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Generalized color transparency 
• Color transparency = the vanishing of nuclear initial and final-state 
interactions mediated by small-size color-neutral probes, Frankfurt, Miller, Strikman, 
Ann. Rev. Nucl. Part. Sci. 44 (1994) 501; Dutta, Hafidi, Strikman, Prog. Part. Nucl. Phys. 69 (2013) 1

• In perturbative QCD due to color gauge invariance, CT is realized as 
smallness of the cross section of small-size quark-antiquark dipoles, Low, PRD 
12 (1975) 163; Nussinov, PRL 34 (1975) 1286; Gunion, Soper, PRD 15 (1977) 2617; Blaettel, Baym, Frankfurt, 
Strikman, PRL 70 (1993) 896; Frankfurt, Miller, Strikman, PLB 304 (1993) 1

• The dipole cross section ~ xg(x,µ2), which becomes large at small x → 
naive CT is replaced by color opacity (generalized CT), which also includes,                     
Frankfurt, Strikman, Zhalov, PLB 540 (2002) 220 

- leading twist nuclear shadowing 
- gradual blackness of the interaction and gross violation of LT approximation 
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2
X). The function �̂(⇠, r) in Eq. (22) is the

dipole cross section which contains all the necessary information about the interaction

between the dipole and the proton. It depends on the dipole size r and it has energy

dependence through the dependence on ⇠. It can be calculated from theory or modeled

phenomenologically as we shall discuss below.

The formulae (19) and (20) were derived in the case when the two gluons were

exchanged between the color dipole and the proton. All possible couplings were added

up in order to retain the gauge invariance property. The result was obtained in the

form of the kT factorization formula, with the unintegrated gluon density describing the

details of the target. Finally, the formulae were rewritten in terms of the dipole cross

section which can be related to the unintegrated gluon density. The qq̄g component is

given by [87, 89]
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where the function �2 is defined as

�2 = k
2

Z 1

0

drr K2

✓r
z

1 � z
kr

◆
J2(kr) �̂(⇠, r) , (24)

with J2 and K2 Bessel functions.

The latter contribution is of course higher order in ↵s. The qq̄g term in Eq. (23)

was computed in the approximation when the transverse momenta are strongly ordered

kTq ' kT q̄ � kTg .

In the large Nc approximation, it can be e↵ectively treated as the gluonic color dipole.

Thus a factor CA/CF must be included in order to rescale the interaction with respect

to the qq̄ dipole by changing the scattering amplitude by the factor 9/4, for details see

[90].

3.3. Models for the dipole cross section

The dipole cross section can be obtained from theory or it can be modeled

phenomenologically. One can broadly classify the dipole models into several main

categories: those based on DGLAP evolution, obtained from non-linear evolution

equations at small x, and phenomenological parametrizations.

In the limit of small dipole size, and in the leading logarithmic approximation,

accounting for the terms ↵s lnQ2
/⇤2

QCD, there is an important relation between the

dipole cross section �̂(x, r) and the collinear gluon density xg(x, µ2) which was derived

in [91, 92]

�̂(x, r) =
⇡

2

3
r
2
⇥
↵s(µ

2)xg(x, µ2)
⇤
µ2=C/r2 , (25)

dipole transverse size gluon density of target hard scale from matching to 
collinear expression for σL(x,Q2) 
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Generalized color transparency and high-
energy factorization for J/𝜓 photoproduction 

• In the case of J/𝜓 photoproduction at high energies, the coherence length 
lc=2E𝛾/(MV)2=1/(xmN) and formation time 𝜏f=2E𝛾/[(MV’)2-(MV)2] >> RA → the 
amplitude factorizes into three blocks, Ryskin, Z. Phys. C 57 (1993) 89; Frankfurt, Koepf, Strikman, 
PRD 57 (1998)  512; Frankfurt, McDermott, Strikman, JHEP 03 (2001) 045
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Figure 19. Electroproduction of vector mesons in the dipole model. The three stages
of the process involve the transition of the photon into a quark-antiquark pair (dipole),
its scattering o↵ the target depicted as a two-gluon exchange here, and formation of
the final-state vector meson. The longitudinal momentum fractions of the exchanged
gluons are denoted x1 and x2.

(ii) Then the qq̄ pair scatters o↵ the target with the dipole cross section discussed

in Sec. 3. Note that the qq̄ dipole lives for the time

⌧f = lf/c =
2q

k2
?+m2

q

z(1�z)

, (78)

so that ⌧f � ⌧i.

(iii) Finally, the final state vector meson is formed.

As a result, the amplitude of vector meson electroduction by longitudinal photons

A(�⇤
L + p ! V + p) can be written as convolution of the light-cone wave function of the

photon,  �⇤!|qq̄i, the dipole cross section, and the wave function of the vector meson

 f
V in a qq̄ configuration,

A(qt, Q) =
X

f

Z
d

2
b

Z
d

2
r

Z
dz e

iqt·b f
L(r, Q, z) �̂(x, r,b) f

V (r, z) , (79)

where r is the transverse separation between q and q̄ (the dipole size); b is the impact

parameter defined as the distance between the center of mass of the dipole and the

center of the target; qt is the momentum transfer to the target, which is assumed to be

purely transverse here (the e↵ect of the non-zero longitudinal momentum transfer will

be discussed below);
P

f is a sum over quark flavors depending on the flavor structure

of the produced vector meson V . The corresponding graph is shown in Fig. 19.

Note that at large Q
2, QCD factorization into the three blocks in Eq. (79) is valid

for all x and any two-body final states at fixed t [4]. However, for small x the space-

time picture of the process is greatly simplified. Note also that the same three-block
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Figure 21. The dependence of the median dipole size r(med) on the photon virtuality
Q2 for electroproduction of light and vector mesons and also the total photoabsorption
cross secion �L(x, Q2).

gradually disappears with an increase of Q2 leading to a slower decrease of the cross

section with an increase of Q2 than in the leading twist approximation. Note that the

suppression e↵ect is stronger for electroproduction of heavy vector mesons than for light

ones.

The suppression factor of T (Q2) as a function of Q2 and the trends of its behavior

discussed above are presented in Fig. 22.

5.4. Elastic photoproduction of J/ : from HERA to LHC

The phenomenologically important case of vector meson production is elastic

photoproduction of J/ , where the hard scale is provided by the mass of J/ (mass

of the charm quark). The � + p ! J/ + p di↵erential cross section reads [177, 176]

[compare to Eq. (81]

d�
�p!J/ p(t = 0)

dt
=

12⇡3

↵e.m.

�V M
3
V

(4m2
c)

4

⇥
↵s(Q

2
e↵)xg(x,Q

2
e↵)

⇤2
C(Q2 = 0) , (89)

where Qe↵ is the e↵ective hard scale of the process (see the discussion below). The factor

of C(Q2 = 0) depends on the details of the vector meson wave function and takes into

account the intrinsic motion (transverse momentum) of charm quarks in the diagram in

Fig. Hence, C(Q2 = 0) describes the e↵ect of higher-twist e↵ects in the �+p ! J/ +p

cross section. It is given by the following expression,

C(Q2 = 0) =
⇣
⌘V

3
m

4
c

⌘2

T (0)R(0) , (90)

depends on details of charmonium 
distribution amplitude

x=(MV)2/W2, Qeff2=2.5-4 GeV2

• Describes all available collider 
data, update of Guzey, Zhalov, JHEP10 (2013) 207 
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compared to Q
2
e↵ = M

2
V /4 = 2.4 GeV2 obtained in Ref. [175] and Q

2
e↵ = 3 GeV2,

which was determined phenomenologically [193] by requiring that Eq. (92) correctly

reproduces the measurements of W dependence of the � + p ! J/ + p cross section

at high energies. For the latter, one usually assumes the exponential t dependence with

the slope BJ/ (W ) giving

�
�p!J/ p =

1

BJ/ (W )

d�
�p!J/ p(t = 0)

dt
. (95)

The slope BJ/ (W ) can parameterized in the form BJ/ (W ) = 4.5+0.4 ln(W/90 GeV),

which is consistent with the HERA measurements [194, 195, 196].

Predictions of Eq. (92) for the � + p ! J/ + p cross section as a function of

W and comparison to the available H1 [197, 195], ZEUS [196], LHCb [198, 199], and

ALICE [200] data are shown in Fig. 23. For the calculation, we used Q
2
e↵ = 3 GeV2,

the CTEQ6L gluon density [201], and C̃(Q2 = 0) = 0.7, see details in [193]. One can

see from the figure that Eq. (92) provides a good description of the W dependence and

normalization of the cross section of elastic J/ photoproduction on the proton covering

a very wide range of energies extending into a TeV-range.
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Figure 23. The cross section of elastic J/ photoproduction on the proton as
a function of W : predictions of Eq. (92) vs. the H1 [197, 195], ZEUS [196],
LHCb [198, 199], and ALICE [200] data.
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Generalized color transparency and collinear 
factorization

• This high-energy factorization is related to collinear QCD factorization for 
hard exclusive processes, Collins, Frankfurt, Strikman, PRD 56 (1997) 2982

• Within collinear framework, the amplitudes are expressed as convolutions 
of generalized parton distributions (GPDs) with non-equal mom.fractions.
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where Gµ⌫ is the gluon field strength tensor; n is a light-like vector in the direction of

the initial photon momentum; x1 = x+ ⇠ and x2 = x� ⇠ are the light-cone momentum

fractions of the gluons along the p̄ = (p + p
0)/2 direction, see Fig. 20. The averaging

and summation over colors is assumed.

(x+ ⇠)P̄ (x � ⇠)P̄

(1 + ⇠)P̄ (1 � ⇠)P̄

F
g(x, ⇠)

Figure 20. Momentum fractions in the definition of GPDs in the symmetric notation.

The momentum fraction ⇠ is associated with the longitudinal momentum transfer

and determined by the kinematics of the process. For electroduction of vector mesons,

⇠ =
x

2
=

1

2

Q
2 +M

2
V

W 2
. (84)

In the forward limit, i.e., in the ⇠ = 0 and t = 0 limit, one obtains from Eq. (83):

F
g(x, ⇠ = 0, t = 0) =

1

(p · n)

Z
d�

2⇡
e

ix(p·z)
n⇢n�hp|G⇢µ

⇣
�z

2

⌘
G

�
µ

⇣
z

2

⌘
|pi|z+=z?=0,z=�n

= xg(x) , (85)

where g(x) is the usual gluon distribution (we suppress the scale dependence for brevity),

see, e.g. Ref. [185].

Note that in Eq. (81) the di↵erence between the light-cone fractions of the gluons

attached to the qq̄ pair, x1�x2 = 2⇠, see Fig. 19, was neglected, and the cross section was

expressed in terms of the usual gluon distribution of the target. One can correct for this

e↵ect phenomenologically by examining the Q
2 evolution of GPDs [186]. In particular,

making a natural assumption that at the input evolution scale the di↵erence between

x1 and x2 can be neglected, the e↵ect of x1 6= x2 at higher Q2 scales is generated by the

evolution, see also Refs. [187, 188]. The natural qualitative feature of this method is

that the e↵ect of x1 6= x2 increases with an increase of Q2 and the mass of the produced

vector meson.

In the phenomenologically important case of J/ production, the gluon GPD

of the target can be approximated well by the usual gluon density evaluated at

xe↵ = (x1 + x2)/2 = ⇠ = x/2. This enhances the normalization of the �⇤ + p ! J/ + p

cross section, but does not a↵ect its t and W dependence [176]. In the literature, this

enhancement is often modelled by introducing the factor of Rg [188, 189, 190]

Rg =
23+2�

p
⇡

�(5
2 + �)

�(4 + �)
, (86)

• The GPD-based phenomenology for exclusive 
J/𝜓 photoproduction is complicated by model-
dependent relation of GPDs to PDFs, Shuvaev, Golec-

Biernat, Martin, Ryskin, PRD 60 (1999) 014015, large NLO QCD 
radiative Ivanov, Schaefer, Szymanowski, Krasnikov (2015); Jones, 

Martin, Ryskin, Teuber (2015) and relativistic corrections, 
Lappi, Mantysaari, Penttala, PRD 102 (2020) 5, 054020

• This is partially circumvented in the color dipole framework, where an account 
of quark kT (Fermi motion) suggests, Frankfurt, McDermott, Strikman, JHEP 03 (2001) 045 

<latexit sha1_base64="qXQGfQHfn3FmMrkbpKWm0bQxRIo="></latexit>

GPD(x1, x2) ⇡ g(xe↵ =
x1 + x2

2
) ⇡ g(x)

Note the resulting skewness is smaller than that given by Shuvaev transform.
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Coherent J/𝜓 photoproduction on nuclei   
• Application to nuclear targets → probe of nuclear gluon GPD (PDFs), Brodsky, 

Frankfurt, Gunion, Mueller, Strikman, PRD 50 (1994) 3143; Frankfurt, Strikman, Zhalov, PLB 540 (2002) 220  

Small correction kA/N ≈ 0.90-95 due to 
different skewnesses of nuclear and 
nucleon GPDs

From HERA and LHCb

�A(tmin) =

Z tmin

�1
dt|FA(t)|2

From nuclear 
form factor

• Nuclear suppression factor S → direct access to Rg +cancellation of corrections

Nucleus/proton 
gluon ratio Rg

S(W�p) =

"
��Pb!J/ Pb

�IA
�Pb!J/ Pb

#1/2

= A/N
GA(x, µ2)

AGN (x, µ2)
= A/NRg

Guzey, Kryshen, Strikman, Zhalov, PLB 726 (2013) 290,  
Guzey, Zhalov, JHEP 1310 (2013) 207

• Well-defined impulse approximation (IA), or naive CT:

�IA
�A!J/ A(W�p) =

d��p!J/ p(W�p, t = 0)

dt
�A(tmin)

Model-independently* from data on UPC@LHC 
at (ALICE, CMS, LHCb) and HERA, LHCb Abelev 
et al. [ALICE], PLB718 (2013) 1273; Abbas et al. [ALICE], EPJ 
C 73 (2013) 2617; [CMS] PLB 772 (2017) 489; Acharya et al 
[ALICE], arXiv:2101:04577 [nucl-ex]

From global QCD fits or leading twist 
nuclear shadowing model

��A!J/ A(W�p) = 2
A/N

d��p!J/ p(W�p, t = 0)

dt


GA(x, µ2)

AGN (x, µ2)

�2
�A(tmin)



Leading twist model of nuclear shadowing  
• Combination of Gribov-Glauber shadowing model with QCD factorization 
theorems for inclusive and diffractive DIS, Frankfurt, Strikman, EPJ A5 (1999) 293; Frankfurt, 

Guzey, Strukman, JHEP 02 (2002) 027; Frankfurt, Guzey, Strikman, Phys. Rept. 512 (2012) 255 → nuclear 
PDFs in terms of diffractive PDFs of proton + model for soft rescattering
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our numerical studies described below, � decreases with decreasing x, which reflects the onset of the strong interaction
regime for the increasing fraction of the configurations contributing to the PDFs.

We shall postpone the detailed discussion of � j
soft until Section 5.1.2. At this point, to get the feeling about the meaning

and magnitude of �
j
soft, we note that if diffraction were described by the aligned jet model, we would expect the typical

strength of the interaction of a large-size qq̄ configuration with the nucleon to be compatible to that for pions (⇢ mesons,
etc.), i.e., �aligned jet�N ⇡ 25 mb at x = 0.01 and �aligned jet�N ⇡ 40 mb at x = 10�5.

Applying the color fluctuation approximation to Eq. (61), we obtain our final expression for the nuclear parton distribu-
tion modified by nuclear shadowing,

xfj/A(x,Q 2
0 ) = Axfj/N(x,Q 2

0 ) � 8⇡A(A � 1) <e
(1 � i⌘)2

1 + ⌘2 Bdiff

Z 0.1

x
dxP�f D(3)

j (�,Q 2
0 , xP)

⇥

Z
d2b

Z
1

�1

dz1
Z

1

z1
dz2⇢A(Eb, z1)⇢A(Eb, z2)ei(z1�z2)xPmN e�

A
2 (1�i⌘)�

j
soft(x,Q

2
0 )

R z2
z1 dz0⇢A(Eb,z0), (64)

where Afj/N ⌘ Zfj/p + (A � Z)fj/n; Q 2
0 is a low scale at which the color fluctuation approximation is applicable (see below).

The nuclear PDFs fj/A given by Eq. (64) are next-to-leading (NLO) PDFs since the nucleon diffractive PDFs f D(3)
j are obtained

from the NLO QCD fit.
Our master Eq. (64) determines the nuclear PDFs fj/A at a particular input scale Q 2 = Q 2

0 , which is explicitly present in
fj/N , f

D(3)
j and �

j
soft. The color fluctuation approximation is more accurate if the fluctuations are more hadron-like, i.e., when

the contribution of the point-like configurations (PLCs) is small. This demands that Q 2
0 is not too large. At the same time, we

would like to stay within the perturbative regime, where higher twist contributions to the diffractive structure functions
are still small and where the fits to diffractive PDFs do not have to be extrapolated too strongly. (In the extraction of the
diffractive PDFs from the HERA data on diffraction, only the data with Q 2 > 8.5 GeV2 were used [61]. However, it has been
checked that the extrapolation down to Q 2 = 4 GeV2 works with a good accuracy.) Accordingly, in our numerical analysis,
we use Q 2

0 = 4 GeV2. We will demonstrate that our results depend weakly on the choice of Q 2
0 , even if we keep �

j
soft fixed.

This is because the approximations discussed above are needed only for the interactions with three and more nucleons of
the target; the double rescattering contribution is evaluated in a model-independent way.

It is important to emphasize that while Eq. (61) gives a general expression for the effect of cross section (color)
fluctuations on themultiple interactions, Eq. (64) presents a particular approximation—the color fluctuation approximation.
In this approximation, the interaction cross section with N � 3 nucleons is �

j
soft(x,Q

2) = h� 3ij/h�
2ij, see Eq. (63). Eq. (64)

allows for a simple interpretation: the factor Bdiff
R 0.1
x dxP�f D(3)

j (�,Q 2, xP) describes the probability for a photon to diffract
into diffractive states in the interaction with a target nucleon at point (z1, Eb) and to be absorbed in the interaction with
another nucleon at point (z2, Eb), while the factor in the third line of Eq. (64) describes the interaction of the diffractive states
with other nucleons of the nucleus with the cross section �

j
soft between points z1 and z2.

It is important to note that �
j
soft(x,Q

2) can be determined experimentally by measuring nuclear shadowing with a light
nucleus, for instance, with 4He. Alternatively, �

j
soft(x,Q

2) can be extracted directly from coherent diffraction in DIS on
deuterium [128]. After �

j
soft(x,Q

2) will have been determined, the leading twist theory will contain no model-dependent
parameters and can be used to predict nuclear shadowing for an arbitrary nucleus in a completely model-independent way.
The discussed measurements can be carried out at a future Electron–Ion Collider.

In the treatment of multiple rescatterings in the leading twist theory of nuclear shadowing in Ref. [76], we used the
so-called quasi-eikonal approximation, which neglects color fluctuations and, hence, uses �

j
soft(x,Q

2) = �
j
2(x,Q

2) ⌘

h� 2ij/h� ij in Eq. (64). Such an approximation gives the results identical to Eq. (64) for the interaction with one and two
nucleons of the nuclear target. However, it neglects the presence of point-like configurations in the virtual photon wave
function and, hence, overestimates shadowing at x ⇠ 10�3, where the contribution of the interactionswithN > 2 is already
important, while the contribution of the point-like configurations is still significant. We will use a comparison between
the color fluctuation and quasi-eikonal approximations to illustrate the role of color fluctuations in Section 5.8. (Note that
the quasi-eikonal approximation is popular in the literature in spite of its deep shortcomings discussed above and also in
Section 3.1.4.)

In the very small-x limit, which for practical purposes means x < 10�2 (see Fig. 44), the factor ei(z1�z2)xPmN in Eq. (64) can
be safely neglected. This results in a significant simplification of the master formula after the integration by parts two times
(cf. [80]):

xfj/A(x,Q 2
0 ) = A xfj/N(x,Q 2

0 ) � 8⇡A(A � 1)Bdiff <e
(1 � i⌘)2

1 + ⌘2

Z 0.1

x
dxP�f D(3)

j (�,Q 2
0 , xP)

⇥

Z
d2Eb

e�LTA(b) � 1 + LTA(b)
L2

, (65)

where L = A/2 (1 � i⌘)�
j
soft(x,Q

2
0 ); TA(b) =

R
1

�1
dz ⇢A(z).

diffractive 
(Pomeron)  
exchange

proton diffractive PDFs 
from HERA

model-dependent 
effective cross sectionnuclear density

scattering series.

In the graphic form, the multiple scattering series for the !A ! J/"A scattering am-

plitude in the leading twist theory of nuclear shadowing is shown in Fig. 2, where graph a

(a) (b) (c)

A A

N
N N

A A A A

! J/"
! J/" ! J/"

�P �P �P �P

" + " . . .

FIG. 2: The multiple scattering series for the !A ! J/"A scattering amplitude in the leading

twist theory of nuclear shadowing: (a) the impulse approximation, (b) the double scattering, (c)

the interaction with three nucleons of the target.

is the impulse approximation, graph b corresponds to double scattering (the simultaneous

interaction of the probe with two nucleons of the target), and graph c corresponds to the

interaction with three nucleons of the target.

The multiple scattering series of Fig. 2 can be summed as follows. The Gribov result on

the inelastic shadowing correction in hadron–nucleus scattering can be conveniently imple-

mented using the formalism of cross section fluctuation [22]. In this approach, the interaction

of a high-energy projectile with a nucleus is a two-step process. First, long before the target,

the projectile fluctuates into di!erent configurations interacting with a hadronic target with

di!erent cross sections # characterized by the distribution over cross sections P (#). Second,

these fluctuations interact with the nucleus. The corresponding cross section is calculated

separately for each fluctuation (for individual #) using the Glauber method and then av-

eraged with P (#), for details and references, see [6]. In particular, for the !A ! J/"A

scattering amplitude, we obtain:

7



Leading twist model of nuclear shadowing (2)   
• Predicts a leading twist component of nuclear shadowing, which is 
determined by leading twist diffractive PDFs measured at HERA. 

• Naturally predicts large shadowing for gA(x,µ2). 
• Predicts nuclear PDFs at µ2=3-4 GeV2  → input for DGLAP evolution.

7

 0
 0.2
 0.4
 0.6
 0.8

 1
 1.2
 1.4
 1.6
 1.8

10-4 10-3 10-2 10-1

Pb-208, Q0
2=4 GeV2

g A
(x

)/[
Ag

N
(x

)]

x

LTA
EPPS16

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 1.4

10-5 10-4 10-3 10-2 10-1

Pb-208

g
A
(
x
)
/
A
g
N
(
x
)

x

Q2=4 GeV2

Q2=10 GeV2

Q2=10,000 GeV2

• EIC can test predictions of this model and others due to: 
- wide x-Q2 coverage 
- measurements of the longitudinal structure function FLA(x,Q2) sensitive to gluons 
- measurements of diffraction in eA DIS

• This can also be done using UPCs@LHC → last part of this talk.



Coherent J/𝜓 photoproduction on nuclei in 
dipole model    

• In contrast to the leading twist model, where the diffractive exchange 
(Pomeron) couples to 2 different nucleons, the dipole model takes into 
account a different, higher-twist set of contributions leading to smaller nuclear 
shadowing, Nikolaev, Comm. Nucl. Part. Phys. 21 (1992) 1, 41
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(a) (b) (c)

A A

N
N N

A A A A

! J/" ! J/" ! J/"

! + ! . . .

FIG. 1: The multiple scattering series for the !A " J/"A scattering amplitude in the color dipole

formalism: (a) the impulse approximation, (b) the double scattering, (c) the interaction with three

nucleons of the target.

factorization theorems, which enables one to apply Eq. (4) directly to nuclear targets. Ap-

plying Eq. (4) to the nucleus and proton targets, we obtain the following expression for the

t-integrated cross section of coherent J/" photoproduction on nuclei at high energy:

#pQCD
!A!J/"A(W!p) =

d#pQCD
!p!J/"p(W!p, t = 0)

dt

!

GA(x, µ2)

AGN(x, µ2)

"2

!A(tmin) , (5)

where GA(x, µ2) and GN(x, µ2) are the gluon distributions in a nucleus and the free proton,

respectively. The nuclear modification (suppression) of #pQCD
!A!J/"A(W!p) is given by the factor

of R = GA(x, µ2)/[AGN(x, µ2)] < 1 quantifying the amount of nuclear gluon shadowing at

small x.

The leading twist theory of nuclear shadowing [6] is based on the space–time picture of the

strong interaction, the generalization of the Gribov–Glauber theory of nuclear shadowing in

soft hadron–nucleus scattering [9, 20] to hard processes with nuclei, and the QCD collinear

factorization theorems for the total and di"ractive cross sections of deep inelastic scattering

(DIS). The approach allows one to make predictions for the leading twist shadowing correc-

tion to nuclear parton distributions (nPDFs), structure functions and cross sections, which

are given as a series in the number of simultaneous interactions with the target nucleons (the

multiple scattering series). The structure of each term in the series is unambiguously given

by the Gribov–Glauber theory supplemented by Abramovsky–Gribov–Kancheli (AGK) cut-

ting rules [21] and the QCD factorization theorems. The nuclear shadowing e"ect arises as a

result of destructive quantum-mechanical interference among di"erent terms of the multiple

6

• → Color dipole models generally underestimate the suppression, Goncalves, 

Machado (2011); Lappi, Mäntysaari, 2013, but the answer strongly depends on the choice of the 
dipole cross section and charmonium wave function, Mäntysaari, Schenke, PLB 772 (2017) 681



Impact parameter dependence of nPDFs   
• The model of leading twist nuclear shadowing allows one to predict the 
dependence of nPDFs on the impact parameter b:

9
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Fig. 39. The A dependence of nuclear shadowing. The points (squares for x = 10�4 and open circles for x = 10�3) are the results of our calculations for
fj/A(x,Q 2)/[Afj/N (x,Q 2)] for 12C, 40Ca, 110Pd, and 208Pb; the smooth curves is a two-parameter fit of Eq. (128).

5.5. Impact parameter dependent nuclear PDFs

Predictions of the leading twist theory of nuclear shadowing for nPDFs can be readily generalized to predict the depen-
dence of nuclear PDFs on the impact parameter b. The impact parameter dependent nPDFs, fj/A(x,Q 2, b), can be introduced
by the following relation [75]:

Z
d2Ebfj/A(x,Q 2, b) = fj/A(x,Q 2). (129)

Removing the integration over the impact parameter Eb in our master Eq. (64), one immediately obtains the nuclear PDFs as
functions of x and b:

xfj/A(x,Q 2
0 , b) = A TA(b)xfj/N(x,Q 2

0 ) � 8⇡A(A � 1)Bdiff <e
(1 � i⌘)2

1 + ⌘2

Z 0.1

x
dxP�f D(3)

j (�,Q 2
0 , xP)

⇥

Z
1

�1

dz1
Z

1

z1
dz2 ⇢A(Eb, z1)⇢A(Eb, z2) ei(z1�z2)xPmN e�

A
2 (1�i⌘)�

j
soft(x,Q

2
0 )

R z2
z1 dz0⇢A(Eb,z0), (130)

where TA(b) =
R

1

�1
dz⇢A(Eb, z). Note that the presence of the factor TA(b) in Eq. (130) is required by the condition of Eq. (129).

The impact parameter dependent nPDFs, fj/A(x,Q 2, b), have the meaning of the probability to find parton j at the impact pa-
rameter b at the resolution scale Q 2. In deriving Eq. (130) the finite size of the nucleon was neglected as compared to the
nucleus size.

As wewill discuss in Section 6.2, our impact parameter dependent nuclear PDFs are nothing else but the diagonal nuclear
generalized parton distributions,

fj/A(x,Q 2, b) = Hj
A(x, ⇠ = 0, b,Q 2). (131)

Let us now discuss the spatial image of nuclear shadowing. This can be done by considering the ratio Rj(x, b,Q 2):

Rj(x, b,Q 2) =
fj/A(x,Q 2, b)

A TA(b)fj/N(x,Q 2)
=

Hj
A(x, ⇠ = 0, b,Q 2)

A TA(b)fj/N(x,Q 2)
. (132)

The ratio Rj(x, b,Q 2) of Eq. (132) for 40Ca (upper green surfaces) and 208Pb (lower red surfaces) as a function of x and |Eb| is
presented in Fig. 40. The top panel corresponds to ū quarks; the bottom panel corresponds to gluons. All surfaces correspond
to Q 2 = 4 GeV2 and to model FGS10_H of nuclear shadowing (see the previous discussion). Note that in the absence of
nuclear shadowing, Rj(x, b,Q 2) = 1.

Several features of Fig. 40 deserve a discussion. First, as one can see from Fig. 40, the amount of nuclear shadowing – the
suppression of Rj(x, b,Q 2) compared to unity – increases as one decreases x and b. Second, nuclear shadowing for gluons
is larger than for quarks. Third, nuclear shadowing induces non-trivial correlations between x and b in the nuclear GPD

•→ correlations between b and x → 
shadowing is stronger in nucleus center → 
shift of t-dependence of 𝛾A → J/𝜓A cross 
section → confirmed by LHC data on 
coherent J/𝜓 photoproduction in Pb-Pb 
UPCs.

• With additional assumptions, global QCD fits can also extract b-dependence of 
nPDFs, EPS09s, Helenius, Honkanen, Salgado, JHEP 1207 (2012) 073.

Author's personal copy

310 L. Frankfurt et al. / Physics Reports 512 (2012) 255–393

Fig. 40. Impact parameter dependence of nuclear shadowing for 40Ca (upper green surfaces) and 208Pb (lower red surfaces). The graphs show the ratio
Rj(x, b,Q 2) of Eq. (132) as a function of x and the impact parameter |Eb| at Q 2 = 4 GeV2. The top panel corresponds to ū-quarks; the bottom panel
corresponds to gluons. For the evaluation of nuclear shadowing, model FGS10_H was used (see the text). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

Fig. 41. The ratio fj/A/(ATA(b)fj/N ) as a function of x. The solid curves correspond to the central impact parameter (b = 0); the dotted curves are for the
nPDFs integrated over all b (the same as in Figs. 33 and 34). All curves correspond to Q 2

0 = 4 GeV2 and to model FGS10_H.

Hj
A(x, 0, Eb,Q 2), even if such correlations were absent in the free nucleon GPD. (In Eq. (130) we neglected the x-b correlations

in the nucleon GPDs by neglecting the t dependence of Hj
N(x, 0, t,Q 2) and using Hj

N(x, 0, t,Q 2) ⇡ fj/N(x,Q 2).)
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Exclusive J/𝜓 photoproduction in 
ultraperipheral collisions (UPCs)  

• Ultraperipheral collisions (UPCs): ions interact at 
large impact parameters b >> RA+RB  → hadron 
interactions suppressed → interaction via quasi-real 
photons in Weizsäcker-Williams equivalent photon 
approximation, Budnev, Ginzburg, Meledin, Serbo, Phys. Rept. 15 (1975) 
181; Bertulani, Klein, Nystrand, Ann. Rev. Nucl. Part. Sci. 55 (2005) 271; Baltz 
et al, Phys. Rept. 480 (2008) 1; Contreras and Tapia-Takaki, Int. J. Mod. Phys. A 
30 (2015) 1542012; Snowmass LoI, Klein et al, arXiv:2009.03838

A.J. Baltz et al. / Physics Reports 458 (2008) 1–171 5

Fig. 1. Schematic diagram of an ultraperipheral collision of two ions. The impact parameter, b, is larger than the sum of the two radii, RA + RB .
Reprinted from Ref. [3] with permission from Elsevier.

Fig. 2. A schematic view of (a) an electromagnetic interaction where photons emitted by the ions interact with each other, (b) a photon–nuclear
reaction in which a photon emitted by an ion interacts with the other nucleus, (c) photonuclear reaction with nuclear breakup due to photon
exchange.

The photoproduction cross section can also be factorized into the product of the photonuclear cross section and the
photon flux, dN� /dk,

�X =

Z
dk

dN�

dk
�

�
X (k), (4)

where �
�
X (k) is the photonuclear cross section.

The photon flux used to calculate the two-photon luminosity in Eq. (2) and the photoproduction cross section in Eq.
(4) is given by the Weizsäcker–Williams method [8]. The flux is evaluated in impact parameter space, as is appropriate
for heavy-ion interactions [9,10]. The flux at distance r away from a charge Z nucleus is

d3 N�

dkd2r
=

Z2↵w2

⇡2kr2

"

K 2
1 (w) +

1

� 2
L

K 2
0 (w)

#

, (5)

where w = kr/�L and K0(w) and K1(w) are modified Bessel functions. The photon flux decreases exponentially
above a cutoff energy determined by the size of the nucleus. In the laboratory frame, the cutoff is kmax ⇡ �L h̄c/RA. In
the rest frame of the target nucleus, the cutoff is boosted to Emax = (2� 2

L � 1)h̄c/RA, about 500 GeV at RHIC and 1
PeV (1000 TeV) at the LHC. The photon flux for heavy ions at RHIC and the LHC is depicted in Fig. 4. Also shown,

• Cross section of coherent J/𝜓 photoproduction in Pb-Pb UPCs → two terms 
corresponding to low-x and high-x 

B
B

B
B

A A

A

X

X

jet 1 jet 1

jet 2 jet2

rapidity gap

(a) (b)

B
B

A
A

J/!,!

(c)

Figure 2: Three types of processes that can be used to study the gluon distributions in nuclei at small x in
UPCs: (a) inclusive photoproduction of two jets with large transverse momenta gives access to the usual gluon
PDF; (b) di!ractive productions of two jets gives access to the di!ractive gluon PDF; (c) exclusive coherent
photoproduction of heavy vector mesons probes the generalized gluon distributions (the impact-parameter-
dependent gluon PDF).

predicted using the leading twist theory of nuclear shadowing [17]. An example of it is presented in
Fig. 3 (left) where we plot the ratio of the gluon distribution in 208Pb over that in the free proton,
gA(x,Q2

0)/[AgN(x,Q
2
0)], as a function of x at Q2

0 = 4 GeV2 (the shaded band labeled FGS10). The
band corresponds to an intrinsic theoretical uncertainty of our approach, see details in [17]. Also, for
comparison, we show the results of the extraction of gA(x,Q2

0)/[AgN(x,Q
2
0)] using the global QCD fits:

EPS09 [14] and HKN07 [13].
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Figure 3: (Left) Predictions for ratio of the gluon distribution in 208Pb to that in the free proton,
gA(x,Q2

0)/[AgN (x,Q2
0)]. (Right) The ratio of the gluon impact-parameter-dependent distribution in 208Pb to

the gluon distribution in the free proton, gA(x,Q2
0, b)/[ATA(b)gN (x,Q2

0)], as a function of the impact parameter
b; TA(b) is the nucleon density.

In UPCs at the LHC, one can directly access the gluon distribution in nuclei through the process of

5

d�AA!AAJ/ (y)

dy
= N�/A(y)��A!AJ/ (y) +N�/A(�y)��A!AJ/ (�y)

Photon flux from QED:  
- high intensity ~ Z2 
- high photon energy ~ 𝛾L

Photoproduction 
cross section

y = ln[W 2/(2�LmNMV )]

= J/𝜓 rapidity
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SPb from ALICE and CMS UPC data vs. theory 

• Good agreement with ALICE data at 2.76 and 5.02 TeV  → direct evidence of 
large gluon shadowing, Rg(x=6×10-4 - 0.001) ≈ 0.6, predicted by the LT model. 

• Also good description using central value of EPS09, EPPS16, large uncertainty.

LTA: Guzey, Zhalov JHEP 1310 (2013) 207 
EPS09: Eskola, Paukkunen, Salgado, JHEP 
0904 (2009) 065 
HKN07: Hirai, Kumano, Nagai, PRC 76 (2007) 
065207 
nDS: de Florian, Sassot, PRD 69 (2004) 074028 

• Model-independently at y=0 and mostly large-x at forward |y|, Abelev et al. [ALICE], 
PLB718 (2013) 1273; Abbas et al. [ALICE], EPJ C 73 (2013) 2617; CMS Collab., PLB 772 (2017) 489, Acharya et al 
[ALICE], arXiv:2101:04577 [nucl-ex]  → suppression factor SPb

µ2=3 GeV2
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Figure 41. The nuclear suppression factor of SPb(x) as a function of the gluon
momentum fraction of x: the values extracted from the Run 1 [272, 273, 275] and the
central rapidity Run 2 [278] UPC data on coherent J/ photoproduction in Pb-Pb
UPCs vs. predictions of the leading twist model of nuclear shadowing and global fits of
nPDFs. The bands indicate the uncertainties for the LTA model (yellow) and EPS09
parametrization (blue).

Then, taking the square root of the ratio of the cross sections in Eqs. (169) and

(171), one introduces the nuclear suppression factor of SPb(x) [287, 193, 289]

SPb(x) =

s
��A!J/ A(W�p)

�
IA
�A!J/ A(W�p)

= A/N
xgA(x, µ2)

AxgN(x, µ2)
⌘ A/NRg(x, µ

2) . (172)

It is expected that almost all kinematic factors and mentioned corrections cancel in the

ratio of the nuclear and IA( proton) cross sections. Thus, Eq. (172) establishes a direct

correspondence between the suppression factor of SPb(x) and the ratio of the nuclear

and nucleon gluon distributions Rg(x, µ2). Further, since at central rapidities |y| ⇡ 0,

the d�AA!AAJ/ (y)/dy cross section is unambiguously related to the ��A!J/ A(W�p)

photoproduction cross section at the definite value of W�p =
p
2ENMJ/ , Eq. (172)

gives a one-to-one correspondence between the measured UPC cross section at central

rapidities and Rg(x, µ2) at x = MJ/ /(2EN).

Figure 41 shows a comparison of the values of SPb(x) extracted from the Run

1 [272, 273, 275] and the central rapidity Run 2 [278] UPC data on coherent J/ 

photoproduction in Pb-Pb UPCs with Rg(x, µ2) predicted in the leading twist model

of nuclear shadowing and global QCD fits of nPDFs. Note that following the analysis

of Ref. [193], we take advantage of ambiguity in the exact values of the scale µ and

take µ
2 = 3 GeV2 to best reproduce the available HERA and LHCb data on the W�p

dependence of the cross section of exclusive J/ photoproduction on the proton. The



Imaging of nuclear gluons at small x   
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• In case of non-negligible nuclear shadowing, 𝛾A → J/𝜓A cross section should 
be modified: 

d��A!J/ A

dt
=

d��p!J/ p(t = 0)

dt

✓
Rg,A

Rg,p

◆2 ✓ gA(x, µ2)

Agp(x, µ2)

◆2

F 2
A(t)
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d��A!J/ A

dt
=

d��p!J/ p(t = 0)

dt

✓
Rg,A

Rg,p

◆2 ✓gA(x, t, µ2)

Agp(x, µ2)

◆2
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• Answer in terms of nuclear GPD in the x1=x2 limit, i.e. in terms of impact-
parameter-dependent nPDF fj/A(x,Q02,b), Guzey, Strikman, Zhalov, PRC 95 (2017) 025204

• Correlations between b and x → shift of t-dependence of 𝛾A → J/𝜓A cross 
section:                                 



t-dependence of coherent J/𝜓 photonuclear 
cross section

13

CY10488 PRC February 7, 2017 2:23

V. GUZEY, M. STRIKMAN, AND M. ZHALOV PHYSICAL REVIEW C 00, 005200 (2017)

10-4

10-3

10-2

10-1

100

 0  0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

!A " #A
W=62 GeV

$sNN=5.02 TeV, y=0

(
d

%/
d
t
)
/
[
d

%/
d
t
(
t
m
i
n
)
]

|t| [GeV2]

mVMD-GGM
RHIC

|FA(t)/A|
2

10-4

10-3

10-2

10-1

100

 0  0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

!A " J/&A
W=124 GeV

$sNN=5.02 TeV, y=0

(
d

%/
d
t
)
/
[
d

% /
d
t
(
t
m
i
n
)
]

|t| [GeV2]

LTA
|FA(t)/A|

2

FIG. 1. The d!"A!V A(W"p)/dt cross section for # (upper panel)
and J/$ (lower panel) for 208Pb normalized to its value at t = tmin

as a function of |t |. The cross sections are calculated at W"p = 62
GeV for # and W"p = 124 GeV for J/$ , corresponding to the LHC
Run 2

"
sNN = 5.02 TeV and y = 0. The resulting t dependence is

compared with that given by the normalized nuclear form factor
squared |FA(t)/A|2. For the # meson, we also show the result of the
calculation at W"p = 10 GeV corresponding to the RHIC kinematics
(the green dashed line labeled “RHIC”).

For the t dependence of the elementary "p ! J/$p cross260

section, we use the following simple exponential form:261

d!"p!J/$p(W"p)
dt

= d!"p!J/$p(t = 0)
dt

eBJ/$ t , (12)

where BJ/$ (W"p) = 4.5 + 0.4 ln(W"p/90 GeV), which de-262

scribes well the HERA data on the t dependence of the263

cross section of J/$ photoproduction on the proton; see, e.g.,264

Ref. [12].265

III. RESULTS AND DISCUSSION266

Figure 1 shows our results for the d!"A!V A(W"p)/dt cross267

section for # (upper panel) and J/$ (lower panel) coherent268

photoproduction on 208Pb as a function of |t |. The cross269

sections are normalized to their values at t = tmin, where270

tmin = #m2
NM4

#/W 4
"p, and are evaluated at W"p = 62 GeV for271

# and W"p = 124 GeV for J/$ , which corresponds to y = 0272

for Pb-Pb UPCs at
"

sNN = 5.02 TeV. In the upper panel, the273

red solid curve labeled “mVMD-GGM” corresponds to Eq. (3).274

In the lower panel, the red solid curve labeled “LTA” shows the275

result of Eq. (9) calculated with the lower value of !3, which 276

corresponds to the upper limit on the shadowing effect for J/$ 277

photoproduction. For reference, we also show the normalized 278

nuclear form factor squared obtained by using the nucleon 279

density of 208Pb of Ref. [41] [the blue dot-dashed curve labeled 280

“|FA(t)/A|2”]. In the #-meson case, we also show the result of 281

the calculation at W"p = 10 GeV corresponding to the RHIC 282

kinematics (the green dashed line labeled “RHIC”). One can 283

see that the normalized momentum-transfer distribution is a 284

weak function of W"p between the RHIC and LHC energies. 285

One can see from the figure that nuclear shadowing 286

modifies the t dependence of d!"A!V A(W"p)/dt by shifting 287

the positions of the diffractive minima and maxima towards 288

smaller values of |t |. For instance, the shift of the first minimum 289

is %pt $ 18 MeV for # and %pt $ 14 MeV for J/$ . Note that, 290

in the #-meson case, the predicted t dependence very weakly 291

depends on details of the model of cross-section fluctuations. 292

In the J/$ case, the effect of cross-section fluctuations is 293

implicit in Eq. (9) and the %pt shift depends on the value of the 294

average !3 cross section, which has a significant uncertainty 295

and constrained to lie in the !3 = 26–45 mb interval. The 296

result of the calculation with the lower value of !3, which 297

corresponds to the scenario with the larger gluon shadowing in 298

the leading twist model of nuclear shadowing [36], is presented 299

in Fig. 1. For the larger value of !3 and the correspondingly 300

smaller gluon shadowing, the modification of the t distribution 301

of d!"A!J/$A(W"p)/dt compared with |FA(t)/A|2 is smaller; 302

the corresponding shift is %pt $ 6 MeV. 303

The shift of the t dependence of the d!"A!V A(W"p)/dt 304

cross section shown in Fig. 1 can be interpreted as an increase 305

(broadening) in the impact-parameter space of the nucleon 306

density in nuclei in the case of # and the nuclear gluon 307

distribution in the case of J/$ . Characterizing the average 308

transverse size of these distributions by the equivalent radius 309

of RA, one can estimate the relative increase of RA as 310

%RA/RA $ %pt/pt , which gives %RA/RA $ 1.14 for # and 311

%RA/RA $ 1.05–1.11 for J/$ . The latter estimate agrees 312

with the results of the analysis of the average transverse size 313

of the nuclear gluon distribution of Ref. [36]. The transverse 314

broadening of the nuclear gluon and sea quark distributions 315

caused by nuclear shadowing can also be studied in other 316

exclusive processes such as, e.g., deeply virtual Compton 317

scattering, where it leads to dramatic oscillations of the 318

beam-spin cross-section asymmetry [36]. 319

Figure 2 shows our predictions for d!AA!#A%A(y = 320

0)/dydt as a function of |t | (top panel) and d!AA!#A%A(y = 321

0)/dydpt as a function of pt (bottom panel) for Pb-Pb UPCs 322

at
"

sNN = 5.02 TeV for Run 2 at the LHC (A% denotes both 323

coherent A% = A and incoherent A% &= A cases). The blue 324

dot-dashed and black dotted curves give the coherent [Eqs. (1) 325

and (3)] and incoherent [Eq. (4)] contributions, respectively; 326

the red solid curve is the sum of the coherent and incoherent 327

terms. One can see from the figure that, although the incoherent 328

contribution partially fills in the first diffractive minimum in 329

the t dependence, the minimum still remains visible and its 330

position as a function of |t | or pt is unaffected. 331

The differential d!AA!J/$A%A(y = 0)/dydt cross section 332

for J/$ photoproduction is shown in Fig. 3. The upper panel 333

corresponds to the calculations with the higher leading twist 334

005200-4

• Shift of t-dependence = 5-11% broadening in impact parameter space of gluon nPDF 

• Similar effect is predicted to be caused by saturation, Cisek, Schafer, Szczurek, PRC86 (2012) 
014905; Lappi, Mäntysaari, PRC 87 (2013) 032201; Toll, Ullrich, PRC87 (2013) 024913; Goncalves, Navarra, Spiering, 
arXiv:1701.04340  

Guzey, Strikman, Zhalov, PRC 95 (2017) 025204

First measurement of the |t|-dependence of coherent J/! photonuclear productionALICE Collaboration
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Figure 2: Dependence on |t| of the photonuclear cross section for the coherent photoproduction of J/! off Pb
compared with model predictions [10, 11, 26] (top panel). Model to data ratio for each prediction in each measured
point (bottom panel). The uncertainties are split to those originating from experiment and to those originating from
the correction to go from the UPC to the photonuclear cross section.
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•  Strictly speaking, new constraints on gluon shadowing from coherent J/𝜓 
photoproduction in Pb-Pb UPCs@LHC include many effects: connection of 
GPDs to PDFs, NLO radiative and relativistic corrections, etc. 

•  Before full analysis, one can estimate the power of the data using the 
statistical method of Bayesian reweighting commonly used for pA data, Armesto 

et al. JHEP 1311 (2013) 015; Paukkunen, Zurita, JHEP 1412 (2014) 100; Kusina et al, EPJC 77 (2017) 488  

•  Using error nPDFs, one generates N (N=10,000) replicas:  

see, e.g., Refs. [12, 35, 75, 76], to the discussed UPC data. Below we outline main steps of the
method.

For a given set of nPDFs, one generates a large number of replicas Nrep (one usually takes
Nrep = 10, 000), which are labeled by index k,

gkA(x, µ
2) = g0A(x, µ

2) +
1

2

NX

i=1

�
gi+A (x, µ2)� gi�A (x, µ2)

�
Rki , (16)

where g0A(x, µ
2) and gi±A (x, µ2) are the central value and error PDFs corresponding to the eigenvec-

tor i [the number of eigenvectors (fit parameters) isN = 20 for EPPS16 and N = 16 for nCTEQ15];
Rki are random numbers from the normal distribution centered at zero with the standard deviation
of unity. For each replica, we estimate how well it reproduces the ratios

p
(d�/dy)/(d�IA/dy)] in

Table 1 by calculating the corresponding �2
k

�2
k =

NdataX

j=1

⇣p
(d�/dy)/(d�IA/dy)

(j) �R(j)
Pb,k

⌘2

⇣
�
p
(d�/dy)/(d�IA/dy)

(j)
⌘2 , (17)

where j labels the data points (Ndata = 17);
p
(d�/dy)/(d�IA/dy)

(j)
and �

p
(d�/dy)/(d�IA/dy)

(j)

are the cross section ratios and their uncertainties given by the last column in Table 1; R(j)
Pb,k stand

for the right-hand side of Eq. (8) evaluated using SPb(x) = gkA(x, µ
2)/[AgN(x, µ2)] at point j [see

Eq. (13)]. Based on these �2
k, one assigns each replica its statistical weight wk,

wk = Nnorme
� 1

2�
2
k/T , (18)

where T is the tolerance associated with a given set of PDFs, in particular, T = 52 for EPPS16
and T = 35 for nCTEQ15; Nnorm = Nrep(

P
i e

� 1
2�

2
i /T )�1 is the normalization constant chosen to

satisfy the condition
P

k wk = Nrep.
The essence of the reweighting method is that instead of performing a new global QCD fit of

nPDFs, one can quantify the influence of the UPC data, which were not used in the original fits,
on the EPPS16 and nCTEQ15 nPDFs. Using the weights wk, one calculates the new, reweighted
central values and uncertainties of the nuclear gluon distributions

hgA(x, µ2)i =
1

Nrep

NrepX

k=1

wkg
k
A(x, µ

2) ,

�hgA(x, µ2)i =

"
1

Nrep

NrepX

k=1

wk

�
gkA(x, µ

2)� hgA(x, µ2)i
�2
#1/2

.

(19)

The results of this reweighting procedure are shown in the upper (EPPS16) and middle (nCTEQ15)
panels of Fig. 3 and represented by the gray dotted curves and the inner shaded error bands. One
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Figure 3: SPb(x) and the Rg(x, µ2
) = gA(x, µ2

)/[AgN (x, µ2
)] ratios of the nuclear and nucleon gluon distributions

as functions of x, which were evaluated using the EPPS16 (top) and nCTEQ15 (middle) nPDFs, and predictions

of the leading twist model of nuclear shadowing (bottom) at µ2
= 3 GeV

2
. In the upper and middle panels, the

dot-dashed curves and the outer shaded bands give the central values and uncertainties of the corresponding nPDFs,

respectively; the dotted curves and the inner bands show the result of the reweighting, see text for details.
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•  For each replica, calculate SPb(x) 
and dσ/dy and the weight wk from 
comparison to data. 

•  Reweighted gluon density and error:

Guzey, Kryshen, Strikman, Zhalov, PLB 816 (2021) 136202

see, e.g., Refs. [12, 35, 75, 76], to the discussed UPC data. Below we outline main steps of the
method.

For a given set of nPDFs, one generates a large number of replicas Nrep (one usually takes
Nrep = 10, 000), which are labeled by index k,

gkA(x, µ
2) = g0A(x, µ

2) +
1

2

NX

i=1

�
gi+A (x, µ2)� gi�A (x, µ2)

�
Rki , (16)

where g0A(x, µ
2) and gi±A (x, µ2) are the central value and error PDFs corresponding to the eigenvec-

tor i [the number of eigenvectors (fit parameters) isN = 20 for EPPS16 and N = 16 for nCTEQ15];
Rki are random numbers from the normal distribution centered at zero with the standard deviation
of unity. For each replica, we estimate how well it reproduces the ratios

p
(d�/dy)/(d�IA/dy)] in

Table 1 by calculating the corresponding �2
k

�2
k =

NdataX

j=1

⇣p
(d�/dy)/(d�IA/dy)

(j) �R(j)
Pb,k

⌘2

⇣
�
p
(d�/dy)/(d�IA/dy)

(j)
⌘2 , (17)

where j labels the data points (Ndata = 17);
p
(d�/dy)/(d�IA/dy)

(j)
and �

p
(d�/dy)/(d�IA/dy)

(j)

are the cross section ratios and their uncertainties given by the last column in Table 1; R(j)
Pb,k stand

for the right-hand side of Eq. (8) evaluated using SPb(x) = gkA(x, µ
2)/[AgN(x, µ2)] at point j [see

Eq. (13)]. Based on these �2
k, one assigns each replica its statistical weight wk,

wk = Nnorme
� 1

2�
2
k/T , (18)

where T is the tolerance associated with a given set of PDFs, in particular, T = 52 for EPPS16
and T = 35 for nCTEQ15; Nnorm = Nrep(

P
i e

� 1
2�

2
i /T )�1 is the normalization constant chosen to

satisfy the condition
P

k wk = Nrep.
The essence of the reweighting method is that instead of performing a new global QCD fit of

nPDFs, one can quantify the influence of the UPC data, which were not used in the original fits,
on the EPPS16 and nCTEQ15 nPDFs. Using the weights wk, one calculates the new, reweighted
central values and uncertainties of the nuclear gluon distributions

hgA(x, µ2)i =
1

Nrep

NrepX

k=1

wkg
k
A(x, µ

2) ,

�hgA(x, µ2)i =

"
1

Nrep

NrepX

k=1

wk

�
gkA(x, µ

2)� hgA(x, µ2)i
�2
#1/2

.

(19)

The results of this reweighting procedure are shown in the upper (EPPS16) and middle (nCTEQ15)
panels of Fig. 3 and represented by the gray dotted curves and the inner shaded error bands. One
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l For hard exclusive processes, generalized CT can be identified with the use 
of QCD factorization theorems. 

l Amplitude of coherent J/𝜓 photoproduction in Pb-Pb UPCs is expressed in 
terms of the presently poorly constrained nuclear gluon distribution at small x. 

l Coherent photoproduction of J/𝜓 in Pb-Pb UPCs at LHC gives direct 
evidence of large gluon nuclear shadowing Rg(x=6×10-4-10-3, µ2 ≈ 3 GeV2) ≈ 
0.6 and can help to significantly reduce uncertainties in wide region of x. 

l Thus, generalized CT has been observed in coherent J/𝜓 photoproduction 
on nuclei! 

l This agrees with predictions of the leading twist nuclear shadowing model 
and allows one to distinguish it from the higher-twist dipole model predictions. 
  
l Heavy quarkonium photoproduction in UPCs gives access to transverse 
imaging of gluon distribution at small x.

Summary



Elastic shadowing in ρ photoproduction 
• Standard method: Glauber shadowing model combined with vector meson 
dominance (VMD) for 𝛾-ρ transition, Bauer, Spital, Yennie, Pipkin, Rev. Mod. Phys. 50 (1978) 261 

• The coherent cross section including elastic intermediate states:

16

�VMD
�A!⇢A =

✓
e

f⇢

◆2 Z
d2b

���1� e�
1
2�⇢NTA(b)

���
2

σρN=total cross section 
from VMD and 
constituent quark model
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Fig. 1. The ! A ! " A cross section as a function of W! p . The VMD-GM (red dashed 
curve) and VMD-IA (blue dot-dashed line) predictions for a 208Pb target based on 
the DL94 parametrization of the "N cross section are compared to the experimental 
values extracted from the STAR and ALICE UPC measurements.

the IA calculation, but it still overestimates the experimental cross 
sections by the factor of 1.5–2. Besides, the energy dependence 
is different: while the calculated cross sections slowly grow with 
energy, the experimental values slightly decrease or stay almost 
constant. Note that the calculated values of the ! Au ! "Au cross 
section are smaller than those for the lead target by approximately 
5% for all energies. Hence, we neglect this difference throughout 
our paper and perform our calculations for lead keeping in mind 
the 5% reduction of the nuclear cross section when we compare 
our calculations with the STAR data.

To check the accuracy of the Glauber model calculations in 
Eq. (6) in combination with the DL94 pion–nucleon cross section, 
we calculated the hadron–nucleus total and inelastic cross sections 
for the neutron and pion projectiles in the Glauber approach:

# tot
h A = 2

!
d2"b

"
1 # e# #hN

2 T A(b)
#

,

# in
h A =

!
d2"b

"
1 # e##hN T A(b)

#
. (8)

The neutron–nucleon cross section #nN is estimated using the ad-
ditive quark model counting rule relation [3] #nN = 3/2#$ N , where 
the pion–nucleon cross section is given by Eq. (7). The results of 
our calculations are compared to the data [24,45–47] in Fig. 2. One 
can see from the figure that the calculations agree very well with 
the measurements. This means that the reasons of the disagree-
ment of similar calculations of the ! A ! " A cross section with 
the STAR and ALICE data are in specifics of the light vector meson 
photoproduction process.

This conclusion is confirmed by our observation that the latest 
2006 H1 data on the ! p ! "p cross section [19] (we extrapolated 
the H1 cross sections given at #t = 0.01 GeV2 to #t = 0 assuming 
the eBt dependence with the value of the slope B reported by H1) 
disagrees with the normalization of the forward cross section cal-
culated using the DL94 model by the factor of 0.84. This is seen in 
Fig. 3, where the forward ! p ! "p cross section evaluated using 
Eqs. (5) and (7) (the green dot-dashed curve labeled “VMD-DL94”) 
is compared to the whole bulk of the data. Also, for comparison, 
we show the parametrization of the forward ! p ! "p cross sec-
tion from the Starlight Monte Carlo generator [48], which is widely 

Fig. 2. Upper and middle: Comparison of the total and inelastic neutron–nucleus 
cross sections calculated in the Glauber model with the available data. Bottom: The 
total pion–nucleus cross section as a function of $s$ N : the Glauber model calcula-
tions with the DL94 model for #$ N are compared to the available data.

Fig. 3. Comparison of the experimentally measured forward cross section of coher-
ent " photoproduction on the proton [19,38–43] with the VDM-DL94 model and 
the Starlight parametrization. The red solid line shows the modified VMD (mVMD) 
parametrization (see text for details). (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.)

nuclear optical density:

TA(b) =

Z
dz⇢A(b, z)

• The Glauber method correctly takes into 
account the bulk of nuclear suppression by 
factor ~ 6 раз. 
• However, it still overestimates the RHIC 
and LHC data by ~ 50%, Frankfurt, Guzey, Strikman, 
Zhalov, PLB 752 (2016) 51

IA=pure CT



17

Modified model of vector meson dominance 
(mVMD) 

• To include inelastic (diffractive) intermediate states, it is convenient to use 
the formalism of cross section fluctuations, which takes into account presence 
of different hadronic fluctuations in the photon, Good, Walker (1960), Blaettel et al, Phys. Rev. D 
47 (1993) 2761

L. Frankfurt et al. / Physics Letters B 752 (2016) 51–58 55

used for predictions and modeling of vector meson photoproduc-
tion on nuclear targets. In order to agree with the 2006 H1 data, 
the results of the VMD-DL94 and the Starlight parametrization 
should be decreased by the factor of approximately 0.7, which is 
much larger than what could be allowed by a variation of f! . From 
the analysis presented above we can conclude the following: the 
assumption of the ! meson dominance in the photon wave func-
tion has to be modified in order to agree to the whole set of data 
including the results of 2006 H1 measurements.

To this end, one can write the ! meson photoproduction ampli-
tude as the dispersion integral over the masses of the intermediate 
states generated in the " ! V transitions, which will involve the 
on-mass-shell f V , the !N cross section and the V N ! !N am-
plitude (here V denotes !-meson-like fluctuations of the photon 
with the invariant mass M , see our discussion in the Introduction). 
It is possible to demonstrate that inclusion of the contribution 
of the higher states can only weakly change f! , but it can no-
ticeably reduce the cross section of the ! meson production due 
non-diagonal transitions among different hadronic components of 
the photon and the ! meson in the GVMD approach [9,10,49]. On 
the other hand, within the VMD approach this can be modeled by 
defining the effective !-nucleon cross section #̂!N :

#̂!N(W" p) = f!
e

!

16$
d# exp

" p!!p(t = 0)

dt
. (9)

We refer to this model as the modified vector meson dominance 
(mVMD) model; its prediction is shown by the solid red curve in 
Fig. 3. Note that a similar effect is also present in the CDM.

The Gribov–Glauber model takes into account both elastic and 
inelastic diffraction; the latter leads to the additional—as compared 
to the Glauber model—inelastic nuclear shadowing contribution 
(the Gribov shadowing correction) [20]. The standard method to 
include this effect is given by the formalism of cross section fluc-
tuations, which conveniently and successfully describes diffractive 
dissociation of protons, neutrons and pions on hydrogen and nu-
clei and inelastic nuclear shadowing in hadron–nucleus total cross 
sections [50].

Applying this formalism to the ! meson–nucleus scattering, we 
obtain:

# mVMD-GGM
" A!! A =

"
e
f!

#2 $
d2"b

%%%%

$
d# P (# )

&
1 # e# #

2 T A(b)
'%%%%

2

,

(10)

which generalizes Eq. (6).
The interpretation of Eq. (10) is the following: the photon fluc-

tuates into the ! meson, which interacts with the target as a 
coherent superposition of eigenstates of the scattering operator, 
whose eigenvalues are the scattering cross sections # ; the weight 
of a given fluctuation is given by the distribution P (# ). Each 
state interacts with nucleons of the target nucleus according to 
the Gribov–Glauber model. The result is summed over all possible 
fluctuations, which corresponds to averaging with the distribution 
P (# ) at the amplitude level.

Based on the similarity between the pion and ! meson wave 
functions suggested by the additive quark model and our discus-
sion above, it is natural to assume that P (# ) for the !N interaction 
should be similar to the pion P$ (# ), which we additionally mul-
tiply by the factor of 1/(1 + (# /#0)

2) to take into account the 
enhanced contribution of small # in the !N interaction (we ex-
plained above that the contribution of small-# fluctuations to the 
" N ! !N amplitude is expected to be enhanced compared to the 
$ N ! $ N one):

P (# ) = C
1

1 + (# /#0)2 e#(# /#0#1)2/%2
. (11)

The parameterization of Eq. (11) satisfies the basic QCD constraint 
of P (# = 0) $= 0 and also P (# ! %) ! 0. The free parameters C , 
#0 and % are found from the following constraints:

$
d# P (# ) = 1 ,

$
d# P (# )# = &# ' ,

$
d# P (# )# 2 = &# '2(1 + &# ) , (12)

where &# ' = #̂!N in the mVMD model, see Eq. (9).
The quantity &# parametrizes the dispersion of P (# ) around its 

mean value &# ', i.e., it characterizes the strength of cross section 
fluctuations. It can be determined using experimental information 
on the photon diffraction dissociation, in particular, the factor-
ization of the photon and the pion diffraction dissociation cross 
sections scaled by the respective total cross sections. In detail, the 
measurement [51] of inclusive diffraction dissociation of photons 
on hydrogen, " p ! Xp, in the range of 75 < E" < 148 GeV and 
M2

X/s < 0.1 (M X denotes the produced diffractive mass) and the 
control measurement of inclusive diffraction dissociation of pions 
in the $ p ! Xp reaction at E$ = 100 GeV showed that the re-
spective M2

X distributions scaled by the total cross sections are 
very similar in the photon and pion cases. For the cross sections 
integrated over M2

X , this observation means that:

d#" p!Xp(t = 0)/dt

#" p
( d#$ p!Xp(t = 0)/dt

#$ p
= &$

#

16$
#$ N , (13)

where in the last equation we expressed the cross section of pion 
diffraction dissociation in terms of &$

# characterizing the P$ (# )
distribution and the total pion–nucleon cross section #$ N .

On the other hand, using the formalism of cross section fluctu-
ations for the !-nucleon scattering and the mVMD model for the 
" –! transition, we obtain for the cross section of photon diffrac-
tion dissociation [compare to Eq. (5)]:

d#" p!Xp(t = 0)

dt
= 1

16$

"
e
f!

#2 ($
d# P (# )# 2 # (#̂!N )2

)

= &#

16$

"
e
f!

#2

(#̂!N)2 , (14)

where the diffraction dissociation final state X by construction 
does not contain ! . The inelastic final state X is selected exper-
imentally by analyzing the differential cross section as a function 
of the produced diffractive mass M X and corresponds to the val-
ues of M X beyond the ! peak, M2

X > 1.5–2 GeV2 [51]. Substituting 
Eq. (14) in Eq. (13) we obtain the desired constraint on &# :

&# =
f 2
!

e2

#$ N#" p

#̂ 2
!N

&$
# , (15)

where the total photon–proton cross section #" p is taken from the 
fit to data [4].

For the pion projectile, we use the constituent quark counting 
rule for the ratio of the nucleon–nucleon and the pion–nucleon 
total cross sections and obtain:

&$
# (s) = 3

2
&N

# (s) . (16)

Here we effectively use validity of the limiting fragmentation 
which is well established experimentally.

The pattern of cross section fluctuations for the nucleon projec-
tile has the following dependence of the invariant collision energy 

• The distribution P(σ) = probability to find the fluctuation interacting with σ.

Selected topics in di↵raction with protons and nuclei: past, present, and future 50

5.4. P (�) distribution for ⇢ mesons

Based on the constituent quark counting rule, it is generally expected that the P (�)

distribution for ⇢ mesons should be similar to that for pions. However, this does not

seem to be supported by the HERA data on ⇢ photoproduction. Indeed, the model

based on the combination of the assumption that �⇢N = �⇡N (�⇢N and �⇡N are the total

⇢ meson-nucleon and pion-nucleon total cross sections, respectively) with the vector

meson meson dominance (VMD) model somewhat overestimates the HERA data on the

��p!⇢p cross section of elastic ⇢ photoproduction on the proton [124, 125, 126, 127].

This calls for modifications of P (�) for ⇢ compared to P⇡(�). First, a natural mechanism

of reduction of the ��p!⇢p cross section is o↵ered by the color dipole model, where due to

the point-like coupling of the photon to quarks, the overlap between the real photon and

⇢ meson light-cone wave functions selects on average dipoles with a smaller transverse

sizes than those characterisrtic for the pion (⇢ meson) wave function. In the language

of P (�), it leads to an enhanced contribution of small �, which can be modeled in the

following form [128]

P⇢(�) = N
1

(�/�0)2 + 1
e
�(���0)2/(⌦�0)2 . (71)

Second, small-size quark-antiquark dipoles are characterized by the large relative

transverse momentum and the large invariant mass. To take this account, one should

model the variance of the P⇢(�) distribution, !⇢
�, using information on photon di↵ractive

dissociation on the proton. This can be done as follows [128]. Using the formalism of

cross section fluctuations, the cross section of photon di↵ractive dissociation on the

proton can be written in the following form [compare to Eq. (64)]

d��p!Xp(t = 0)

dt
=

1

16⇡

✓
e

f⇢

◆2 Z
d�P⇢(�)(�

2
� �⇢N)

2 =
1

16⇡

✓
e

f⇢

◆2

!
⇢
��

2
⇢N , (72)

where f⇢ is the ��⇢ coupling constant fixed by the �(⇢ ! e
+
e
�) width of the ⇢ ! e

+
e
�

decay, f 2
⇢/(4⇡) = 2.01± 0.1. In Eq. (72), �⇢N is the total ⇢-nucleon cross section, which

is determined by fitting the available fixed-target and HERA experimental data on the

elasic d��p!⇢p(t = 0)/dt cross section,

�⇢N =

Z
d�P⇢(�)� =

f⇢

e

r
16⇡

d��p!⇢p(t = 0)

dt
. (73)

To proceed with the determination of !⇢
�, one invokes the result of the analysis in

Ref. [129], which demonstrated that the cross sections of photon and pion di↵ractive

dissociation can be related as follows

d��p!Xp(t = 0)/dt

��p
⇡

d�⇡p!Xp(t = 0)/dt

�⇡p
=

!
⇡
�

16⇡
�⇡p , (74)

where ��p is the total photoabsorption cross section. Combing Eqs. (72) and (74), one

obtains

!
⇢
� =

✓
e

f ⇢

◆2
��p�⇡p

�
2
⇢N

!
⇡
� . (75)

•  Правила сумм для P(σ):    
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Fig. 1. The ! A ! " A cross section as a function of W! p . The VMD-GM (red dashed 
curve) and VMD-IA (blue dot-dashed line) predictions for a 208Pb target based on 
the DL94 parametrization of the "N cross section are compared to the experimental 
values extracted from the STAR and ALICE UPC measurements.

the IA calculation, but it still overestimates the experimental cross 
sections by the factor of 1.5–2. Besides, the energy dependence 
is different: while the calculated cross sections slowly grow with 
energy, the experimental values slightly decrease or stay almost 
constant. Note that the calculated values of the ! Au ! "Au cross 
section are smaller than those for the lead target by approximately 
5% for all energies. Hence, we neglect this difference throughout 
our paper and perform our calculations for lead keeping in mind 
the 5% reduction of the nuclear cross section when we compare 
our calculations with the STAR data.

To check the accuracy of the Glauber model calculations in 
Eq. (6) in combination with the DL94 pion–nucleon cross section, 
we calculated the hadron–nucleus total and inelastic cross sections 
for the neutron and pion projectiles in the Glauber approach:

# tot
h A = 2

!
d2"b

"
1 # e# #hN

2 T A(b)
#

,

# in
h A =

!
d2"b

"
1 # e##hN T A(b)

#
. (8)

The neutron–nucleon cross section #nN is estimated using the ad-
ditive quark model counting rule relation [3] #nN = 3/2#$ N , where 
the pion–nucleon cross section is given by Eq. (7). The results of 
our calculations are compared to the data [24,45–47] in Fig. 2. One 
can see from the figure that the calculations agree very well with 
the measurements. This means that the reasons of the disagree-
ment of similar calculations of the ! A ! " A cross section with 
the STAR and ALICE data are in specifics of the light vector meson 
photoproduction process.

This conclusion is confirmed by our observation that the latest 
2006 H1 data on the ! p ! "p cross section [19] (we extrapolated 
the H1 cross sections given at #t = 0.01 GeV2 to #t = 0 assuming 
the eBt dependence with the value of the slope B reported by H1) 
disagrees with the normalization of the forward cross section cal-
culated using the DL94 model by the factor of 0.84. This is seen in 
Fig. 3, where the forward ! p ! "p cross section evaluated using 
Eqs. (5) and (7) (the green dot-dashed curve labeled “VMD-DL94”) 
is compared to the whole bulk of the data. Also, for comparison, 
we show the parametrization of the forward ! p ! "p cross sec-
tion from the Starlight Monte Carlo generator [48], which is widely 

Fig. 2. Upper and middle: Comparison of the total and inelastic neutron–nucleus 
cross sections calculated in the Glauber model with the available data. Bottom: The 
total pion–nucleus cross section as a function of $s$ N : the Glauber model calcula-
tions with the DL94 model for #$ N are compared to the available data.

Fig. 3. Comparison of the experimentally measured forward cross section of coher-
ent " photoproduction on the proton [19,38–43] with the VDM-DL94 model and 
the Starlight parametrization. The red solid line shows the modified VMD (mVMD) 
parametrization (see text for details). (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.)

→  from data on 
d�(�p ! ⇢p)/dt

→ from diffractive dissociation of 
photons in large masses, Chapin 
1985
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Figure 25 shows the distribution P⇢(�) for ⇢ mesons as a function of � at
p
s = 46

GeV and
p
s = 62 GeV. For comparison with the pion case, we also give the

corresponding P⇡(�) by thin curves.
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Figure 25. The distribution P⇢(�) for ⇢ mesons as a function of � for
p
s = 46 GeV

and
p
s = 62 GeV. For comparison, the thin curves show P⇡(�) for pions.

5.5. P (�) distribution for real and virtual photons

It is well known that real and virtual photons also reveal their hadron-like nature in

strong interactions. For example, in the vector dominance (VMD) model, approximately

70% of the total photoabsorption cross section comes from the contribution of ⇢, ! and

� mesons [130].

In QCD, it is instructive to discuss the hadronic structure of real and virtual

photons in the language of the color dipole model. In general, the photon at high

energies can be viewed as superposition of the following two types of components.

First, the photon can fluctuate into aligned quark-antiquark pairs, where the quarks

share asymmetrically the photon longitudinal momentum and have small transverse

momenta pt. Such configurations are characterized by large cross sections of the order

of �N and small probabilities of the order of µ2
/M

2, where µ is a soft QCD scale. The

latter is required to comply with the approximate Bjorken scaling of the total virtual

photon-nucleon cross section [131]. Second, in addition to the aligned pairs, there are

also configurations with large pt, which are characterized by small cross sections of

the order of ↵s(p2t )/p
2
t (↵s is the strong coupling constant) and large probabilities to

find in the photon wave function [132]. The relative importance of these two types of

contributions depends on the photon virtuality, the longitudinal momentum, and the

invariant mass of the produced di↵ractive state.

Selected topics in di↵raction with protons and nuclei: past, present, and future 50

5.4. P (�) distribution for ⇢ mesons

Based on the constituent quark counting rule, it is generally expected that the P (�)

distribution for ⇢ mesons should be similar to that for pions. However, this does not

seem to be supported by the HERA data on ⇢ photoproduction. Indeed, the model

based on the combination of the assumption that �⇢N = �⇡N (�⇢N and �⇡N are the total

⇢ meson-nucleon and pion-nucleon total cross sections, respectively) with the vector

meson meson dominance (VMD) model somewhat overestimates the HERA data on the

��p!⇢p cross section of elastic ⇢ photoproduction on the proton [124, 125, 126, 127].

This calls for modifications of P (�) for ⇢ compared to P⇡(�). First, a natural mechanism

of reduction of the ��p!⇢p cross section is o↵ered by the color dipole model, where due to

the point-like coupling of the photon to quarks, the overlap between the real photon and

⇢ meson light-cone wave functions selects on average dipoles with a smaller transverse

sizes than those characterisrtic for the pion (⇢ meson) wave function. In the language

of P (�), it leads to an enhanced contribution of small �, which can be modeled in the

following form [128]

P⇢(�) = N
1

(�/�0)2 + 1
e
�(���0)2/(⌦�0)2 . (71)

Second, small-size quark-antiquark dipoles are characterized by the large relative

transverse momentum and the large invariant mass. To take this account, one should

model the variance of the P⇢(�) distribution, !⇢
�, using information on photon di↵ractive

dissociation on the proton. This can be done as follows [128]. Using the formalism of

cross section fluctuations, the cross section of photon di↵ractive dissociation on the

proton can be written in the following form [compare to Eq. (64)]

d��p!Xp(t = 0)

dt
=

1

16⇡

✓
e

f⇢

◆2 Z
d�P⇢(�)(�

2
� �⇢N)

2 =
1

16⇡

✓
e

f⇢

◆2

!
⇢
��

2
⇢N , (72)

where f⇢ is the ��⇢ coupling constant fixed by the �(⇢ ! e
+
e
�) width of the ⇢ ! e

+
e
�

decay, f 2
⇢/(4⇡) = 2.01± 0.1. In Eq. (72), �⇢N is the total ⇢-nucleon cross section, which

is determined by fitting the available fixed-target and HERA experimental data on the

elasic d��p!⇢p(t = 0)/dt cross section,

�⇢N =

Z
d�P⇢(�)� =

f⇢

e

r
16⇡

d��p!⇢p(t = 0)

dt
. (73)

To proceed with the determination of !⇢
�, one invokes the result of the analysis in

Ref. [129], which demonstrated that the cross sections of photon and pion di↵ractive

dissociation can be related as follows

d��p!Xp(t = 0)/dt

��p
⇡

d�⇡p!Xp(t = 0)/dt

�⇡p
=

!
⇡
�

16⇡
�⇡p , (74)

where ��p is the total photoabsorption cross section. Combing Eqs. (72) and (74), one

obtains

!
⇢
� =

✓
e

f ⇢

◆2
��p�⇡p

�
2
⇢N

!
⇡
� . (75)

Thin lines= P(σ) для пионов
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Fig. 4. The !" A!# A cross section as a function of W" p . The theoretical predictions 
using the mVMD model for the " p ! #p cross section and the Gribov–Glauber 
model with cross section fluctuations for the " A ! # A amplitude are compared to 
the STAR (circle) and ALICE (triangle) data. The shaded area reflects the theoretical 
uncertainty associated with the parameter $ characterizing the strength of cross 
section fluctuations (see text for details).

"
s: the cross section fluctuations reach a broad maximum for 

24 <
"

s < 200 GeV, are most likely small for 
"

s < 24 GeV and 
gradually decrease for 

"
s > 200 GeV toward the Tevatron and LHC 

energies. Therefore, we use the following parametrization for the 
parameter %N

! describing the dispersion of the fluctuations:

%N
! (s) =

!
""#

""$

$
"

s/24 ,
"

s < 24GeV ,

$ , 24 <
"

s < 200 GeV ,

$ # 0.15 ln(
"

s/200) + 0.03(ln(
"

s/200))2 ,"
s > 200 GeV ,

(17)

where the parameter $ $ 0.25–0.35 was determined from the 
analysis of pp and p̄p data [28].

It is known [22] from studies of corrections to the Glauber 
model for total proton–nucleus cross sections that suppression due 
to the inelastic shadowing is almost compensated by the effect of 
short-range correlations (SRC) in the wave function of the target 
nucleus. We included the effect of SRC by the following replace-
ment [52]:

T A(b) ! T A(b) + &c
!#N

2

%
dz#2

A(b, z) , (18)

where &c = 0.74 fm is the correlation length.
Our predictions for the " A ! # A cross section as a function 

of W" p are presented in Fig. 4. The shaded area spanned by two 
red curves presents the results of the calculation using the mVMD 
model for the " p ! #p cross section and the Gribov–Glauber 
model with the effect of cross section fluctuations, see Eq. (10). 
The shaded area shows the uncertainty of our calculations due to 
the variation of the fluctuation strength %! by changing $ in the 
range 0.25 % $ % 0.35. Our predictions are compared to the STAR 
(circle) and ALICE (triangle) data. One can clearly see from the fig-
ure that the inclusion of the inelastic nuclear shadowing enables 
us to explain the discrepancy between the UPC data on coherent #
photoproduction on nuclei at large W" p and the theoretical de-
scription of this process in the framework of the VMD-GM with 
the DL94 parametrization of the #N cross section.

4. Discussion

The effect of the inelastic shadowing correction, which we 
demonstrate in these calculations, can be checked in the UPC mea-
surements at the LHC. The inelastic nuclear shadowing changes the 
rapidity distribution of coherent # photoproduction in ion UPCs. 
Fig. 5 presents the results of our calculation of d!PbPb!#PbPb/dy, 

Fig. 5. The rapidity distribution of coherent # photoproduction in Pb–Pb UPCs at "
sNN = 2.76 TeV. Theoretical predictions of the mVDM-GGM (red solid curves with 

the shaded area showing the uncertainty due to the variation of the fluctuation 
strength), the mVMD-GM (blue dashed curve) and the VMD-GM (green dot-dashed 
curve) are compared to the ALICE data (see text for details).

see Eq. (1), as a function of the # meson rapidity y in Pb–Pb UPCs 
at the LHC at "sNN = 2.76 TeV. The shaded area spanned by two 
red curves corresponds to the combination of the mVMD model 
and the Gribov–Glauber model for nuclear shadowing with cross 
section fluctuations (the shaded area shows the uncertainty of the 
calculations related to the variation of the fluctuation strength due 
to the change of $ in the range 0.25 % $ % 0.35); the blue dashed 
curve is the result of the calculation in mVMD-GM, i.e. without 
cross section fluctuations; the green dot-dashed curve is the result 
of the VMD-DL94 model combined with the Glauber model. The 
shape of the rapidity distribution predicted by the mVMD-GGM 
calculations is due to specifics of symmetric UPCs and the inter-
play between the energy dependence of the inelastic shadowing 
correction and the photon flux.

The predicted shape of d!PbPb!#PbPb/dy is different from the 
almost flat d!PbPb!#PbPb/dy distribution obtained in the VDM-GM 
and Starlight approaches and is also in stark contrast with the 
calculations [53,54] in the color dipole model approach predict-
ing a bell-like shape for d!PbPb!#PbPb/dy with the maximum at 
y = 0 and small values of d!PbPb!#PbPb/dy at y $ #4.5 corre-
sponding to W" p $ 5–10 GeV, i.e., to the energy range of the 
STAR measurements. From Fig. 4 it is seen that the experimen-
tal photoproduction cross section is almost constant in the energy 
range spanning the STAR and ALICE energies, !" Pb!#Pb $ 2 mb. In 
UPCs at y = 0, the contributions from both colliding nuclei serv-
ing as a target are equal, while at |y| = 4.5 the contribution of 
the low energy photon dominates. The photon fluxes are calcu-
lated in all studies similarly and with good accuracy, N" /Pb(y =
0) = 108 and N" /Pb(y = #4.5) = 250. Then one easily obtains that 
!PbPb!PbPb#(|y| = 4.5) $ 500 mb > !PbPb!PbPb#(y = 0) $ 430 mb. 
These estimates confirm that the two-bumped shape of the rapid-
ity distribution seems to be reasonable.

The good agreement with the ALICE result allows us to predict 
the value of the cross section of coherent # photoproduction in 
Pb–Pb UPCs at "sNN = 5.02 TeV in Run 2 at the LHC:

d! (y = 0)

dy
= 560 ± 25 mb . (19)

Examining the calculations of elastic photoproduction of #
mesons on nuclei in the dipole model framework [53,54], one 
notes that some of them describe the STAR and ALICE data while 
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used for predictions and modeling of vector meson photoproduc-
tion on nuclear targets. In order to agree with the 2006 H1 data, 
the results of the VMD-DL94 and the Starlight parametrization 
should be decreased by the factor of approximately 0.7, which is 
much larger than what could be allowed by a variation of f! . From 
the analysis presented above we can conclude the following: the 
assumption of the ! meson dominance in the photon wave func-
tion has to be modified in order to agree to the whole set of data 
including the results of 2006 H1 measurements.

To this end, one can write the ! meson photoproduction ampli-
tude as the dispersion integral over the masses of the intermediate 
states generated in the " ! V transitions, which will involve the 
on-mass-shell f V , the !N cross section and the V N ! !N am-
plitude (here V denotes !-meson-like fluctuations of the photon 
with the invariant mass M , see our discussion in the Introduction). 
It is possible to demonstrate that inclusion of the contribution 
of the higher states can only weakly change f! , but it can no-
ticeably reduce the cross section of the ! meson production due 
non-diagonal transitions among different hadronic components of 
the photon and the ! meson in the GVMD approach [9,10,49]. On 
the other hand, within the VMD approach this can be modeled by 
defining the effective !-nucleon cross section #̂!N :

#̂!N(W" p) = f!
e

!

16$
d# exp

" p!!p(t = 0)

dt
. (9)

We refer to this model as the modified vector meson dominance 
(mVMD) model; its prediction is shown by the solid red curve in 
Fig. 3. Note that a similar effect is also present in the CDM.

The Gribov–Glauber model takes into account both elastic and 
inelastic diffraction; the latter leads to the additional—as compared 
to the Glauber model—inelastic nuclear shadowing contribution 
(the Gribov shadowing correction) [20]. The standard method to 
include this effect is given by the formalism of cross section fluc-
tuations, which conveniently and successfully describes diffractive 
dissociation of protons, neutrons and pions on hydrogen and nu-
clei and inelastic nuclear shadowing in hadron–nucleus total cross 
sections [50].

Applying this formalism to the ! meson–nucleus scattering, we 
obtain:

# mVMD-GGM
" A!! A =

"
e
f!

#2 $
d2"b

%%%%

$
d# P (# )

&
1 # e# #

2 T A(b)
'%%%%

2

,

(10)

which generalizes Eq. (6).
The interpretation of Eq. (10) is the following: the photon fluc-

tuates into the ! meson, which interacts with the target as a 
coherent superposition of eigenstates of the scattering operator, 
whose eigenvalues are the scattering cross sections # ; the weight 
of a given fluctuation is given by the distribution P (# ). Each 
state interacts with nucleons of the target nucleus according to 
the Gribov–Glauber model. The result is summed over all possible 
fluctuations, which corresponds to averaging with the distribution 
P (# ) at the amplitude level.

Based on the similarity between the pion and ! meson wave 
functions suggested by the additive quark model and our discus-
sion above, it is natural to assume that P (# ) for the !N interaction 
should be similar to the pion P$ (# ), which we additionally mul-
tiply by the factor of 1/(1 + (# /#0)

2) to take into account the 
enhanced contribution of small # in the !N interaction (we ex-
plained above that the contribution of small-# fluctuations to the 
" N ! !N amplitude is expected to be enhanced compared to the 
$ N ! $ N one):

P (# ) = C
1

1 + (# /#0)2 e#(# /#0#1)2/%2
. (11)

The parameterization of Eq. (11) satisfies the basic QCD constraint 
of P (# = 0) $= 0 and also P (# ! %) ! 0. The free parameters C , 
#0 and % are found from the following constraints:

$
d# P (# ) = 1 ,

$
d# P (# )# = &# ' ,

$
d# P (# )# 2 = &# '2(1 + &# ) , (12)

where &# ' = #̂!N in the mVMD model, see Eq. (9).
The quantity &# parametrizes the dispersion of P (# ) around its 

mean value &# ', i.e., it characterizes the strength of cross section 
fluctuations. It can be determined using experimental information 
on the photon diffraction dissociation, in particular, the factor-
ization of the photon and the pion diffraction dissociation cross 
sections scaled by the respective total cross sections. In detail, the 
measurement [51] of inclusive diffraction dissociation of photons 
on hydrogen, " p ! Xp, in the range of 75 < E" < 148 GeV and 
M2

X/s < 0.1 (M X denotes the produced diffractive mass) and the 
control measurement of inclusive diffraction dissociation of pions 
in the $ p ! Xp reaction at E$ = 100 GeV showed that the re-
spective M2

X distributions scaled by the total cross sections are 
very similar in the photon and pion cases. For the cross sections 
integrated over M2

X , this observation means that:

d#" p!Xp(t = 0)/dt

#" p
( d#$ p!Xp(t = 0)/dt

#$ p
= &$

#

16$
#$ N , (13)

where in the last equation we expressed the cross section of pion 
diffraction dissociation in terms of &$

# characterizing the P$ (# )
distribution and the total pion–nucleon cross section #$ N .

On the other hand, using the formalism of cross section fluctu-
ations for the !-nucleon scattering and the mVMD model for the 
" –! transition, we obtain for the cross section of photon diffrac-
tion dissociation [compare to Eq. (5)]:

d#" p!Xp(t = 0)

dt
= 1

16$

"
e
f!

#2 ($
d# P (# )# 2 # (#̂!N )2

)

= &#

16$

"
e
f!

#2

(#̂!N)2 , (14)

where the diffraction dissociation final state X by construction 
does not contain ! . The inelastic final state X is selected exper-
imentally by analyzing the differential cross section as a function 
of the produced diffractive mass M X and corresponds to the val-
ues of M X beyond the ! peak, M2

X > 1.5–2 GeV2 [51]. Substituting 
Eq. (14) in Eq. (13) we obtain the desired constraint on &# :

&# =
f 2
!

e2

#$ N#" p

#̂ 2
!N

&$
# , (15)

where the total photon–proton cross section #" p is taken from the 
fit to data [4].

For the pion projectile, we use the constituent quark counting 
rule for the ratio of the nucleon–nucleon and the pion–nucleon 
total cross sections and obtain:

&$
# (s) = 3

2
&N

# (s) . (16)

Here we effectively use validity of the limiting fragmentation 
which is well established experimentally.

The pattern of cross section fluctuations for the nucleon projec-
tile has the following dependence of the invariant collision energy 

• This way we gain two effects: improved description of the  𝛾p→ρp cross 
section and take into account inelastic, Gribov shadowing in σ𝛾A→ρA 

•  → good description of normalization and energy dependence of σ𝛾A→ρA

Frankfurt, Guzey, Strikman, 
Zhalov, PLB 752 (2016) 51

• Comparison to RHIC (STAR) 
Adler, et al, Phys. Rev. Lett. 89 (2002) 
272302; Abelev et al., Phys. Rev. C 77 (2008) 
034910; Agakishiev, et al., Phys. Rev. C 85 
(2012) 014910 and LHC (ALICE) data, 
Adam et al (ALICE), JHEP 1509 (2015) 095; 
Acharya et al, JHEP 06 (2020) 035.  
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Fig. 4. The !" A!# A cross section as a function of W" p . The theoretical predictions 
using the mVMD model for the " p ! #p cross section and the Gribov–Glauber 
model with cross section fluctuations for the " A ! # A amplitude are compared to 
the STAR (circle) and ALICE (triangle) data. The shaded area reflects the theoretical 
uncertainty associated with the parameter $ characterizing the strength of cross 
section fluctuations (see text for details).

"
s: the cross section fluctuations reach a broad maximum for 

24 <
"

s < 200 GeV, are most likely small for 
"

s < 24 GeV and 
gradually decrease for 

"
s > 200 GeV toward the Tevatron and LHC 

energies. Therefore, we use the following parametrization for the 
parameter %N

! describing the dispersion of the fluctuations:

%N
! (s) =

!
""#

""$

$
"

s/24 ,
"

s < 24GeV ,

$ , 24 <
"

s < 200 GeV ,

$ # 0.15 ln(
"

s/200) + 0.03(ln(
"

s/200))2 ,"
s > 200 GeV ,

(17)

where the parameter $ $ 0.25–0.35 was determined from the 
analysis of pp and p̄p data [28].

It is known [22] from studies of corrections to the Glauber 
model for total proton–nucleus cross sections that suppression due 
to the inelastic shadowing is almost compensated by the effect of 
short-range correlations (SRC) in the wave function of the target 
nucleus. We included the effect of SRC by the following replace-
ment [52]:

T A(b) ! T A(b) + &c
!#N

2

%
dz#2

A(b, z) , (18)

where &c = 0.74 fm is the correlation length.
Our predictions for the " A ! # A cross section as a function 

of W" p are presented in Fig. 4. The shaded area spanned by two 
red curves presents the results of the calculation using the mVMD 
model for the " p ! #p cross section and the Gribov–Glauber 
model with the effect of cross section fluctuations, see Eq. (10). 
The shaded area shows the uncertainty of our calculations due to 
the variation of the fluctuation strength %! by changing $ in the 
range 0.25 % $ % 0.35. Our predictions are compared to the STAR 
(circle) and ALICE (triangle) data. One can clearly see from the fig-
ure that the inclusion of the inelastic nuclear shadowing enables 
us to explain the discrepancy between the UPC data on coherent #
photoproduction on nuclei at large W" p and the theoretical de-
scription of this process in the framework of the VMD-GM with 
the DL94 parametrization of the #N cross section.

4. Discussion

The effect of the inelastic shadowing correction, which we 
demonstrate in these calculations, can be checked in the UPC mea-
surements at the LHC. The inelastic nuclear shadowing changes the 
rapidity distribution of coherent # photoproduction in ion UPCs. 
Fig. 5 presents the results of our calculation of d!PbPb!#PbPb/dy, 

Fig. 5. The rapidity distribution of coherent # photoproduction in Pb–Pb UPCs at "
sNN = 2.76 TeV. Theoretical predictions of the mVDM-GGM (red solid curves with 

the shaded area showing the uncertainty due to the variation of the fluctuation 
strength), the mVMD-GM (blue dashed curve) and the VMD-GM (green dot-dashed 
curve) are compared to the ALICE data (see text for details).

see Eq. (1), as a function of the # meson rapidity y in Pb–Pb UPCs 
at the LHC at "sNN = 2.76 TeV. The shaded area spanned by two 
red curves corresponds to the combination of the mVMD model 
and the Gribov–Glauber model for nuclear shadowing with cross 
section fluctuations (the shaded area shows the uncertainty of the 
calculations related to the variation of the fluctuation strength due 
to the change of $ in the range 0.25 % $ % 0.35); the blue dashed 
curve is the result of the calculation in mVMD-GM, i.e. without 
cross section fluctuations; the green dot-dashed curve is the result 
of the VMD-DL94 model combined with the Glauber model. The 
shape of the rapidity distribution predicted by the mVMD-GGM 
calculations is due to specifics of symmetric UPCs and the inter-
play between the energy dependence of the inelastic shadowing 
correction and the photon flux.

The predicted shape of d!PbPb!#PbPb/dy is different from the 
almost flat d!PbPb!#PbPb/dy distribution obtained in the VDM-GM 
and Starlight approaches and is also in stark contrast with the 
calculations [53,54] in the color dipole model approach predict-
ing a bell-like shape for d!PbPb!#PbPb/dy with the maximum at 
y = 0 and small values of d!PbPb!#PbPb/dy at y $ #4.5 corre-
sponding to W" p $ 5–10 GeV, i.e., to the energy range of the 
STAR measurements. From Fig. 4 it is seen that the experimen-
tal photoproduction cross section is almost constant in the energy 
range spanning the STAR and ALICE energies, !" Pb!#Pb $ 2 mb. In 
UPCs at y = 0, the contributions from both colliding nuclei serv-
ing as a target are equal, while at |y| = 4.5 the contribution of 
the low energy photon dominates. The photon fluxes are calcu-
lated in all studies similarly and with good accuracy, N" /Pb(y =
0) = 108 and N" /Pb(y = #4.5) = 250. Then one easily obtains that 
!PbPb!PbPb#(|y| = 4.5) $ 500 mb > !PbPb!PbPb#(y = 0) $ 430 mb. 
These estimates confirm that the two-bumped shape of the rapid-
ity distribution seems to be reasonable.

The good agreement with the ALICE result allows us to predict 
the value of the cross section of coherent # photoproduction in 
Pb–Pb UPCs at "sNN = 5.02 TeV in Run 2 at the LHC:

d! (y = 0)

dy
= 560 ± 25 mb . (19)

Examining the calculations of elastic photoproduction of #
mesons on nuclei in the dipole model framework [53,54], one 
notes that some of them describe the STAR and ALICE data while 

• Good description of σ𝛾A→ρA  means good description of RHIC and LHC (Run 
1 and 2) data on coherent ρ photoproduction, dσ(AA→ρAA)/dy at y=0. 

• Left: Rapidity y dependence using Glauber model (GM) and Gribov-Glauber 
(GGM). 

• Right.: Dependence on collision energy WNN=√sNN, comparison to STARlight.
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100

200

300

400

500

600

d
(y
=0
)/d
y
(m
b)

1000 2000 3000 4000 5000
WNN (GeV)

PbPb->PbPb
ALICE
STAR

GGM coherent
STARlight coherent

FIG. 6. The coherent UPC cross sections as a function of WNN =!
sNN at y = 0 in the Gribov-Glauber (red solid curve with a shaded

band) and STARlight (black dot-dashed curve) models. The scaled
STAR measurement at

!
sNN = 200 GeV [43] and the ALICE mea-

surements at
!

sNN = 2.76 TeV [17] and
!

sNN = 5.02 TeV [18]
are shown by the filled circle and the squares with error bars,
respectively.

factor of two of the cross section of coherent ! photopro-
duction on nuclei in the STARlight model compared to the
standard optical-limit Glauber model (see Table I). Note that
the STARlight framework has an option for the calculation
of the "

STARlight
# A"!A cross section with the total !-nucleus cross

section calculated in the Glauber model. It leads to a very
large value of the coherent cross section at

!
sNN = 5.02 TeV,

d"
STARlight
AA"!AA /dy(y = 0) # 1100 mb.
Predictions of the Gribov-Glauber and STARlight models

for the coherent d"AA"!AA/dy UPC cross section as a function
of WNN = !

sNN at y = 0 are shown in Fig. 6. Also, the scaled

results of the STAR measurement of coherent ! photoproduc-
tion in Au-Au UPCs at

!
sNN = 200 GeV [43] and ALICE

measurements of coherent ! photoproduction in Pb-Pb UPCs
at

!
sNN = 2.76 TeV [17] and

!
sNN = 5.02 TeV [18] are

shown by the filled circle and the squares with error bars,
respectively. One can see that the predictions of our approach
are in excellent agreement with the ALICE data. Note that
the STAR data point for Au was scaled to Pb by the ratio of
the theoretical cross sections. The Glauber model prediction
(not shown) significantly exceeds that of the Gribov-Glauber
approach and, hence, fails to describe the Run 1 and 2 ALICE
data points (see Ref. [8] and Table I of the present work).

Table I summarizes the results for the incoherent
d"AA"!AA$/dy and coherent d"AA"!AA/dy cross sections of
! photoproduction in Pb-Pb UPCs at

!
sNN = 5.02 TeV and

y = 0 in the framework presented in this paper (GM and
GGM) and the STARlight model. It clearly demonstrates large
differences between predictions of the Gribov-Glauber model
superseding the Glauber model and those of STARlight,
which are especially dramatic for the incoherent cross section.

IV. CONCLUSIONS

In this paper, using the Gribov-Glauber model for photon-
nucleus scattering and a generalization of the VMD model for
the hadronic structure of the photon, we consider incoherent
photoproduction of ! mesons on heavy nuclei and make pre-
dictions for the incoherent PbPb " !PbA$ UPC cross section
in the LHC kinematics. We present our results as a function
of the rapidity y at

!
sNN = 5.02 TeV and the invariant

collision energy
!

sNN at y = 0. We also give predictions for
the incoherent photoproduction cross section # Pb " !A$ as
a function of the invariant photon-nucleon energy W# p. We
demonstrate that the effect of the inelastic nuclear shadowing
in the incoherent cross sections is significant and leads to an
additional 25% suppression of the cross section. Comparing
our predictions to those of the STARlight Monte Carlo frame-
work, we find very significant differences.
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SPb for J/𝜓 and ρ 

µ2=3 GeV2
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Figure 41. The nuclear suppression factor of SPb(x) as a function of the gluon
momentum fraction of x: the values extracted from the Run 1 [272, 273, 275] and the
central rapidity Run 2 [278] UPC data on coherent J/ photoproduction in Pb-Pb
UPCs vs. predictions of the leading twist model of nuclear shadowing and global fits of
nPDFs. The bands indicate the uncertainties for the LTA model (yellow) and EPS09
parametrization (blue).

Then, taking the square root of the ratio of the cross sections in Eqs. (169) and

(171), one introduces the nuclear suppression factor of SPb(x) [287, 193, 289]

SPb(x) =

s
��A!J/ A(W�p)

�
IA
�A!J/ A(W�p)

= A/N
xgA(x, µ2)

AxgN(x, µ2)
⌘ A/NRg(x, µ

2) . (172)

It is expected that almost all kinematic factors and mentioned corrections cancel in the

ratio of the nuclear and IA( proton) cross sections. Thus, Eq. (172) establishes a direct

correspondence between the suppression factor of SPb(x) and the ratio of the nuclear

and nucleon gluon distributions Rg(x, µ2). Further, since at central rapidities |y| ⇡ 0,

the d�AA!AAJ/ (y)/dy cross section is unambiguously related to the ��A!J/ A(W�p)

photoproduction cross section at the definite value of W�p =
p
2ENMJ/ , Eq. (172)

gives a one-to-one correspondence between the measured UPC cross section at central

rapidities and Rg(x, µ2) at x = MJ/ /(2EN).

Figure 41 shows a comparison of the values of SPb(x) extracted from the Run

1 [272, 273, 275] and the central rapidity Run 2 [278] UPC data on coherent J/ 

photoproduction in Pb-Pb UPCs with Rg(x, µ2) predicted in the leading twist model

of nuclear shadowing and global QCD fits of nPDFs. Note that following the analysis

of Ref. [193], we take advantage of ambiguity in the exact values of the scale µ and

take µ
2 = 3 GeV2 to best reproduce the available HERA and LHCb data on the W�p

dependence of the cross section of exclusive J/ photoproduction on the proton. The
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Figure 21. The dependence of the median dipole size r(med) on the photon virtuality
Q2 for electroproduction of light and vector mesons and also the total photoabsorption
cross secion �L(x, Q2).

gradually disappears with an increase of Q2 leading to a slower decrease of the cross

section with an increase of Q2 than in the leading twist approximation. Note that the

suppression e↵ect is stronger for electroproduction of heavy vector mesons than for light

ones.

The suppression factor of T (Q2) as a function of Q2 and the trends of its behavior

discussed above are presented in Fig. 22.

5.4. Elastic photoproduction of J/ : from HERA to LHC

The phenomenologically important case of vector meson production is elastic

photoproduction of J/ , where the hard scale is provided by the mass of J/ (mass

of the charm quark). The � + p ! J/ + p di↵erential cross section reads [177, 176]

[compare to Eq. (81]

d�
�p!J/ p(t = 0)

dt
=

12⇡3

↵e.m.

�V M
3
V

(4m2
c)

4

⇥
↵s(Q

2
e↵)xg(x,Q

2
e↵)

⇤2
C(Q2 = 0) , (89)

where Qe↵ is the e↵ective hard scale of the process (see the discussion below). The factor

of C(Q2 = 0) depends on the details of the vector meson wave function and takes into

account the intrinsic motion (transverse momentum) of charm quarks in the diagram in

Fig. Hence, C(Q2 = 0) describes the e↵ect of higher-twist e↵ects in the �+p ! J/ +p

cross section. It is given by the following expression,

C(Q2 = 0) =
⇣
⌘V

3
m

4
c

⌘2

T (0)R(0) , (90)

rho

• For Q2=0, nuclear suppression factor SPb=0.6 for J/𝜓 and SPb=0.35-0.4 for ρ. 
• As Q2 increases, SPb for J/𝜓 and ρ should become closer (see right plot).

Nuclear suppression factor
Average dipole size


