)�N (b+ − c,b− − c),

�(b′
+,b′

−; b+,b−) =
∫

d2cTA(c)�∗
N (b′

+ − c,b′
− − c)

×�N (b+ − c,b− − c). (2.16)

The optical thickness TA(b) of a nucleus is

TA(b) =
∫ ∞

−∞
dznA(z,b),

∫
d2b TA(b) = A, (2.17)

where the nuclear matter density nA(z,b) can be obtained from
the standard Woods-Saxon parametrization for heavy nuclei.
Now the function C obtains the form

C(b′
+,b′

−; b+,b−)

=
{

1 − 1

A
[M∗(b′

+,b′
−) + M(b+,b−)]

+ 1

A
�(b′

+,b′
−; b+,b−)

}A

−
{[

1 − 1

A
M∗(b′

+,b′
−)

][
1 − 1

A
M(b+,b−)

]}A

. (2.18)

Even at this level of fully uncorrelated nucleons, the evaluation
of the impact parameter integrals in Eqs. (2.10) and (2.11)
is extremely cumbersome, and we will follow Glauber and
Matthiae [10] and study separately the limits of large �2 

R−2

A and small �2 � R−2
A momentum transfers. Let us start by

expanding in the difference between the two terms in (2.18),
which then becomes

C(b′
+,b′

−; b+,b−) =
{

1 − 1

A
[M∗(b′

+,b′
−) + M(b+,b−)]

}A−1

×
{
�(b′

+,b′
−; b+,b−)

− 1

A
M∗(b′

+,b′
−)M(b+,b−)

}
. (2.19)

Now we observe that in the limit where the diffraction slope
B fulfills B � R2

A (the nucleon profile in impact parameter
space is much steeper than the one of the nucleus), so that we
can simplify

M(b+,b−)≈ 1

2
σ (r,0)TA(b),

�(b′
+,b′

−; b+,b−)≈TA

(
b + b′

2

)
1

16π2

×
∫

d2q exp[−iq(b′ − b)]σ ∗(r ′,q)σ (r,q)

≡TA

(
b + b′

2

)
χ (r,r ′,b − b′). (2.20)

In Eq. (2.19), the first factor then accounts for intranuclear
absorption of color dipoles in the amplitude and its complex
conjugate, while the second factor is a single scattering with
coherent subtraction. The function � describes a single scat-
tering off a nucleon in the amplitude, and off the same nucleon
in the conjugate amplitude. We now freely use exponentiation,
i.e., (1 + x/A)A ∼ exp(x) for A 
 1, which is known to work
well for medium to heavy nuclei. Then, we come to the result
for the incoherent cross section as
dσincoh

d�2 = 1

16π

{ ∫
d2bTA(b)

∣∣∣∣
∫

d2rρ(r,�)σ (r,�)

× exp

[
−1

2
σ (r)TA(b)

]∣∣∣∣
2

− 1

A

∣∣∣∣
∫

d2b exp[−ib�]TA(b)
∫

d2rρ(r,�)σ (r,0)

× exp

[
−1

2
σ (r,0)TA(b)

]∣∣∣∣
2}

. (2.21)

If we were to neglect intranuclear absorption, we would obtain
for small �2

dσincoh

d�2 = A
dσ (γN → V N )

d�2

∣∣∣∣
�2=0

{1 − FA(�2)}. (2.22)

As the nuclear form factor

FA(�2) = 1

A

∫
d2b exp[−ib�]TA(b) (2.23)

is unity at zero momentum transfer, the incoherent cross section
in this (weak-scattering) approximation will vanish in the
forward direction. Evidently, the absorption factors in (2.21)
will spoil this cancellation, and the incoherent cross section
will have a forward dip but not vanish at �2 = 0.

In the limit of large momentum transfer, �2 
 R−2
A , the co-

herent subtraction will be suppressed by the quickly oscillating
exponential. On the other hand, it should be more appropriate
to sum up multiple quasielastic scatterings of the dipole. This
amounts to taking all powers of � in Eq. (2.18) into account
and leads to

�incoh(r,r ′,�) =
∫

d2bd2s exp[−i�s]

× exp

{
−1

2
[σ ∗(r ′,0) + σ (r,0)]TA(b)

}
×{exp[TA(b)χ (r,r ′,s)] − 1}

024903-3



AGNIESZKA ŁUSZCZAK AND WOLFGANG SCHÄFER PHYSICAL REVIEW C 97, 024903 (2018)

=
∑

n

1

n!

∫
d2bT n

A (b)

× exp

{
−1

2
[σ ∗(r ′,0) + σ (r,0)]TA(b)

}
∫

d2s exp[−i�s]χn(r,r ′,s). (2.24)

This result is the counterpart of Eq. (19) in Ref. [11] and gives
rise to the multiple scattering expansion of the coherent cross
section:

dσincoh

d�2 = 1

16π

∑
n

1

n!

∫
d2bT n

A (b)
∫ [

n∏
i=1

d2qi

]

× δ(2)

(
� −

n∑
i=1

qi

)
|A(n)(�; q1, . . . ,qn)|2. (2.25)

Here we introduced an effective amplitude of n quasielastic
rescatterings in the presence of nuclear absorption

A(n)(�; q1, . . . ,qn)

= 1

(4π )n−1

∫
d2rρ(r,�)

× exp

[
−1

2
σ (r)TA(b)

]
σ (r,q1) . . . σ (r,qn). (2.26)

A few comments on the coherence pattern of the multiple
scattering expansion in Eq. (2.25) are in order; see also the
corresponding discussion in Ref. [11].

First, we work in a regime where the lifetime of the QQ̄
dipole and the formation time of the final-state vector mesons
are much larger than the radius RA of the nucleus. Correspond-
ingly, the factor exp[−σ (r)TA(b)/2] in Eq. (2.26) describes
the attenuation of the dipole wave amplitude before and
after the quasielastic scatterings. Notice that it is responsible
for the survival of the large rapidity gap between the vector
meson and the reaction products in the nuclear fragmentation
region. It affects the “hard scattering” quasielastic amplitude in
a nontrivial way. A universal “gap survival probability” which
simply multiplies a Born-level cross section is not borne out
by the quantum level treatment of the production process.

Second, in the nth term of the multiple scattering expansion,
the color dipole receives n kicks q1, . . . ,qn which add up
to the total momentum transfer �. There is no interference
between different numbers of scatterings. We recall the well-
known analogy of the quasielastic scattering on nuclei [10]
with the parton model of deep inelastic scattering: The factor
∝ T n

A (b) signifies an n-nucleon density in the nucleus, i.e.,
the probability of finding n nucleons participating in the
quasielastic scattering.

Third, also scatterings at different impact parameters only
interfere if they take place within a tube of cross section
∼B, the effective area of the dipole-nucleon interaction. To
the extent that the latter can be neglected against the nuclear
size (which we assume), different impact parameters add
up incoherently. Higher order terms in the expansion (2.25)
increase in importance at larger momentum transfers �, as the
multiple convolution over the qn get broader with increasing

order. As the size of the interaction region in the elementary
diffractive process increases with energy (“shrinkage of the
diffraction cone”) one may envision a limit where it becomes
similar to, or exceeds, the nuclear size. In such a limit, the
quasielastic momentum transfers may become so small that
they would not break a nucleus [25]. We do not discuss such a
possibility in this work.

III. NUMERICAL RESULTS

A. γ A collisions

We start from the γA → V X reaction, which may
be studied at a future electron-ion collider; see, e.g.,
Refs. [26,27] for interesting suggestions. We first wish
to analyze the importance of multiple scattering contributions
in the expansions (2.25) and (2.26). To make the problem
numerically more tractable, we start by assuming for the
off-forward dipole cross section a factorized ansatz (we from
now on put the dependence on x = m2

V /W 2 in evidence,
where mV is the mass of the vector meson):

σ (x,r,q) = σ (x,r) exp

[
−1

2
Bq2

]
, (3.1)

valid within the forward diffractive cone, with a diffractive
slope B, which depends on the vector meson and on energy.
We then readily obtain for the multiple scattering expansion
of the incoherent cross section

dσincoh

d�2 =
∑

n

dσ (n)

d�2 = 1

16π

∑
n

wn(�)

×
∫

d2bT n
A (b)|In(x,b)|2, (3.2)

where the transverse momentum dependent coefficients are

wn(�) = 1

nn!

(
1

16πB

)n−1

exp

(
−B

n
�2

)
, (3.3)

and

In(x,b) = 〈V | σn(x,r) exp

[
−1

2
σ (x,r)TA(b)

]
|γ 〉

=
∫ 1

0
dz

∫
d2r �∗

V (z,r)�γ (z,r) σn(x,r)

× exp

[
−1

2
σ (x,r)TA(b)

]
. (3.4)

We neglect the �-dependent phase factor in Eq. (2.6) and use
the vector meson wave function derived from the γμ vertex.
Both these approximations are valid in a nonrelativistic limit
and are admissible, as long as one is not interested in subtle
relativistic effects such as helicity flip amplitudes. The overlap
of vector meson and photon light-cone wave function is then
[28,29]

�∗
V (z,r)�γ (z,r) = eQ

√
4παemNc

4π2z(1 − z)

{
m2

QK0(mQr)ψ(z,r)

− [z2 + (1 − z)2]mQK1(mQr)
∂ψ(z,r)

∂r

}
.

(3.5)
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FIG. 2. Incoherent diffractive cross section for γA → J/ψX for A = 208Pb at (a) W = 30 GeV and (b) W = 100 GeV. Shown are the
contributions from 1 to 5 scatterings. Here −t ≡ �2.

For the radial wave function ψ(z,r), we choose the so-called
boosted Gaussian wave function [28,29] as parametrized in
Refs. [30] and [31] for the J/ψ and ϒ meson, respectively.
Regarding the diffraction slope, we use B = B0 + 4α′
log(W/W0) with W0 = 90 GeV, and α′ = 0.164 GeV−2. We
take B0 = 4.88 GeV−2 for J/ψ and B0 = 3.68 GeV−2 for ϒ .

Some comments on the dipole cross section are in order. We
will use color dipole cross sections fitted to the proton struc-
ture functions measured at Hadron-Electron Ring Accelerator
(HERA) using the representation of total photoabsorption cross
sections [32]

σT,L(γ ∗(Q2)p) =
∫ 1

0
dz

∫
d2r

∣∣�γ ∗
T ,L(z,r,Q2)

∣∣2
σ (x,r).

(3.6)

The ansatz of the fit for σ (x,r) follows an improvement of
the Golec-Biernat and Wüsthoff (GBW) model [33] proposed
by Bartels, Golec-Biernat, and Kowalski (BGK) [34], which
takes into account the Dokshitzer-Gribov-Lipatov-Altarelli-
Parisi (DGLAP) evolution of the gluon density in an explicit
way. The model preserves the GBW eikonal approximation to
saturation and thus the dipole cross section is given by

σ (x,r) = σ0

(
1 − exp

[
−π2r2αs(μ2)xg(x,μ2)

3σ0

])
. (3.7)

The evolution scale μ2 is connected to the size of the dipole
by μ2 = C/r2 + μ2

0. This assumption allows us to treat
consistently the contributions of large dipoles without making
the strong coupling constant, αs(μ2), unphysically large.
This means also that we can extend the model, keeping its
perturbative character, to the data at low Q2, because the
external Q2 and the internal μ2 scales are connected only
by the wave function. The gluon density, which is parametrized
at the starting scale μ2

0, is evolved to larger scales, μ2, using
Next-to Leading Order (NLO) DGLAP evolution. At the
starting scale μ2

0 = 1.9 GeV2 two different forms of the gluon

density were explored [35,36]:

(1) the soft ansatz, as used in the original BGK model

xg
(
x,μ2

0

) = Agx
−λg (1 − x)Cg , (3.8)

(2) the soft + hard ansatz

xg
(
x,μ2

0

) = Agx
−λg (1 − x)Cg (1 + Dgx + Egx

2).
(3.9)

The fit was performed using the XFITTER framework [37],
which contains the newest HERA data. For details, see
Refs. [35,36]. Below, we will use the following fits:

(1) Fit I: BGK fit with fitted valence quarks for σr for
the combined neutral-current (NC) data of the H1
and ZEUS collaborations (H1ZEUS-NC) in the range
Q2 � 3.5 GeV2 and x � 0.01. NLO fit. Soft gluon.
muds = 0.14,mc = 1.3 GeV. Q2

0 = 1.9 GeV2. It is the
fit from Table 2 (fit I) [36].

(2) Fit II: BGK fit with valence quarks for σr for H1ZEUS-
NC data in the range Q2 � 0.35 GeV2 and x � 0.01.
NLO fit. Soft + hard gluon. muds = 0.14,mc = 1.3
GeV, saturation ansatz. Q2

0 = 1.9. It is the fit from Table
11 (fit II) [36].

Let us turn to the results for t distributions. (From here on
t ≡ −�2.) In these calculations, we used dipole fit II. In Fig. 2,
we show the incoherent diffractive photoproduction cross sec-
tion for J/ψ mesons for two different energies, W = 30 GeV
[Fig. 2(a)] and W = 100 GeV [Fig. 2(b)], corresponding to
x = 0.01 and x = 0.001, respectively, on a 208Pb nuclear
target. We show the contribution of up to five scatterings.
We see that the differential cross section deviates from the
exponential shape as is expected from the superposition of
exponentials with different slope. For W = 30 GeV, the double
scattering takes over only at a large value of |t | � 2.5 GeV2,
beyond the diffraction cone of the free nucleon process, and the
triple scattering only at very large |t | � 4.8 GeV2. The crossing
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FIG. 3. Incoherent diffractive cross section for γA → J/ψX for A = 65Cu at (a) W = 30 GeV and (b) W = 100 GeV. Shown are the
contributions from 1 to 5 scatterings.

of single and double scattering moves to a slightly lower |t | ∼
2.2 GeV2 when the energy increases to W = 100 GeV. To
demonstrate the evolution with nuclear size of the observable,
we show in Fig. 3 the t distribution for the 65Cu target, for the
same two energies. The qualitative picture is very similar to
the heavier lead nucleus.

The diffractive production of ϒ involves much smaller
dipole sizes, and one would expect weaker nuclear effects
in this case. As an example of the weak nuclear attenuation
limit, we show distributions for ϒ production in Fig. 4 for the
lead target and in Fig. 5 for copper. Indeed, here the effects
of multiple scattering are delayed to very large values of t .
At W = 100 GeV, the double scattering crosses the single
scattering contribution only at |t | ∼ 4.5 GeV2.

We see that the single scattering term generally dominates
for heavy vector mesons over a broad range of t . For very small
�2, as discussed in Sec. II, we should rather take the absorption
improved single-scattering term calculated from

dσincoh

d�2 = 1

16π

{
w1(�)

∫
d2bTA(b)|I1(x,b)|2

− 1

A

∣∣∣∣
∫

d2b exp[−i�b]TA(b)I1(x,b)

∣∣∣∣
2}

.

(3.10)

As an example, we show the result for the resulting t de-
pendence in Fig. 6 for J/ψ production at W = 100 GeV
on a 208Pb target zooming into the region of very small |t |.
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FIG. 4. Incoherent diffractive cross section for γA → ϒX for A = 208Pb at (a) W = 30 GeV and (b) W = 100 GeV. Shown are the
contributions from 1 to 2 (a) and 3 (b) scatterings.
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FIG. 5. Incoherent diffractive cross section for γA → ϒX for A = 65Cu at (a) W = 30 GeV and (b) W = 100 GeV. Shown are the
contributions from 1 to 2 (a) and 3 (b) scatterings.

Also shown is the first term of Eq. (3.10), which coincides
with the single scattering term of Eq. (3.2). We see that the
result of Eq. (3.10) has a sharp dip in forward direction and
converges rather quickly to the large-t single scattering cross
section. Within the approximations adopted in this section,
it is therefore not necessary to discuss separately a region
of intermediate t . Because of the sharpness of the forward
dip, the single scattering approximation of Eq. (3.2) for
heavy vector mesons is an appropriate approximation for the
t values to be of interest, e.g., in ultraperipheral heavy-ion
collisions.

The earlier works in the color dipole approach [14–17]
restrict themselves to the first term of Eq. (3.10), which as
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FIG. 6. An enlargement of the region of very low t of the
incoherent cross section. The solid line shows the forward dip, while
the dashed line is the single scattering term of the large-t limit.

we see is a good approximation for the �-integrated cross
section.

In the absence of nuclear absorption, we would get the
impulse approximation result

dσ IA
incoh

d�2 = A
dσ (γN → V N )

d�2 = w1(�)

16π
|〈V |σ (x,r)|γ 〉|2.

(3.11)

A measure of the strength of nuclear absorption effects is the
ratio [38]

Rincoh(x)

= dσincoh/d�2

Adσ (γN → V N )/d�2

=
∫

d2bTA(b)
∣∣〈V |σ (x,r) exp

[− 1
2σ (x,r)TA(b)

]|γ 〉∣∣2

|〈V |σ (x,r)|γ 〉|2 .

(3.12)

We show this ratio as a function of x in Fig. 7 for the 208Pb
nucleus. Here the upper two lines shows the result for ϒ
production and the lower two lines for J/ψ . The dashed lines
show the result for dipole fit I, while the solid lines refer to
dipole fit II. We see that the nuclear suppression at small x
depends only weakly on the dipole cross section that was used.
A substantial difference exists only at x � 0.01, but keep in
mind that the dipole approach is by construction valid at small
x. In practice, x � 0.03 is a conservative estimate of its region
of applicability.

Notice that although both J/ψ and ϒ production involve
color dipoles small enough to justify the use perturbative QCD,
it is not admissible to neglect the nuclear attenuation in either
case. Although the dipole cross section at the typical dipole
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FIG. 7. The nuclear suppression ratio (3.12) for γA → V X on
lead as a function of x = m2

V /W 2 for V = ϒ (upper lines) and V =
J/ψ (lower lines). The dashed lines refer to dipole cross section fit I,
while the solid lines show the result for fit II.

size is rather small, the nuclear opacity is enhanced by the
large nuclear size.

B. Ultraperipheral heavy-ion collisions

Information on diffractive vector meson production on nu-
clear targets at the highest energies comes from ultraperipheral
heavy-ion collisions; see, e.g., the reviews [1–3]. The rapidity
distribution of incoherently produced vector mesons can be
calculated straightforwardly from

dσincoh(AA → V AX)

dy
= nγ/A(z+)σincoh(W+)

+ nγ/A(z−)σincoh(W−), (3.13)

with

z± = mV√
sNN

e±y, W± = √
z±sNN . (3.14)

For our purposes, it is sufficient to use the quasiclassical
Weizsäcker-Williams flux of photons with the “ultraperiph-
eral” requirement that the centers of colliding nuclei are at
least a distance 2RA apart in impact parameter space. Explicit
expressions are found, e.g., in Ref. [3].

Before comparing to experimental data, there are two
omissions in the formalism presented above, which should be
accounted for.

First, we have throughout assumed that the color dipole
amplitude (2.14) is purely absorptive. Consequently, the pho-
toproduction amplitude (2.15) is dominated by its imaginary
part. The structure of (2.18) and (2.19) strongly suggests that
only the absorptive part of the dipole amplitude enters the
nuclear suppression factors. It seems then reasonable, at least
for the absorption-corrected nuclear amplitude, to assume that

the relevant part is the same as for the free nucleon amplitude.
Introducing the effective x-dependent intercept

�IP = ∂ log(〈V |σ (x,r)|γ 〉)
∂ log(1/x)

, (3.15)

the real part is restored by replacing

σ (x,r) → (1 − iρ(x))σ (x,r), ρ(x) = tan

(
π�IP

2

)
. (3.16)

Second, the color dipole cross section has been obtained
from a fit of the total photoabsorption cross section on the
nucleon, i.e., a fit to the absorptive part of the forward
(Mandelstam t = 0) Compton amplitude. In vector meson
production, even at � = 0 the t = 0 limit is not reached at
finite energy and there is always a finite tmin due to the vector
meson mass. The corresponding correction to the amplitude is
Shuvaev’s [39] factor

Rskewed = 22�IP+3

√
π

�(�IP + 5/2)

�(�IP + 4)
. (3.17)

This correction has been studied with some rigor only for the
two-gluon ladder, where it accounts for the “skewedness” of
gluon momentum fractions.

These two corrections were not important for the discussion
of salient features of t distributions or for the nuclear sup-
pression ratio discussed above. They do, however, affect the
prediction for the cross section. We apply them to our result
by multiplying Eq. (2.21) by

K = (1 + ρ2(x))R2
skewed. (3.18)

In Fig. 8, we show our results for the cross section dσincoh/dy
for incoherent J/ψ production in Pb-Pb collisions. The dash-
dotted lines show the results without the factor of Eq. (3.18),
while the dashed lines have the real-part/skewedness correction
taken into account. We see that the latter can give an enhance-
ment of a factor ∼1.5.

In Fig. 8(a), we show the cross section for
√

sNN =
2.76 TeV. We also show the data point taken by the ALICE
Collaboration [40]. Our result with real-part/skewedness cor-
rection are in agreement with experiment. It appears that there
is only little room left for diffractive production with nucleon
dissociation.

The nuclear suppression in our color dipole Glauber-Gribov
calculation appears to be weaker than in the model of Ref. [23],
where inelastic shadowing corrections have been taken into
account in a different approach. The recent “hot-spot” models
of Refs. [20,21] are also based on the color dipole approach;
however, they differ from ours, and among each other, in the
details of the nuclear averages. Some versions of these models
give a similar nuclear suppression as the one obtained by us.

In Fig. 8(b), we show our predictions for incoherent
diffractive J/ψ production in lead-lead collisions at

√
sNN =

5.02 TeV.
Recently, the ALICE Collaboration has observed a large en-

hancement of J/ψ mesons carrying very small pT < 300 MeV
in the centrality classes corresponding to peripheral collisions
[41]. This enhancement has been ascribed to coherent pro-
duction [41–43]. It is interesting to estimate how large the
contribution from incoherent diffraction discussed in this paper
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FIG. 8. Incoherent diffractive cross section for γA → J/ψX as a function of rapidity y of the J/ψ . Solid lines include correction of
Eq. (3.18) for real part and skewedness; dashed lines do not include real part/skewedness correction. (a)

√
sNN = 2.76 TeV, data point from

ALICE (Ref. [40]); (b)
√

sNN = 5.02 TeV.

could be. Notice that in transverse momentum the peaks of
coherent and incoherent production are well separated. In fact,
for the incoherentJ/ψ’s, the maximum of thepT distribution is
at pT ∼ 300–400 MeV, and hence the cut in Ref. [41] removes
∼35% of the incoherent contribution.

The theory of diffractive production in peripheral events,
where nucleons from both nuclei undergo additional inelastic
interactions, is not yet well developed. If we take at face
value Contreras’s determination [44] of photon fluxes from
the impact parameter region that corresponds to the 70–90%
centrality class, we can estimate at |y| = 3.25,

√
sNN =

2.76 TeV, pcut
T = 300 MeV:

dσincoh(AA → V X|70–90%)

dy

= nγ/A(z+|70–90%)σincoh
(
W+|pT < pcut

T

)
+ nγ/A(z−|70–90%)σincoh

(
W−|pT < pcut

T

)
≈ 15 μb, (3.19)

which is in the same ballpark as the estimate in Ref. [21]. The
ALICE measurement [41] is

dσ (AA → V X|70–90%; 2.5 < |y| < 4.0)

dy

= 59 ± 11 ± 8 μb. (3.20)

Within the present framework of “peripheral photon fluxes,”
incoherent J/ψ alone cannot explain the ALICE data in
peripheral collisions, but it can give a substantial contribution.

IV. SUMMARY AND OUTLOOK

In this paper, we have presented the Glauber-Gribov theory
for incoherent photoproduction of vector mesons on heavy

nuclei within the color dipole approach. Here, incoherent
production means that the nucleus breaks up. There is a large
rapidity gap between vector meson and nuclear fragments and
no new particles are produced in the nuclear fragmentation
region. The color dipoles play the role of the eigenstates of
the scattering matrix and take into account the inelastic shad-
owing corrections. We have developed the multiple scattering
expansion which involves matrix elements of the operator
σn(x,r) exp[− 1

2σ (x,r)TA(b)]. We performed calculations for
J/ψ and ϒ photoproduction. Multiple scatterings lead to
extended tails in the t distributions. However, due to the
small dipole sizes relevant in these processes, the multiple
scattering terms are only important at large t , beyond the free-
nucleon diffraction cone. The transverse momentum of heavy
vector mesons in incoherent diffractive events will therefore
have the same distribution as in coherent diffraction on a
nucleon.

Our calculations are in agreement with data from ALICE
in ultraperipheral lead-lead collisions at

√
sNN = 2.76 TeV.

There seems to be little room left for contributions with nucleon
dissociation. It will be interesting in the future to calculate also
these contributions, e.g., from the model presented in Ref. [45]
in order to be able to predict the transverse momentum spectra
of vector mesons in the whole experimentally accessible phase
space.

The nuclear excitation products contain neutrons which
could be detected in forward neutron calorimeters. These
neutrons are of different origin than those coming from the
electromagnetic excitation of giant dipole resonances, which
are discussed, e.g., in Refs. [46,47]. Some ideas to exploit
correlations of vector meson rapidity with neutron multiplicity
from different mechanisms are discussed in Ref. [23].

Incoherent diffractive production also contributes to the
J/ψ yield in peripheral inelastic heavy-ion collisions. Rough
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estimates using photon fluxes of Ref. [44] give about ∼25%
of the cross section measured by ALICE [41].

Finally, our calculations can be extended to the deep
inelastic region of interest for a possible future electron-
ion collider [26,27]. An extension to light vector mesons
is also straightforward but may require modifications to
the dipole cross sections used here which we will explore
elsewhere.
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