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l Nuclear shadowing (NS) is general phenomenon of high-energy scattering 
→ nuclear cross section < sum of nucleon cross sections → nuclear parton 
distributions (nPDFs) < sum of nucleon PDFs at small x. 

l In context of nucleus-nucleus (AA) scattering → NS defines initial conditions 
(cold nuclear matter effects).

Nuclear shadowing in AA scattering

l Fundamental in its own right (e.g. nPDFs) 
and also for description of onset of new 
states of matter → color glass condensate 
(CGC) and quark-gluon plasma (QGP). 

2266 F. Gelis

3. Gluon saturation

3.1. Dense regime of QCD
Since the DGLAP factorization framework is based solely on the single

parton distributions, it is expected to become inappropriate at large par-
ton densities. The problem that will arise in this regime is illustrated in
Fig. 9, that shows side-to-side a typical scattering process in the dilute (left)
and dense (right) regimes. In the dilute situation, the incoming hadrons are
“mostly empty”, and hard scatterings are rare processes. Moreover, reactions
involving more than one parton in each projectile are extremely rare (their
rate scales like the square of the probability to find a parton). But when
the parton density is large, processes initiated by multiple partons become
more likely to happen. A framework that would enable one to calculate
these processes should provide information about multiparton distributions
in hadrons and nuclei, and thus should go beyond the DGLAP framework.
Moreover, when the parton density becomes of the order of the inverse cou-
pling 1/g2, a strongly interacting regime, called gluon saturation [6–8], is
reached, where an infinite series of Feynman graphs contribute at each order
in g

2.

Fig. 9. Differences between a collision between dilute and dense projectiles.

A hint of the fact that the small x saturation regime is qualitatively
different from the dilute regime appears when plotting the deep inelastic
scattering cross section slightly differently. This cross section depends on
two Lorentz invariant quantities, x and the 4-momentum squared Q

2 of the
photon exchanged in the scattering. However, when plotted against the
combination x

0.32
Q

2, this data appears to line up on a unique curve (see
Fig. 10). This scaling indicates the emergence of an x-dependent momen-
tum scale, that behaves roughly as Q

2
s (x) ⇠ x

�0.32. This scale, known as
the saturation momentum, appears as a consequence of the non-linear inter-
actions among the gluons, that become important at high density.

Initial State Pre-
equilibrium Hadronization Freeze-outHydro-expansion of 

QGP or hadron gas

S. Bass, 
Duke Univ.

F. Gelis, 1412.0471 [hep-ph] 
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l Cleanest way to probe NS is using photons: real photons in UPCs at RHIC 
and LHC and virtual photons eA DIS with fixed targets and at EIC.      
l In target rest frame, NS is due to multiple interactions of long-lived 
fluctuations of 𝛾(*) with target nucleons → destructive interference of 
amplitudes with N=1,2,..A nucleons  → nucleons geometrically shadow each 
other → Gribov-Glauber (GG) theory of NS, Glauber, PRD 50 (1955) 242; Gribov, Sov. Phys. 
JETP 29 (1969) 483; Frankfurt, Strikman, Phys. Rept. 160 (1988) 235; Piller, Weise, Phys. Rept. 330 (2000) 1; Armesto,  
J. Phys. G 32 (2006) R367.

Nuclear shadowing in 𝛾(*)A scattering   

Fig. 4.7. Deep-inelastic scattering at small x;1 in the laboratory frame proceeds via hadronic #uctuation present in the
photon wave function.

which have a squared mass !!&Q! (see Section 5.4.1). The ratio in Eq. (4.18) is evidently small for
x;0.1. Hence pair production, Fig. 4.6b, is the leading lab frame process in the small-x region. On
the other hand, at x'0.1, both mechanisms (a) and (b) contribute.

In process (b) the photon couples to a quark pair which forms a complex (hadronic or
quark}gluon) intermediate state and then scatters from the target. At small x deep-inelastic
scattering can therefore be described in the laboratory frame in terms of the interaction of
quark}gluon components present in the wave function of the virtual photon (Fig. 4.7). The
longitudinal propagation length " of a speci"c photon-induced quark}gluon #uctuation with mass
! is given by the inverse of the energy denominator (4.17):

"& 1
#E

!

" 2$
!!#Q!

!!!"!&! 1
2xM

, (4.19)

which coincides with the longitudinal correlation length l of Eq. (4.4). For x(0.05 the propagation
length " exceeds the average distance between nucleons in nuclei, "'dK2 fm. For a nuclear
target, coherent multiple scattering of quark}gluon #uctuations of the photon from several
nucleons in the nucleus can then occur, and this is clearly seen in the coordinate-space analysis
discussed in the previous section.

For larger values of the Bjorken variable, x'0.2, the propagation length of intermediate
hadronic states is small, "(d. At the same time the process in Fig. 4.6a becomes prominent, i.e. the
virtual photon is absorbed directly by a quark or antiquark in the target. Now the incoherent
scattering from the hadronic constituents of the nucleus dominates.

4.6. Nuclear deep-inelastic scattering in the inxnite momentum frame

Let us "nally view the deep-inelastic scattering process in the so-called in"nite momentum frame
where the target momentum is large. In this frame the standard parton model applies in which
a snapshot of the target at the short time scale of the interaction reveals an ensemble of almost
non-interacting partons, i.e. quarks and gluons.

Consider the scattering from a nucleus which moves with large longitudinal momentum
P
"

+AP
#

PR, where P
#

is the average longitudinal momentum of the bound nucleons
[131}133]. The average nucleon}nucleon distance in nuclei is now Lorentz contracted as

G. Piller, W. Weise / Physics Reports 330 (2000) 1}94 37

l Soft processes: fluctuations are vector mesons (VMD model), Bauer, Spital, Yennie, 

Pipkin, Rev. Mod. Phys. 50 (1978) 261 or generic hadronic states in Good-Walker picture, 
Good, Walker, PR 120 (1960) 1857; Blättet, Baym, Frankfurt, Heiselberg, Strikman, PRD 47 (1992) 2761.    
l Hard processes: fluctuations are qq̄, qq̄g,… QCD states (dipoles), Nikolaev, 
Zakharov, Z. Phys. C 49 (1991) 607; Mueller, NPB 415 (1994) 373.
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l Interactions with N=1,2,3,..A  target nucleons: 

Gribov-Glauber theory of nuclear shadowing   
Author's personal copy

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

Fig. 9. Graphs for to the total virtual photon–nucleus cross section, �� ⇤A . Graph a gives the impulse approximation; graphs b and c give the shadowing
correction arising from the interaction with two and three nucleons of the target, respectively.

When lc is larger than the diameter of the nucleus, 2RA, the virtual photon coherently (‘‘simultaneously’’) interactswith all
nucleons of the target located at the same impact parameter. For instance, for the nucleus of 40Ca, this happens for x  0.01.
On the other hand, when lc decreases and becomes compatible to the average distance between two nucleons in the nucleus,
rNN ⇡ 1.7 fm, all effects associated with large lc are expected to disappear. Therefore, the nuclear effects of shadowing and
antishadowing disappear for x > 0.2 (see also the discussion in Section 3.2 where this is discussed in the reference frame
of the fast moving nucleus).

The wave function of the projectile virtual photon is characterized by the distribution over components (fluctuations)
that widely differ in the strength of the interaction with the target: the fluctuations of a small transverse size correspond
to the small interaction strength and the large phase volume, while the fluctuations of a large transverse size correspond
to the large interaction strength but the small phase volume. A proper account of the interplay between the phase volume
of different configurations and their strength of interactions shows [122] that these components lead to the contributions
characterized by the same power of Q 2: �� ⇤T / 1/Q 2.1 Hence, at moderately small x, nuclear shadowing is a predominantly
non-perturbative QCD phenomenon complicated by the leading twist Q 2 evolution. At extremely small x, perturbative QCD
(pQCD) interactions become strong which leads to a change of the dynamics of nuclear shadowing, see the discussion in
Section 8.

At sufficiently high energies (small Bjorken x), when the virtual photon interacts with many nucleons of the target, the
lepton–nucleus scattering amplitude receives contributions from the graphs presented in Fig. 9. Considering the forward
scattering and taking the imaginary part of the graphs in Fig. 9 (presented by the vertical dashed lines), one obtains
the graphical representation for the total virtual photon–nucleus cross section, �� ⇤A. Note that there are other graphs,
corresponding to the interaction with four and more nucleons of the target, which are not shown in Fig. 9; the contribution
of these graphs to �� ⇤A is insignificant. However, they appear to be important in the case of the events with the multiplicity
significantly larger than the average.

Graph a in Fig. 9, which is a generalization of the left graph in Fig. 2 to the case of DIS, corresponds to the interaction with
one nucleon of the target (the impulse approximation). The contribution of graph a to �� ⇤A, which we denote �

(a)
� ⇤A, is

�
(a)
� ⇤A = A�� ⇤N , (31)

where �� ⇤N is the total virtual photon–nucleon cross section. The proton and neutron total cross sections (structure
functions) are very close at small x, and, therefore, unless specified, we shall not distinguish between protons and neutrons.
Also, in Eq. (31), we employed the non-relativistic approximation for the nucleus wave function. A more accurate treatment
would involve the light-cone many-nucleon approximation for the description of nuclei which leads to tiny corrections to
Eq. (31) for small x due to the Fermi motion effect, see Section 3.2. The good accuracy of this approximation has been tested
by numerous studies of elastic and total hadron–nucleus scattering cross sections at intermediate energies.

The total cross section in Eq. (31) corresponds to the sumof the cross sectionswith the transverse (�� ⇤
T N ) and longitudinal

(�� ⇤
L N ) polarizations of the virtual photon. These cross sections can be expressed in terms of the isospin-averaged inclusive

(unpolarized) structure function F2N(x,Q 2) and longitudinal structure function FL(x,Q 2), see, e.g. [101]:

�� ⇤
T N + �� ⇤

L N = �� ⇤N =
4⇡2↵em

Q 2(1 � x)
F2N(x,Q 2),

�� ⇤
L N =

4⇡2↵em

Q 2(1 � x)
FL(x,Q 2), (32)

1 This parton-model reasoning ismodified in QCDwhere the configurationswith almost on-mass-shell quarks are suppressed at largeQ 2 by the Sudakov
form factor. An account of radiation (Q 2 evolution) leads to the appearance of hard gluons (in addition to thenear on-mass-shell quarks) in thewave function
of the virtual photon. This property of QCD is important for the theoretical analysis of hard diffractive processes considered in Section 6.

l Shadowing correction to total 𝛾(*)A cross section, Karmanov, Kondratyuk, JETP Lett. 18 (1973) 
266; Kaidalov et al, EPJ C 5 (1998) 111; Piller, Weise, Phys. Rept. 330 (2000) 1

interactions of the excited hadronic states with several nucleons in the target become important.
A simple way to account for those is a frequently used equation derived by Karmanov and
Kondratyuk [156]:

!"!H!
"!8!! d"b!!#
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The exponential attenuation factor describes the elastic re-scattering of the di!ractively produced
hadronic states from the remaining nucleons in the target. The hadron}nucleon scattering ampli-
tudes are assumed to be purely imaginary and enter in Eq. (5.18) through the cross sections "

'(
.

Eq. (5.18) has been applied in several investigations of nuclear shadowing using di!erent models
for the di!ractive photoproduction cross section. The more detailed results are discussed in Section
5.4, but we can get a simple estimate of nuclear shadowing at small Bjorken-x already by just
looking at the relative amount of di!raction in DIS from free nucleons [67]. We restrict ourselves
to the double scattering correction (5.17). For x;0.1, the coherence length $ of the hadronic states
which dominate di!ractive production in Eq. (5.17), exceed the diameter of the target nucleus. In
the limit $PR we "nd

"*"+
!H!

K!8!B"!"##!H(! d"b!!#

$#
dz

%!!#

"%

dz
"

#
!
(b, z

%
)#

!
(b, z

"
) . (5.19)

The slope parameter B and the integrated di!ractive production cross section "!"##!H(
have been

introduced as in Eqs. (5.12) and (5.15).
For the nuclear densities in Eq. (5.19) we use Gaussian,

#
!
(r)"A% 3

2!%r"&
!
&,-"exp%! 3 r "

2%r"&
!
& , (5.20)

and square-well parametrizations,

#
!
(r)"'A

3
4!% 3

5%r2&
!
&,-" for r(#.

,
%r"&%-"

!

0 otherwise ,
(5.21)

with the mean square radius %r"&
!

"'d,r r"#
!
(r)/A. For both cases the shadowing ratio R

!
"

"!H!
/A"!H(

is easily worked out:

R
!

K1!CA% B
%r"&

!
& "!"##!H(

"!H(
. (5.22)

For Gaussian nuclear densities one "nds C"3, while C"2.7 in the square-well case.
Using again typical values for the ratio of di!ractive and total (HN cross sections,

"!"##!H(
/"!H(

K0.1, and for the slope parameter, BK8 GeV$", the magnitude of R
!

comes out in very
reasonable agreement with experimental values as shown in Table 1. This estimate may be simple
(in fact, higher-order multiple scattering must be included in a more detailed analysis) but it

44 G. Piller, W. Weise / Physics Reports 330 (2000) 1}94
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to x ! 0.1, the longitudinal propagation length of diffrac-
tively excited hadrons rises and eventually reaches nu-
clear dimensions. Thus, for heavy nuclei interactions of
the excited hadronic state with several nucleons in the
target become important and should be accounted for.
Following [7] we introduce an attenuation factor with an
effective hadron-nucleon cross section, σeff . The shadow-
ing correction can thus be written as

δσγ∗A =
A(A − 1)

2A2
16πRe

[

(1 − iη)2

1 + η2

∫

d2b

∫

∞

−∞

dz1

∫

∞

z1

dz2

∫ W 2

4m2
π

dM2
X

d2σdiff
γ∗N

dM2
Xdt

∣

∣

∣

∣

∣

t≈0

ρ(2)
A (&b, z1;&b, z2) exp

{

i
(z1 − z2)

λ

}

exp

{

−(1/2)(1 − iη)σeff

∫ z2

z1

dzρA(b, z)

}

]

. (4)

The effective hadron-nucleon cross section, σeff in eq. (4)
is defined as

σeff =
16π

σγN (1 + η2)

∫ W 2

4m2
π

dM2
X

d2σdiff
γ∗N

dM2
Xdt

∣

∣

∣

∣

∣

t≈0

, (5)

where σγN is the photon-nucleon cross section. The de-
tails of this approach and the approximations inherent in
the definition of σeff are treated thoroughly in [7]. For
vector mesons as the intermediate hadronic excitations,
we take σV N as σeff in the attenuation factor in eq. (4),
where σV N is the vector meson-nucleon scattering cross
section.

When x ! 0.1, it is a good approximation to ignore
the phase factor, exp i[(z1 − z2)/λ], in eq. (4), and (using
Leibnitz’s rule) the integrals over z1 and z2 can be carried
out explicitly. This leads to a simplified form,

δσγ∗A =
2(1 − 1/A)σγN

σeff

Re

(

∫

d2b

[

exp {−L T (b)}− 1 + L T (b)

])

, (6)

where L = (A/2) (1−iη)σeff and T (b) =
∫

∞

−∞
dz ρA(b, z),

the usual Glauber thickness function. However, we use
the full expression, eq. (4), in our calculation.

Eq. (4) gives the shadowing correction in terms of
σeff . This effective cross section involves the differen-
tial diffractive dissociation cross section at small t, see
eq. (5). The treatment of this diffractive cross section is
the subject of the next section.

III. DIFFRACTIVE DISSOCIATION

A. Diffractive production

Consider the single diffractive scattering of a (virtual)
photon off of a proton (see Fig. 2). The proton does not

px

γ*
q

P P’

FIG. 2: Diffractive scattering from a proton.

dissociate, and it remains intact during the process. The
photon, on the other hand, dissociates into a hadronic
final state X , which is well separated in rapidity from
the proton,

γ(∗) + p → X + p′. (7)

Such diffractive processes are important at small momen-
tum transfer, with cross sections which decrease expo-
nentially with the squared four-momentum transfer. In
general they exhibit a weak energy dependence.

Diffractive dissociation of real photons,

γ + N → X + N , (8)

has been studied in both fixed target and collider exper-
iments. Experiments were carried out at Fermi National
Laboratory (FNAL) at average photon-proton center of
mass energies of W $ 12.9 GeV and W $ 15.3 GeV[9].
Diffractive states with an invariant mass squared of up
to M2

X $ 18 GeV2 were produced. This experiment
measured the diffractive dissociation cross section differ-
ential in both, the invariant mass MX and the squared
four-momentum transfer t. Experiments at the Hadron-
Electron Ring Accelerator (HERA)[10, 11, 12, 13, 14]
were carried out at average energies W $ 187 GeV and
W $ 231 GeV. Diffractive states with mass MX < 30
GeV were produced. Unlike the FNAL experiment, only
dσdiff

γ∗N/dM2
X was measured due to poor resolution in t.

As mentioned earlier, the available experimental data
on shadowing at small x (x $ 10−4) are all at small
Q2 (Q2 < 1 GeV2). At such small virtualities the pho-
tons can be considered quasi-real, and it is thus not a
bad approximation to regard them as real photons with
Q2 = 0 GeV2. The center-of-mass energies are also low:
W $ 15 GeV for the NMC and W $ 25 GeV for the
E665 measurements. These energies are comparable to
the photon-proton center of mass energies at FNAL. For
these reasons one can use the information from diffractive
scattering of real photons at FNAL to calculate the shad-
owing ratio in the kinematic range accessible at NMC and
E665.

B. Diffractive dissociation cross section

It is natural to divide the diffractive dissociation cross
section data as a function of M2

X into the region of the

l Main feature: N=2 contribution to NS in terms of diffraction on proton → 
consequence of unitarity (AGK cutting rules), Abramovsky, Gribov, Kancheli, Sov. J. Nucl. Phys. 

18 (1974) 308  → elastic and inelastic intermediate states.

MASS DEPENDENCE OF NUCLEAR SHADOWING AT SMALL BJORKEN-x . . . PHYSICAL REVIEW C 74, 054904 (2006)

as the intermediate hadronic excitations, we take σV N as σeff
in the attenuation factor in Eq. (4), where σV N is the vector
meson-nucleon scattering cross section.

When x ! 0.1, it is a good approximation to ignore
the phase factor, exp i[(z1 − z2)/λ], in Eq. (4), and (using
Leibnitz’s rule) the integrals over z1 and z2 can be carried out
explicitly. This leads to a simplified form,

δσγ ∗A = 2(1 − 1/A)σγN

σeff

×Re

(∫
d2b[exp {−LT (b)} − 1 + LT (b)]

)
, (6)

where L = (A/2)(1 − iη)σeff and T (b) =
∫ ∞
−∞ dz ρA(b, z),

the usual Glauber thickness function. However, we use the
full expression, Eq. (4), in our calculation.

Equation (4) gives the shadowing correction in terms of σeff .
This effective cross section involves the differential diffractive
dissociation cross section at small t , see Eq. (5). The treatment
of this diffractive cross section is the subject of the next section.

III. DIFFRACTIVE DISSOCIATION

A. Diffractive production

Consider the single diffractive scattering of a (virtual)
photon off of a proton (see Fig. 2). The proton does not
dissociate, and it remains intact during the process. The photon,
on the other hand, dissociates into a hadronic final state X,
which is well separated in rapidity from the proton,

γ (∗) + p → X + p′. (7)

Such diffractive processes are important at small momentum
transfer, with cross sections that decrease exponentially with
the squared four-momentum transfer. In general they exhibit a
weak energy dependence.

Diffractive dissociation of real photons,

γ + N → X + N, (8)

has been studied in both fixed target and collider experiments.
Experiments were carried out at Fermi National Laboratory
(FNAL) at average photon-proton center-of-mass energies of
W ( 12.9 GeV and W ( 15.3 GeV [9]. Diffractive states
with an invariant mass squared of up to M2

X ( 18 GeV2

were produced. This experiment measured the diffractive
dissociation cross section differential in both the invariant mass
MX and the squared four-momentum transfer t . Experiments
at the Hadron-Electron Ring Accelerator (HERA) [10–14]
were carried out at average energies W ( 187 GeV and W (
231 GeV. Diffractive states with mass MX < 30 GeV were
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FIG. 2. Diffractive scattering from a proton.

produced. Unlike the FNAL experiment, only dσ diff
γ ∗N/dM2

X

was measured because of poor resolution in t .
As mentioned earlier, the available experimental data on

shadowing at small x (x ( 10−4) are all at small Q2 (Q2 <
1 GeV2). At such small virtualities the photons can be
considered quasi-real, and it is thus not a bad approximation
to regard them as real photons with Q2 = 0 GeV2. The center-
of-mass energies are also low: W ( 15 GeV for the NMC
measurements and W ( 25 GeV for the E665 measurements.
These energies are comparable to the photon-proton center-
of-mass energies at FNAL. For these reasons one can use
the information from diffractive scattering of real photons at
FNAL to calculate the shadowing ratio in the kinematic range
accessible at NMC and E665.

B. Diffractive dissociation cross section

It is natural to divide the diffractive dissociation cross
section data as a function of M2

X into the region of the low-mass
vector mesons (ρ, ω, and φ) and a high-mass continuum,
with a matching point of M2

X ( 2.25 GeV2, as in Ref. [15].
However, in this case a triple-pomeron fit to the continuum
data (as described in Sec. III B3) misses the ρ ′ resonances as
can be seen in Fig. 3.

The analysis by the H1 Collaboration [10] divides the
HERA photoproduction data into effectively three intervals
in M2

X. We follow this strategy in the present article, taking
the first interval (0.16–1.58 GeV2) to contain the region of the
low-mass vector mesons (ρ,ω, and φ). The second interval
(1.58–4.0 GeV2) covers the ρ ′ resonance region. The third
interval (M2

X > 4.0 GeV2) is that of the high-mass continuum.
The differential diffractive cross section is thus written as a
sum over contributions from these three mass intervals,

dσD
γN

dM2
Xdt

∣∣∣∣∣
t≈0

=
∑

V =ρ,ω,φ

dσ V
γN

dM2
X dt

∣∣∣∣∣
t≈0

+
∑

V =ρ ′

dσ V
γN

dM2
X dt

∣∣∣∣∣
t≈0

+
dσ cont

γN

dM2
Xdt

∣∣∣∣∣
t≈0

. (9)
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FIG. 3. (Color online) Triple-pomeron fit to the FNAL data [9],
including the ρ ′ resonances in the continuum, as in Ref. [15].
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l Using data on diffraction of real photons 
to low and high diffractive masses MX →  
good description of total 𝛾A cross section, 
Adeluyi, Fai, PRC 74 (2006) 054904
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FIG. 5: (Color Online) Shadowing ratio calculated at W =
15 GeV (crosses) and W = 25 GeV (stars). Data are from
the NMC (shaded circles) and E665 (shaded boxes) collabo-
rations. The NMC point corresponding to 12C is displaced
slightly for better visibility. The dashed lines are energy-
dependent fits according to (20) as described in the text.

available data points at NMC energies. For small A the
shadowing ratio decreases rapidly with A, while for large
A the decrease is more gradual. The calculated result
also falls steeply with increasing W .

The dashed lines in Fig. 5 represent a two-parameter
fit of the standard form

RS
A = β0A

β1−1 (20)

to the calculated results, with energy-dependent param-
eters β0 and β1. In order to determine the energy depen-
dence of the fit parameters we calculated the shadowing
ratio for W in the range 10 ≤ W ≤ 30 GeV. The energy
dependence of the fit coefficients can be described as

β0 = 0.720 + 0.118 ln(W ) (21)

and

β1 = 1.143− 0.075 ln(W ) , (22)

where W is the center-of-mass energy in GeV.
The fit does very well for the entire mass range for

low W and deviates from the calculated result at large

A as W increases. This seems to suggest that the mass
dependence of the calculated shadowing ratio at large
A and increasing W is not as simple as in eq. (20).
A five-parameter fourth-degree polynomial with energy-
dependent coefficients gives a good fit for the entire mass
range and at all energies considered. However, we pre-
fer the simple physical picture of the two-parameter fit,
which is adequate considering the experimental and the-
oretical error bars.

The uncertainties of our calculation are mostly related
to the various parameterizations of the diffractive dissoci-
ation cross section. The delta function parameterization
for the ω and φ mesons should be satisfactory, and the
width of the ρ meson has been taken into account. Re-
finements of the spectral function (13) are possible, and
improvements of the treatment of the ρ′ resonance re-
gion is also left for future work. The uncertainties in the
continuum are associated with the neglect of sub-leading
reggeons and of interference terms. Furthermore, the
use of an effective scattering cross section to account for
multiple scattering is an approximation, as is using real-
photon information (Q2 = 0) at small, but non-vanishing
Q2. We estimate the overall uncertainty of our calculated
results to be in the 20% range.

V. CONCLUSION

We have calculated the shadowing ratio at very small
Bjorken-x for nuclei in the range 3 < A < 239 using Gri-
bov theory. We included the effect of the real part of
the diffractive scattering amplitude. The photon diffrac-
tive dissociation cross section, which serves as an input
to our calculation, was parameterized as a function of
the invariant mass of the diffractively produced hadronic
excitation using vector meson dominance and Regge the-
ory in three mass intervals: low-mass vector mesons, ρ′

resonances, and continuum. The parameters needed are
taken from earlier studies that fit experimental data.

It is found that the calculated shadowing ratio de-
creases with mass number first rapidly and then more
slowly. To be able to compare to NMC/E665 data, the
calculations are all at low center-of-mass energy, and the
decrease with A is stronger as the center-of-mass energy
increases. We find that Gribov theory gives a reasonable
estimate of the mass dependence of nuclear shadowing at
small Bjorken-x.
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Fig. 4. The σγ A→ρ A cross section as a function of Wγ p . The theoretical predictions 
using the mVMD model for the γ p → ρp cross section and the Gribov–Glauber 
model with cross section fluctuations for the γ A → ρ A amplitude are compared to 
the STAR (circle) and ALICE (triangle) data. The shaded area reflects the theoretical 
uncertainty associated with the parameter β 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 ωN

σ describing the dispersion of the fluctuations:

ωN
σ (s) =






β
√

s/24 ,
√

s < 24GeV ,

β , 24 <
√

s < 200 GeV ,

β − 0.15 ln(
√

s/200) + 0.03(ln(
√

s/200))2 ,√
s > 200 GeV ,

(17)

where the parameter β ≈ 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) + ξc
σρN

2

∫
dzρ2

A(b, z) , (18)

where ξc = 0.74 fm is the correlation length.
Our predictions for the γ A → ρ A cross section as a function 

of Wγ 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 γ p → ρp 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 ωσ by changing β in the 
range 0.25 ≤ β ≤ 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 ρ
photoproduction on nuclei at large Wγ p and the theoretical de-
scription of this process in the framework of the VMD-GM with 
the DL94 parametrization of the ρN 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 ρ photoproduction in ion UPCs. 
Fig. 5 presents the results of our calculation of dσPbPb→ρPbPb/dy, 

Fig. 5. The rapidity distribution of coherent ρ 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 ρ 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 β in the range 0.25 ≤ β ≤ 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 dσPbPb→ρPbPb/dy is different from the 
almost flat dσPbPb→ρPbPb/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 dσPbPb→ρPbPb/dy with the maximum at 
y = 0 and small values of dσPbPb→ρPbPb/dy at y ≈ −4.5 corre-
sponding to Wγ 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, σγ Pb→ρPb ≈ 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, Nγ /Pb(y =
0) = 108 and Nγ /Pb(y = −4.5) = 250. Then one easily obtains that 
σPbPb→PbPbρ(|y| = 4.5) ≈ 500 mb > σPbPb→PbPbρ(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 ρ photoproduction in 
Pb–Pb UPCs at √sNN = 5.02 TeV in Run 2 at the LHC:

dσ (y = 0)

dy
= 560 ± 25 mb . (19)

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

l Account of hadronic fluctuations of real 
photons → elastic (ρ) and inelastic 
intermediate states → good description of 
Run 1,2 data on coherent ρ photoproduction 
in Pb-Pb UPCs@LHC, Frankfurt, Guzey, Strikman, 
Zhalov, PLB 752 (2016) 51; Guzey, Kryshen, Zhalov, PRC 102 (2020) 
1, 015208 

l Gribov (inelastic) shadowing correction 
is small for pA, noticeable for 𝛾A, and 
dominant (leading twist) for 𝛾*A.



Leading twist model of nuclear shadowing  
•Combination of Gribov-Glauber theory with QCD factorization theorems for 
inclusive and diffractive DIS → prediction for small-x nPDFs at input scale Q0, 
Frankfurt, Strikman, EPJ A5 (1999) 293; Frankfurt, Guzey, Strikman, Phys. Rept. 512 (2012) 255 
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Fig. 10. Graphs corresponding to sea quark nuclear PDFs. Graphs a, b, and c correspond to the interaction with one, two, and three nucleons, respectively.
Graph a gives the impulse approximation; graphs b and c contribute to the shadowing correction.

Fig. 11. Graphs corresponding to the gluon nuclear PDF. For the legend, see Fig. 10.

in the case of the deuteron target. One should also note that Eqs. (43) and (44) do not require the decomposition over
twists. The only requirement is that the nucleus is a system of color neutral objects—nucleons. The data on the EMC ratio
F2A(x,Q 2)/[AF2N(x,Q 2)] for x > 0.1 indicate that the corrections to the multinucleon picture of the nucleus do not exceed
few percent for x  0.5, see the discussion in Section 3.2.

The next crucial step in the derivation of ourmaster equation for nuclear PDFs is the use of theQCD factorization theorems
for inclusive DIS and hard diffraction in DIS. According to the QCD factorization theorem for inclusive DIS (for a review, see,
e.g., [58]) the inclusive structure function F2(x,Q 2) (of any target) is given by the convolution of hard scattering coefficients
Cj with the parton distribution functions of the target fj (j is the parton flavor):

F2(x,Q 2) = x
X

j=q,q̄,g

Z 1

x

dy
y
Cj

✓
x
y
,Q 2

◆
fj(y,Q 2). (45)

Since the coefficient functions Cj do not depend on the target, Eq. (34) leads to the relation between nuclear PDFs of flavor
j, which are evaluated in the impulse approximation, f (a)

j/A , and the nucleon PDFs fj/N ,

xf (a)
j/A (x,Q 2) = Axfj/N(x,Q 2). (46)

In the graphical form, f (a)
j/A is given by graph a in Figs. 10 and 11.

Note also that one can take into account the difference between the proton and neutron PDFs by replacing Afj/N !

Zfj/p + (A � Z)fj/n, where Z is the number of protons, and the subscripts p and n refer to the free proton and neutron,
respectively.

Similarly to the inclusive case, the factorization theorem for hard diffraction in DIS states that, at given fixed t and xP

and in the leading twist (LT) approximation, the diffractive structure function FD(4)
2 can be written as the convolution of the

same hard scattering coefficient functions Cj with universal diffractive parton distributions f D(4)
j :

FD(4)
2 (x,Q 2, xP, t) = �

X

j=q,q̄,g

Z 1

�

dy
y
Cj

✓
�

y
,Q 2

◆
f D(4)
j (y,Q 2, xP, t), (47)

— + —
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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  
exchange

N=2 term: proton diffractive 
PDFs from HERA             

N ≥ 3 terms: model-
dependent effective cross 
section

nuclear density

•Alternative to extraction of nPDFs using global QCD fits, Plenary talk on nPDFs, 23.06.

j=q or g



Leading twist model of nuclear shadowing (2)  
•Essential input: universal, leading twist (LT) diffractive 
PDFs of proton, Collins, PRD 57, 3051 (1998); PRD 61, 019902 (2000) 

• Extracted from HERA data on diffraction in ep DIS, Aktas et al 
[H1], EPJ C48, 715 (2006), EPJC 48, 749 (2006); Chekanov et al [ZEUS], NPB 831, 1 (2010) 
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Figure 1. Diagram for diffractive DIS in the single photon
approximation. The diffractive mass X is separated from the
diffractive scattered proton (or its excitation) Y by a rapidity gap.
See the text for the de!nition of the variables. Reproduced from
[17]. CC BY 4.0.

to ask if such processes are tractable within the perturbative
QCD. Veneziano and Trentadue in [14] postulated that in DIS
the semi-inclusive processes, where the hadron is produced in
the target fragmentation region, can be described within the
collinear approximation. For that purpose they introduced the
notion of the fracture functions which contain the information
about the structure function of a given target hadron once
it has fragmented into another given !nal state hadron. The
diffractive processes, which can be classi!ed as a special case
of the processes discussed in [14], were considered in [15, 16]
where it was demonstrated that they can be described within
the collinear approximation, in analogy to the standard non-
diffractive processes in DIS. The factorization proof, presented
in [15], essentially followed that of the inclusive case. Note
that, diffractive factorization can also be applied to other semi-
inclusive processes in diffractive DIS like diffractive heavy
quark production or dijet production in the direct photon case
(see discussion later in this section). Also, factorization is valid
for a more general case of production of a hadron with a !xed
momentum fraction xF and a transverse momentum pt in the
target fragmentation region.

The typical event with a rapidity gap in DIS is depicted in
a diagram shown in !gure 1. An incoming electron or positron
with four-momentum k scatters off the incoming proton with
four-momentum p. The proton is scattered into the !nal state
Y with four-momentum p′. The proton may stay intact or
alternatively it can also dissociate into a low mass excitation
with mass MY. The process proceeds through the exchange of a
single photon and there is a rapidity gap between the !nal state
Y and the diffractive system X, see the diagram in !gure 1.

As any DIS process, the diffractive event is characterized
by the standard set of variables:

q2 = −Q2, x =
Q2

2p · q
, W2 = (p + q)2, y =

p · q
p · k

,

(1)
being minus photon virtuality, Bjorken x, center-of-mass
energy squared of the photon–proton system and inelastic-
ity, respectively. In addition to these variables, there are also
diffractive ones which are de!ned as follows

t = (p− p′)2, ξ =
Q2 + M2

X − t
Q2 + W2 , β =

Q2

Q2 + M2
X − t

,

(2)

where t is the momentum transfer squared at the proton vertex,
M2

X is the mass squared of the diffractive system X, ξ is the
momentum fraction carried by the diffractive exchange, and
β is the momentum fraction carried by the struck parton with
respect to the diffractive exchange. Often ξ is denoted by xIP

in the literature. The two momentum fractions satisfy the con-
straint x = ξβ. The variable ξ can be related to the fraction xL

of the longitudinal momentum of the initial proton carried by
the !nal proton, i.e. ξ = 1 − xL. Thus typical diffractive events
are characterized by small ξ, or large xL meaning that the
!nal proton carries a large fraction of the initial momentum.
The double line in diagram in !gure 1 depicts the diffractive
exchange (often referred to as the Pomeron) between the pro-
ton and the diffractive system X, and is responsible for the
presence of the rapidity gap.

The diffractive cross sections can be expressed by the two
structure functions. In the one-photon approximation

σD(3)
red = FD(3)

2 (β, ξ, Q2) − y2

Y+
FD(3)

L (β, ξ, Q2), (3)

σD(4)
red = FD(4)

2 (β, ξ, Q2, t) − y2

Y+
FD(4)

L (β, ξ, Q2, t), (4)

where Y+ = 1 + (1 − y)2. In the above equations the reduced
cross sections are the rescaled differential cross sections

d4σD(4)

dξdβdQ2dt
=

2πα2
em

βQ4 Y+ σD(4)
red , (5)

or, upon the integration over t,

d3σD(3)

dξdβdQ2 =
2πα2

em

βQ4 Y+ σD(3)
red . (6)

The subscripts (3) and (4) in the above formulae denote
the number of variables that the diffractive cross sections or
structure functions depend on. Note that the structure functions
FD(4)

2,L have dimension GeV−2, whereas FD(3)
2,L are dimension-

less. The contribution of the longitudinal structure function to
the reduced cross sections is rather small, for the most part,
except in the region of y close to unity.

2.2. Collinear factorization in diffractive DIS

The standard perturbative QCD approach to diffractive cross
sections is based on the collinear factorization [14–16]. Sim-
ilarly to the inclusive DIS cross section, the diffractive cross
section can be written in a factorized form

FD(4)
2/L (β, ξ, Q2, t) =

∑

i

∫ 1

β

dz
z

C2/L,i

(
β

z
, Q2

)

× f D
i (z, ξ, Q2, t), (7)

where the sum is performed over all parton "avors (gluon,
d-quark, u-quark, etc). In the case of the lowest order parton
model process, z = β. When higher order corrections are taken
into account then z > β. The coef!cient functions C2/L,i can
be computed perturbatively in QCD and are the same as in

4

• Interaction with 2 nucleons model-
independently in terms of diffractive 
(Pomeron) PDFs:

Author's personal copy
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Fig. 29. The cross sections �
j(H)
soft , �

j(L)
soft , and �

j
2(x,Q

2
0 ) as functions of Bjorken x at fixed Q 2

0 = 4 GeV2. The left panel corresponds to the ū-quark; the right
panel corresponds to gluons.

Fig. 30. The ratio R of Eq. (116) at Q 2
0 = 4 GeV2. The solid curves correspond to �max = 0.5; the dotted curves correspond to �max = 0.1; the dot-dashed

curves correspond to �max = 0.01; the short-dashed curves correspond to �max = 0.001.

To quantify the contributions of different regions of integration over � to �
j
2(x,Q

2), we introduce the ratio R defined as
follows:

R(�max, x) ⌘

R 0.1
x dxP�f D(3)

j/N (�,Q 2
0 , xP)⇥(�max � �)

R 0.1
x dxP�f D(3)

j/N (�,Q 2
0 , xP)

. (116)

The ratio R for the ū-quark and gluon channels at Q 2
0 = 4 GeV2 is presented in Fig. 30. In the figure, the solid curves

correspond to �max = 0.5; the dotted curves correspond to �max = 0.1; the dot-dashed curves correspond to �max = 0.01;
the short-dashed curves correspond to �max = 0.001.

One can infer from Fig. 30 the relative contributions of different �-regions to �
j
2(x,Q

2) and, hence, to nuclear shadowing.
For instance, for x  10�5, the �  0.001-region contributes to nuclear shadowing at most 9% in the quark channel and
16% in the gluon channel. This estimate suggests that even for such small values of Bjorken x, various small-x effects, which
are not included in the DGLAP picture, should not lead to significant corrections in the evaluation of nuclear PDFs.

Another conclusion is that the diffractively produced masses M2
X ⇡ Q 2(1 � �)/� can be large. At very high energies

(small x), one enters the regime analogous to the triple Pomeron limit of hadronic physics, which allows for � ⌧ 1. This
contribution (neglecting the large-� contribution) to the nuclear structure functions at extremely small x was evaluated in
the Color Glass Condensate framework, see, e.g., Ref. [171].

5.1.4. Nuclear antishadowing and DGLAP evolution
By construction, Eq. (64) does not describe nuclear modifications of PDFs for x > 0.1, where such effects as nuclear

antishadowing and the EMC effect take place. However, we need to know nuclear PDFs at our chosen input scale Q 2
0 =

4 GeV2 for a wide range of the values of Bjorken x0, x  x0  1, since we use those nPDFs as an input for the
Dokshitzer–Gribov–Lipatov–Altarelli–Parisi (DGLAP) evolution to higher Q 2 > Q 2

0 .
The DGLAP evolution equations for PDFs fj of any target (we use the nucleus) read [77]:

d f nsj/A(x,Q
2)

d logQ 2 =
↵s(Q 2)

2⇡

Z 1

x

dx0

x0
Pqq

⇣ x
x0

⌘
f nsj/A(x

0,Q 2),

d
d logQ 2

✓
f sA(x,Q

2)

fg/A(x,Q 2)

◆
=

↵s(Q 2)

2⇡

Z 1

x

dx0

x0

0

B@
Pqq

⇣ x
x0

⌘
Pqg

⇣ x
x0

⌘

Pqg
⇣ x
x0

⌘
Pgg

⇣ x
x0

⌘

1

CA
✓

f sA(x
0,Q 2)

fg/A(x0,Q 2)

◆
, (117)

•  “LT” in the name comes from HERA analysis, but higher twist effects in 
diffraction at low Q0 could be significant, Motyka, Sadzikowski, Slominski, PRD 86 (2012) 111501; 
Maktoubian, Mehraban, Khanpour, Goharipour, PRD 100 (2019) 054020.  
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transparency phenomenon in a variety of different processes; for a review, see [130]. The probability of the incoming virtual
photon to fluctuate into a given eigenstate is given by the distribution Pj(� ). We explicitly show the dependence of Pj(� )
on parton flavor j as a reminder that DIS probes a particular parton distribution of the target. In soft hadron interactions,
the formalism of cross section fluctuations provides a good description of the total hadron–nucleus cross sections and the
coherent inelastic diffraction in hadron–nucleus scattering, for a review and references, see Ref. [129]. The latter is far less
trivial as the coherent inelastic diffraction would have been absent if the fluctuations were not present.

Note also that the validity of the formalism of cross section fluctuations for the virtual photon is supported by the
observation of the low value of the intercept of the Pomeron trajectory, ↵P(0) = 1.111 ± 0.007, see Section 3.6. The
closeness of ↵P(0) extracted from the HERA data on diffraction in DIS to ↵P(0) = 1.0808 extracted from the fits to
soft hadron–hadron cross sections [131] and to ↵P(0) ⇡ 1.08 extracted from the energy dependence of elastic ⇢0
photoproduction at HERA [132] indicates that our approximation should work in lepton–nucleus DIS approximately as well
as in high-energy hadron–nucleus scattering [133,134].

The entire series of the interactions with the target nucleons shown in Figs. 10 and 11 can be summed as in the standard
Glauber formalism, with the substitution of � k in the term corresponding to the interaction with k nucleons by h� kij,

h� k
ij =

Z
1

0
d�Pj(� )� k, (50)

which accounts for the color fluctuations of the strength of the interaction, see, e.g., Ref. [129]. Assuming that A � 1 such
that the interactions can be exponentiated, one obtains [135]:

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

h� ij
2<e

Z
d2b

D⇣
1 � e�

A
2 (1�i⌘)�TA(b)

⌘E

j

= Axfj/N(x,Q 2) � xfj/N(x,Q 2)
A2h� 2ij

4h� ij
<e(1 � i⌘)2

Z
d2b T 2

A (b)

� xfj/N(x,Q 2)2<e
Z

d2b

1P
k=3

(� A
2 (1 � i⌘)TA(b))kh� kij

k! h� ij
, (51)

where TA(b) =
R

1

�1
dz⇢A(b, z). In the second and third lines of Eq. (51), we made an expansion in the number of the

interactions with the target nucleons. The interaction with k nucleons of the nuclear target probes the k-th moment of
the distribution Pj(� ). Note that the above equation has no evident problems with energy–momentum conservation and
causality that are characteristic for the eikonal approximation since the energy is split between the constituents of the
projectile well before the interaction and different configurations are practically frozen during the propagation of the wave
packet through the nucleus.

Eq. (51) is valid at high energies (small x), when the effect of the finite coherence length (the coherence length is
proportional to the lifetime of the fluctuations |� i) is unimportant. In this case, all factors associated with the space–time
development of the scattering, such as, e.g., the ei(z1�z2)mNxP factor, should be set to unity. Note that our numerical analysis
shows that the ei(z1�z2)mNxP factor can be safely set to unity for x  10�2, see Fig. 44.

In Eq. (51), the first term corresponds to the interaction with one nucleon of the target, and, hence, is equal to
Axf (a)

j/N (x,Q 2). The second term describes the interaction with two nucleons, and, hence, should be equal to xf (b)
j/N (x,Q 2)

after ei(z1�z2)mNxP is set to unity in Eq. (48). (Note that we take into account the effect of the finite coherence length in our
final expression below, see Eq. (61).) Indeed, as follows from the formalism of cross section fluctuations, the secondmoment
h� 2ij is proportional to the differential cross section of diffractive dissociation [128]. In the case of DIS and in our notation
(normalization), h� 2ij is related to the diffractive parton distribution f D(4)

j [57,76]:

h� 2ij

h� ij
⌘ �

j
2(x,Q

2) =
16⇡

(1 + ⌘2)xfj/N(x,Q 2)

Z 0.1

x
dxP�f D(4)

j (�,Q 2, xP, tmin). (52)

Eq. (52) is similar to the Miettinen–Pumplin relation [116] generalized to include the real part of the diffractive amplitude.
Also, one notices that

R
1

�1
dz1

R
1

z1
dz2⇢A(Eb, z1)⇢A(Eb, z2) = (1/2)T 2

A (Eb). Therefore, in the discussed high-energy limit, we
obtain from Eq. (48):

xf (b)
j/A (x,Q 2) = �xfj/N(x,Q 2)

A2

4
�

j
2(x,Q

2)<e(1 � i⌘)2
Z

d2b T 2
A (b), (53)

which coincides with the second term in Eq. (51).
The last term in Eq. (51) describes the interaction with three and more nucleons of the target. It corresponds to graph c

and implied (not shown) higher rescattering terms in Figs. 10 and 11. Denoting the contribution of the last term in Eq. (51)

• Interaction with N ≥ 3 nucleons modeled using hadronic fluctuations of photon

Spread in σsoft → 
uncertainty of LTA 
predictions



LTA predictions for nPDFs   
•HERA analysis: perturbative Pomeron is made mostly of gluons → LTA 
model naturally predicts large gluon nuclear shadowing, Frankfurt, Guzey, Strikman, 
Phys. Rept. 512 (2012) 255
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•Electron-Ion Collider has potential to discriminate models of NS due to: 
- wide x-Q2 coverage 
- measurements of the longitudinal structure function FLA(x,Q2) sensitive to gluons 
- measurements of diffraction in eA DIS

l Alternative, complementary point of view: shadowing is mixture of leading and 
higher twist (HT) effects in dipole picture with saturation, Kowalski, Lappi, Venugopalan, PRL 
100 (2008) 022303, or a purely HT effect, Qiu, Vitev, PRL 93 (2004) 262301.

Plenary talks on EIC, 23.06.

DGLAP 
evolution

Antishadowing  
from momentum 
sum rule.  

Alternative: 
dynamic model, 
Frankfurt, Guzey, 
Strikman, PRC 95 
(2017) 1, 055208 
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Nuclear shadowing in UPC at LHC  
• Before EIC, models of NS can be tested in 
ultraperipheral collisions (UPCs) of heavy ions at LHC 
and RHIC, Plenary talks on UPCs, 21.06; Nystrand, 20.06 

<latexit sha1_base64="CWU653SkO+D0917eukLWH1YMkmc="></latexit>

SPb(W ) =

"
��A!J/ A(W )

��A!J/ A
IA (W )

#1/2

=
gA(x, µ2)

Agp(x, µ2)Rep. Prog. Phys. 0 (2022) 000000 Review

Figure 42. The nuclear suppression factor of SPb(x) as a function of
the gluon momentum fraction of x: the values extracted from the run
1 [302, 303, 305] and the central rapidity run 2 [308] UPC data on
coherent J/ψ photoproduction in Pb–Pb UPCs vs predictions of the
LT model of NS and global !ts of nPDFs. The bands indicate the
uncertainties for the LTA model (yellow) and EPS09
parameterization (blue).

SPb(x) =

√
σγA→J/ψA(Wγp)
σIA
γA→J/ψA(Wγp)

= κA/N
xgA(x, µ2)

AxgN(x, µ2)

≡ κA/NRg(x, µ2). (182)

It is expected that almost all kinematic factors and men-
tioned corrections cancel in the ratio of the nuclear and
IA (proton) cross sections. Thus, equation (182) establishes
a direct correspondence between the suppression factor of
SPb(x) and the ratio of the nuclear and nucleon gluon distri-
butions Rg(x, µ2). Further, since at central rapidities |y| ≈ 0,
the dσAA→AAJ/ψ(y)/dy cross section is unambiguously related
to the σγA→J/ψA(Wγp) photoproduction cross section at the
de!nite value of Wγp =

√
2ENMJ/ψ , equation (182) gives a

one-to-one correspondence between the measured UPC cross
section at central rapidities and Rg(x, µ2) at x = MJ/ψ/(2EN).

Figure 42 shows a comparison of the values of SPb(x)
extracted from the run 1 [302, 303, 305] and the central rapidity
run 2 [308] UPC data on coherent J/ψ photoproduction in
Pb–Pb UPCs with Rg(x, µ2) predicted in the LT model of NS
and global QCD !ts of nPDFs. Note that following the analysis
of reference [210], we take advantage of the ambiguity in the
exact values of the scale µ and take µ2 = 3 GeV2 to best
reproduce the available HERA and LHCb data on the Wγp

dependence of the cross section of exclusive J/ψ photoproduc-
tion on the proton. The good agreement with the predictions
of the LT NS model and the EPS09 nPDFs, which however
have much larger uncertainties, gives direct and weakly model-
dependent evidence of large nuclear gluon shadowing at
small x,

Rg(x = 6 × 10−4 − 10−3, µ2 = 3 GeV2) ≈ 0.6. (183)

Note that the analysis of reference [317] extracted the
nuclear suppression factor of SPb(x) in a wide range of x,
10−5 ! x ! 0.04 using all available run 1 and 2 data on
coherent J/ψ photoproduction in Pb–Pb UPCs. However, due

Figure 43. The dσγA→J/ψA(Wγp, t)/dt cross section normalized to its
value at |t| = tmin as a function of t at W = 124 GeV: predictions of
the LT model of NS (red solid curve) vs the factorized
approximation (blue dot-dashed curve). The !gure is from [316],
https://doi.org/10.1103/PhysRevC.95.025204.

to the ambiguity of the two terms in equation (175), such a
procedure is in general model dependent and leads to signif-
icant uncertainties in SPb(x) for x < 6 × 10−4 and x > 0.01.
In this respect one should also mention the analysis of [318],
where SPb(x) was extracted from measurements of coherent
J/ψ photoproduction in ultraperipheral and peripheral Pb–Pb
collisions at the LHC at 2.76 TeV. The results of that anal-
ysis broadly agree with the trend of the nuclear suppression
presented in !gure 42.

The signi!cant LT gluon NS also affects the differential
cross section of coherent J/ψ photoproduction on nuclei,

dσγA→J/ψA(Wγp, t)
dt

= κ2
A/N

dσγp→J/ψp(Wγp, t = 0)
dt

×
[

xgA(x, t, µ2)
AxgN(x, µ2)

]2

. (184)

Figure 43 shows the dσγA→J/ψA(Wγp, t)/dt cross section nor-
malized to its value at |t| = tmin as a function of t at
W = 124 GeV. This value corresponds to Pb–Pb UPCs dur-
ing run 2 at the LHC with

√
sNN = 5.02 TeV and the cen-

tral rapidity y = 0. The red solid curve is the prediction of
equation (184), where for xgA(x, t, µ2) and xgA(x, b, µ2), see
equation (180), we used predictions of the LT NS model for the
impact parameter dependent nuclear PDFs, see section 7. The
blue dot-dashed curve gives the t dependence of the nuclear
form factor squared [FA(t)/A]2. One can see from the !gure
that the impact parameter dependence of the LT NS, i.e., the
correlation between b and x in xgA(x, b, µ2), noticeably shifts
the minimum of the t distribution toward lower values of t. This
can be interpreted as broadening in impact parameter space of
the small-x gluon distribution in nuclei as a consequence of
the fact that NS increases with a decrease of b (increase of the
nuclear density).

The predictions for the shift of the t dependence of the
dσγA→J/ψA(Wγp, t)/dt cross section shown in !gure 43 have
been nicely con!rmed by the recent ALICE measurements
[319].

50

• Direct evidence of large gluon 
shadowing, Rg(x=6×10-4 - 0.001) ≈ 0.6 in  
agreement with LTA model and EPS09/
EPPS16 nPDFs, Guzey, Kryshen, Strikman, Zhalov, 
PLB 726 (2013) 290, Guzey, Zhalov, JHEP 1310 (2013) 207

06/12/2022CERN LPCC SeminarCMS

Final state kinematics directly map to:
● Photon energy:
● Bjorken-x of gluons:

Ultra-peripheral nuclear collisions: photon-nuclear interactions

5

Coherent production:
● Photon (ℏ/kL > 2R) couples coherently to whole nucleus.
● Vector Meson (VM) <pT> ~ 50 MeV.
● Target nucleus usually remains intact.

Incoherent production:
● Photon couples to part of nucleus.
● VM <pT> ~ 500 MeV.
● Target nucleus usually breaks.

Vector meson (e.g., J/Ψ) photoproduction directly probes gluonic structure 
of nucleus and nucleon.

5

At LO in pQCD, cross section ~ photon flux ⨂ [xG(x)]2 (gluon PDFs)

A. Stahl, LPCC CERN Seminar, 
6.12.2022

b≫RA+RB

• Measured cross section converted nuclear suppression 
factor SPb, 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], EPJC 81 (2021) 8, 712

• NLO pQCD challenges this 
interpretation due strong cancellation 
between LO and NLO gluon terms, Eskola, 
plenary talk on 21.06.



Impact parameter dependence of NS   
•Leading twist models predicts dependence of nPDFs on the impact 
parameter b (transverse position of partons in nucleus):

10
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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

•Shadowing is stronger at small b → broadening of nPDFs in b-space → shift 
of t-dependence of 𝛾A → J/𝜓A cross section, Guzey, Strikman, Zhalov, PRC 95 (2017) 2, 025204 
→ confirmed by ALICE, Acharya et al., PLB 817 (2021) 1, 136280

• Similar effect is caused by saturation in dipole picture, Bendova, Cepila, Contreras, Matas, PLB 
817 (2021)  136306 

• With additional assumptions, b-dependence of nPDFs can be extracted from data 
using global QCD fits, EPS09s, Helenius, Eskola, Honkanen, Salgado, JHEP 07 (2012) 073.
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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).)

Rep. Prog. Phys. 85 (2022) 126301 Review

Figure 42. The nuclear suppression factor of SPb(x) as a function of
the gluon momentum fraction of x: the values extracted from the run
1 [302, 303, 305] and the central rapidity run 2 [308] UPC data on
coherent J/ψ photoproduction in Pb–Pb UPCs vs predictions of the
LT model of NS and global !ts of nPDFs. The bands indicate the
uncertainties for the LTA model (yellow) and EPS09
parameterization (blue).

SPb(x) =

√
σγA→J/ψA(Wγp)
σIA
γA→J/ψA(Wγp)

= κA/N
xgA(x, µ2)

AxgN(x, µ2)

≡ κA/NRg(x, µ2). (182)

It is expected that almost all kinematic factors and men-
tioned corrections cancel in the ratio of the nuclear and
IA (proton) cross sections. Thus, equation (182) establishes
a direct correspondence between the suppression factor of
SPb(x) and the ratio of the nuclear and nucleon gluon distri-
butions Rg(x, µ2). Further, since at central rapidities |y| ≈ 0,
the dσAA→AAJ/ψ(y)/dy cross section is unambiguously related
to the σγA→J/ψA(Wγp) photoproduction cross section at the
de!nite value of Wγp =

√
2ENMJ/ψ , equation (182) gives a

one-to-one correspondence between the measured UPC cross
section at central rapidities and Rg(x, µ2) at x = MJ/ψ/(2EN).

Figure 42 shows a comparison of the values of SPb(x)
extracted from the run 1 [302, 303, 305] and the central rapidity
run 2 [308] UPC data on coherent J/ψ photoproduction in
Pb–Pb UPCs with Rg(x, µ2) predicted in the LT model of
NS and global QCD !ts of nPDFs. Note that following the
analysis of [210], we take advantage of the ambiguity in the
exact values of the scale µ and take µ2 = 3 GeV2 to best
reproduce the available HERA and LHCb data on the Wγp

dependence of the cross section of exclusive J/ψ photoproduc-
tion on the proton. The good agreement with the predictions
of the LT NS model and the EPS09 nPDFs, which however
have much larger uncertainties, gives direct and weakly model-
dependent evidence of large nuclear gluon shadowing at
small x,

Rg(x = 6 × 10−4 − 10−3, µ2 = 3 GeV2) ≈ 0.6. (183)

Note that the analysis of [317] extracted the nuclear sup-
pression factor of SPb(x) in a wide range of x, 10−5 ! x ! 0.04
using all available run 1 and 2 data on coherent J/ψ photo-
production in Pb–Pb UPCs. However, due to the ambiguity

Figure 43. The dσγA→J/ψA(Wγp, t)/dt cross section normalized to its
value at |t| = tmin as a function of t at W = 124 GeV: predictions of
the LT model of NS (red solid curve) vs the factorized
approximation (blue dot-dashed curve). Reprinted !gure with
permission from [316], Copyright (2017) by the American Physical
Society.

of the two terms in equation (175), such a procedure is in
general model dependent and leads to signi!cant uncertainties
in SPb(x) for x < 6 × 10−4 and x > 0.01. In this respect one
should also mention the analysis of [318], where SPb(x) was
extracted from measurements of coherent J/ψ photoproduc-
tion in ultraperipheral and peripheral Pb–Pb collisions at the
LHC at 2.76 TeV. The results of that analysis broadly agree
with the trend of the nuclear suppression presented in !gure 42.

The signi!cant LT gluon NS also affects the differential
cross section of coherent J/ψ photoproduction on nuclei,

dσγA→J/ψA(Wγp, t)
dt

= κ2
A/N

dσγp→J/ψp(Wγp, t = 0)
dt

×
[

xgA(x, t, µ2)
AxgN(x, µ2)

]2

. (184)

Figure 43 shows the dσγA→J/ψA(Wγp, t)/dt cross section nor-
malized to its value at |t| = tmin as a function of t at
W = 124 GeV. This value corresponds to Pb–Pb UPCs dur-
ing run 2 at the LHC with

√
sNN = 5.02 TeV and the cen-

tral rapidity y = 0. The red solid curve is the prediction of
equation (184), where for xgA(x, t, µ2) and xgA(x, b, µ2), see
equation (180), we used predictions of the LT NS model for the
impact parameter dependent nuclear PDFs, see section 7. The
blue dot-dashed curve gives the t dependence of the nuclear
form factor squared [FA(t)/A]2. One can see from the !gure
that the impact parameter dependence of the LT NS, i.e., the
correlation between b and x in xgA(x, b, µ2), noticeably shifts
the minimum of the t distribution toward lower values of t. This
can be interpreted as broadening in impact parameter space of
the small-x gluon distribution in nuclei as a consequence of
the fact that NS increases with a decrease of b (increase of the
nuclear density).

The predictions for the shift of the t dependence of the
dσγA→J/ψA(Wγp, t)/dt cross section shown in !gure 43 have
been nicely con!rmed by the recent ALICE measurements
[319].
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Nuclear shadowing in dipole picture   
• Space-time picture of strong interaction at high energies in target rest frame 
→ photon is a superposition of long-lived qq̄, qq̄g,… dipoles. 

• Dipoles successively, elastically scatter on target nucleons → high-energy 
factorization for, e.g., 𝛾+A→J/𝜓+A amplitude: 

SciPost Physics Submission

Here we continue our investigations [9,10], with a nuclear dipole cross section which is based on
its free-nucleon counterpart obtained through fits to HERA data [11,12].
In Refs. [9, 10], we used the dipole-nucleus amplitudes obtained from applying the rules of an
extended Glauber-theory to color dipoles as a set of eigenstates of the scattering [13]. In particular,
the dipole-nucleus amplitude in impact parameter space is obtained as [13,14]:

�A(x , b, r ) = 1� SA(x , b, r ) , with SA(x , b, r ) = exp
î
� 1

2
�(x , r )TA(b)
ó

. (2)

Above, TA(b) =
R1
�1 dznA(
p

b2 + z2) is the optical thickness of the nucleus of mass number A at
impact parameter b, with the nuclear matter density nA(R) being normalized as

R
d3~R nA(R) = A.

The formula Eq.2 corresponds to a summation of diagrams of the type shown in Fig. 1a. It takes
into account the multiple scattering of the cc̄-dipole on the constituent protons and neutrons of
the nucleus.
In the midrapidity region the maximum of the �A-cm energy accessible in the collision is obtained.
Roughly we have there W ⇠ 100 GeV. With increasing energy, the coherency condition lc � RA
will be satisfied not only by the cc̄-state, but also by higher cc̄ g states shown in in Fig. 1b. In the
language of Glauber–Gribov theory, these correspond to inealastic shadowing corrections induced
by high–mass diffractive states.
In this work we wish to address the possible role of these high mass states, restricting ourselves
to the cc̄ g component.

a) b)

Figure 1: Coherent photoproduction of a vector meson in which the nucleus stays in its
ground state.

2 Contribution of the cc̄ g Fock state

In this section we briefly review how higher Fock-states are accounted for in the color-dipole
formalism. For the problem at hand, the Fock-state expansion of the photon reads, schematically

|�i=
∆

Zg cc̄ |cc̄i+ cc̄ g |cc̄ gi+ . . . . (3)

Here  cc̄ , cc̄ g are the light-front wavefunctions (WFs) of the two- and three-body Fock states
respectively. Virtual corrections induce the renormalization of the cc̄ state by the (formally di-
vergent) factor

∆
Zg . For gluons which carry a small light-cone momentum fraction zg ⌧ 1, the

three-body WF takes a factorized form,  cc̄ g =  cc̄ ( cg � c̄ g).

2

Overlap of photon (QED) and 
J/𝜓 (model) wf’s Dipole cross 

section from fits to 
HERA

<latexit sha1_base64="doCKSFTtlMeLDjSRyq5sWUOVVcI="></latexit>

M�A!J/ A =

Z
d2rT

Z
dz

4⇡

Z
d2bT [ 

⇤
J/ �� ]2

⇣
1� e�

1
2�dip(rT )TA(bT )

⌘

Nuclear 
density

l Describes data on F2A(x,Q2) in eA DIS, Kowalski, Lappi, Venugopalan, PRL 100 (2008) 022303 
l But overestimates coherent J/𝜓 photoproduction in Pb-Pb UPCs, Lappi, 
Mäntysaari, PRC 87 (2013) 3, 032201; Luszczak, Schäfer, PRC 99 (2019) 4, 044905 
l Weak shadowing is general property of eikonal scattering of small-size 
dipoles, e.g. longitudinal structure function FLA(x,Q2), Frankfurt, Guzey, McDermott, 
Strikman, JHEP 02 (2002) 027 

• Need to include higher qq̄g Fock states (dipoles) to better describe diffraction 
on proton driving NS, Buchmüller, McDermott, Hebeker, NPB 487 (1997) 283; Kowalski, Lappi, Marquet, 
Venugopalan, PRC 78 (2008) 045201; Golek-Biernat, Luszczak, PRD 79 (2009) 114010
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Dipole picture: role of qq̄g dipoles  

SciPost Physics Submission
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Figure 2: The total cross section for the diffractive photoproduction of J/ on the lead
nucleus. The data points are taken from Ref. [20].

In Fig.3a) we compare to data of ALICE and CMS at psNN = 2.76TeV, while Fig.3b) we show the
comparison with data of LHCb and ALICE at psNN = 5.02 TeV, .
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Figure 3: Rapidity dependent cross section fro the coherent photoproduction of J/ 
in lead-lead collisions for two different energies. The thick dashed curve contains the
cc̄ g-state with Rc = 0.215 fm.

5

• Higher qq̄g Fock states contribute to 
inelastic shadowing → bridge gap 
between dipole picture and LT model.

SciPost Physics Submission

Here we continue our investigations [9,10], with a nuclear dipole cross section which is based on
its free-nucleon counterpart obtained through fits to HERA data [11,12].
In Refs. [9, 10], we used the dipole-nucleus amplitudes obtained from applying the rules of an
extended Glauber-theory to color dipoles as a set of eigenstates of the scattering [13]. In particular,
the dipole-nucleus amplitude in impact parameter space is obtained as [13,14]:

�A(x , b, r ) = 1� SA(x , b, r ) , with SA(x , b, r ) = exp
î
� 1

2
�(x , r )TA(b)
ó

. (2)

Above, TA(b) =
R1
�1 dznA(
p

b2 + z2) is the optical thickness of the nucleus of mass number A at
impact parameter b, with the nuclear matter density nA(R) being normalized as

R
d3~R nA(R) = A.

The formula Eq.2 corresponds to a summation of diagrams of the type shown in Fig. 1a. It takes
into account the multiple scattering of the cc̄-dipole on the constituent protons and neutrons of
the nucleus.
In the midrapidity region the maximum of the �A-cm energy accessible in the collision is obtained.
Roughly we have there W ⇠ 100 GeV. With increasing energy, the coherency condition lc � RA
will be satisfied not only by the cc̄-state, but also by higher cc̄ g states shown in in Fig. 1b. In the
language of Glauber–Gribov theory, these correspond to inealastic shadowing corrections induced
by high–mass diffractive states.
In this work we wish to address the possible role of these high mass states, restricting ourselves
to the cc̄ g component.

a) b)

Figure 1: Coherent photoproduction of a vector meson in which the nucleus stays in its
ground state.

2 Contribution of the cc̄ g Fock state

In this section we briefly review how higher Fock-states are accounted for in the color-dipole
formalism. For the problem at hand, the Fock-state expansion of the photon reads, schematically

|�i=
∆

Zg cc̄ |cc̄i+ cc̄ g |cc̄ gi+ . . . . (3)

Here  cc̄ , cc̄ g are the light-front wavefunctions (WFs) of the two- and three-body Fock states
respectively. Virtual corrections induce the renormalization of the cc̄ state by the (formally di-
vergent) factor

∆
Zg . For gluons which carry a small light-cone momentum fraction zg ⌧ 1, the

three-body WF takes a factorized form,  cc̄ g =  cc̄ ( cg � c̄ g).

2

Luszczak, Schäfer, SciPost Phys.Proc. 8 (2022) 
109, arXiv:2108.06788 [hep-ph] Kopeliovich, Krelina, Nemchik, Potashnikova, 

PRD 107  (2023) 5, 054005

• Depends on details of dipole cross section and photon and J/𝜓 wave functions. 
• Alternatively, good description using BK equations with nuclear geometry, 
Bendova, Cepila, Contreras, Matas, PLB 817 (2021)  136306 
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FIG. 2: Rapidity distributions of coherent (left panels) and incoherent (right panels) charmonium photo-production in UPC at
RHIC collision energy

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

p
sN = 2.76 TeV (middle panels) and

p
sN = 5.02 TeV

(bottom panels). The nuclear cross sections are calculated with charmonium wave functions generated by the POW (thin lines)
and BT (thick lines) potentials and with GBW (solid lines), KST (dashed lines) and BGBK (dotted lines) models for the dipole
cross section. The data are taken from PHENIX [52], CMS [53], ALICE [54–58] and LHCb [59, 60] collaborations.

• Provide good description of coherent J/𝜓 photoproduction in Pb-Pb UPCs
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l Many questions on connection between shadowing and saturation:   
★ Are they the same thing or capture the same physics? 
★ If not, how should one combine them together? 
★ What are their distinctive signatures? 
★ …     

Nuclear shadowing and saturation   

l Possible stages of high-
energy scattering off nuclei :

l LT shadowing is linear regime, not the same as non-linear saturation, but it 
lowers saturation scale Qs, Frankfurt, Guzey, Stasto, Strikman, Rept. Prog. Phys. 85 (2022) 12, 126301 

l Qs controls onset of non-linear parton recombination, Gribov, Levin, Ryskin, Phys. Rep. 100 

(1983) 1; Muller, Qiu, NPB 268 (1986) 427 → delayed by NS and dilute nuclear density:

Rep. Prog. Phys. 85 (2022) 126301 Review

Figure 18. The γ∗γ∗ as a function of energy W for two values of Q2 = 2 and 100 GeV. The BFKL resummed calculation is compared to the
LLx BFKL calculation with the running coupling, and the Born case. Reproduced from [164]. CC BY 4.0.

Fits based on the resummed evolution were performed,
see for example [154, 165–168] and the overall description
of the experimental data were very good. In recent works
[165, 169] it was shown that the !ts with resummation lead to a
better description of the experimental data than the !xed order
calculation based on the DGLAP in the NNLO accuracy. The
resummation also suppresses strong diffusion into the infrared,
characteristic for the LLx evolution, although the diffusion is
still present, see for example [164].

4.3. Cross section taming

The other effect, which is expected to be present in the limit
of high energy, is the phenomenon of the parton saturation.
The BFKL equation, even in the resummed case predicts a
power-like growth of the gluon density with decreasing x.
This leads to the untamed growth of the density and hence the
cross section, and ultimately will violate the unitarity of the
S-matrix. Thus, additional corrections are expected to become
important and may be related to the recombination of the
gluons in the region, when the gluon density is very large. This
is known as the phenomenon of gluon saturation [99, 100].

A heuristic argument for parton recombination can be for-
mulated as follows. The density of gluons in the proton per unit
area is roughly proportional to ρ ∼ xg(x, Q2)/πR2

gN, where
RgN is the proton gluon radius. The cross section for the gluon
recombination can be estimated as σ ∼ αs/Q2. Thus the gluon
saturation is expected to occur when ρσ ! 1 which results in
Q2 " Q2

s (x), where the saturation scale Qs is de!ned through
the condition

Q2
s ∼ αs(Q2

s )
πR2

gN
xg(x, Q2

s ), (60)

which leads to the qualitative behavior Q2
s ∼ x−λ assuming

that xg(x, Q2
s ) ∝ x−λ.

Another way to quantify the onset of proximity to the BDR,
see section 3.3 and equation (35), is to consider the cross
section of dipole–nucleon scattering. Since the total cross

section is proportional to the gluon density, while the elastic
cross section is proportional to the gluon density squared,
the ratio of the elastic and total cross sections grows and
exceeds the black disk limit value of 1/2. From the requirement
that the interaction at small impact parameters is completely
absorptive, one obtains using the optical theorem

σ̂

16π

∫
dtF2

2g(t) " 1
2

, (61)

where σ̂ is the dipole–nucleon cross section6, see section 3.3,
and F2g(t) is the two-gluon form factor which we take to have
an exponential form

F2
2g(t) = exp

(
B2g(x)t

)
, (62)

where the slope is parameterized as [170]

B2g(x) = B(0)
2g + 2α′

g ln(x0/x), (63)

with x0 = 0.0012, B(0)
2g = 4.1

(
+0.3
−0.5

)
GeV−2 and α′

g =

0.140
(
+0.08
−0.08

)
GeV−2. One can rewrite equation (61) as

σ̂ " 8πB2g(x) ≈ 40 mb, (64)

for x = 10−3. We note that taking into account rela-
tion between the gluon density and dipole cross section
equation (25), the relation (64) is equivalent to (60) (with !xed
normalisation).

The above arguments can be extended to nuclei, in which
case the saturation scale obtains the modi!cation due to the
mass number A. It is coming from the enhanced gluon density,
which scales roughly like a volume, factor A times reduction

6 Note that the actual inequality is signi!cantly stronger since dipole cross
section σ̂ corresponds to the case when elastic and diffractive intermediate
state are neglected.
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factors (a) the NS factor and (b) smaller transverse density
(nuclei are rather dilute objects) resulting in

Q2
sA

Q2
sN

= A
R2

gN

R2
A

gA(x, Q2)
AgN(x, Q2)

. (65)

Taking R2
gN(x = 10−3) = 0.6 fm2 from analysis of the J/ψ

elastic production, see section 5, R2
A = (1.1 fm A1/3)2, and NS

factor of 0.6 for Q2 = 3 GeV2 and x = 10−3, we estimate the
enhancement factor for heavy nuclei (A ∼ 200):

Q2
sA

Q2
sN

= 0.3A1/3 ≈ 1.75. (66)

A more accurate estimate avoiding edge effects can be
done for the case of scattering at small impact parameters.
In this case we can estimate ratio Q2

sA/Q2
sN for small impact

parameters by comparing the product of the matter density at
b = 0,

TA(b = 0) =

∫ ∞

−∞
dzρA(b = 0, z)A=200 ≈ 2 fm−2, (67)

times the shadowing factor SA(x) ∼ 0.5 with the transverse
gluon density in a nucleon:

1
πR2

gN tr
=

1
πR2

gN(2/3)
≈ 1

2R2
gN

. (68)

Using the same value of R2
gN as above we !nd the modi!cation

factor for the saturation scale equal to

Q2
sA(b = 0)/Q2

sN = TA(b = 0) · SA(x, b = 0) · 2R2
gN = 1.2,

(69)
for heavy nuclei. The difference is mainly due to neglect of the
surface effects in modeling the nuclear density.

In practice the BDR is dif!cult to reach experimentally,
nevertheless it is instructive to analyze the behavior of the cross
sections in this limit. It was !rst considered by Gribov [85]
for the total cross section for γ∗—heavy nucleus scattering. In
this limit for virtualities Q2 < Q2

sA, where Q2
sA & Λ2

QCD, the
cross section of dipole–nucleus scattering does not depend
on the dipole size for 1/r2 < Q2

sA and is equal to 2πR2
A. As

a result Bjorken scaling is grossly violated: σγ∗A
tot (x, Q2) does

not drop with Q2 and grows as ln(x0/x) [85]. In this limit
σdiff = πR2

A and is dominated by the exclusive dijet production
[171]. Also, in this limit the absolute normalization of the
vector meson coherent production cross section is predicted.
The cross section drops with Q2 by a factor 1/Q4 slower than
in the LT limit since in the LT cross section is proportional to
the square of the dipole cross section. To be more precise in
this limit one expects

σL(γ∗A → V A) ∝ 1/Q2,

σT (γ∗A → V A) ∝ M2
V/Q4.

(70)

For a detailed discussion of the prediction in the black disk
limit, see [171, 172].

4.4. Color glass condensate and Balitsky-Kovchegov
equation

The effective theory which describes parton saturation
is the CGC [102–104], with the Jalilian–Marian–Iancu–
McLerran–Weigert–Leonidov–Kovner (JIMWLK) evolution
equations [105–111] (see [173] for a review together with
selected phenomenologicalapplications). In the CGC effective
theory the relevant degrees of freedom are the color sources
ρ(x), which have large values of x and the gauge !elds Aµ in
the region of small x. Here x is the transverse spatial coordinate
and thus ρ(x) describes the distribution of these color charges
in the transverse coordinate space. The color sources produce a
current Jµ = δµ+δ(x−)ρ(x) (for a target moving in the positive
z direction, or x+ direction). Due to the time dilation the color
sources are effectively frozen at the time scales relevant for
the strong interaction. The fast and slow degrees of freedom
are then coupled through the gauge !eld and the current,
i.e. AµJµ. The distribution of the fast partons is a stochastic
quantity which is different in every collision and thus the
central object in CGC is the statistical distribution Wy[ρ] of the
color sources. From this distribution one can calculate various
operators through the averaging procedure

〈O〉y =

∫
[Dρ] Wy[ρ] O[ρ], (71)

where O[ρ] is the expectation value of the operator for the
particular con!guration ρ of the color sources. The statistical
distribution Wy[ρ] encodes all the correlations of the color
charge density and it depends on the cutoff y, which divides the
fast and slow partons. Variable y may be related to the rapidity,
which in the leading logarithmic approximation is given by
y = ln 1/x, where x would be Bjorken x in the DIS case.
The evolution of the distribution Wy[ρ] of the color sources
is provided by renormalization group equation

∂Wy[ρ]
∂y

= H
[
ρ,

δ

δρ

]
Wy[ρ], (72)

with H being the JIMWLK Hamiltonian. This operator con-
tains up to two derivatives δ/δρ and arbitrary powers of
ρ. From equations (71) and (72) one can derive evolution
equations for the different operators.

More speci!cally, the scattering between the dipole and
the !elds generated by the target can be described using the
product of two Wilson lines, one for the quark with transverse
coordinate x and the antiquark with transverse coordinate y.
The relevant operator is given by

1 − 1
Nc

Tr(U†(x) U(y)), (73)

where

U†(x) = P exp
[

ig
∫

dx−A+
a (x+ + 0, x−, x)ta

]
, (74)

is the Wilson line operator, corresponding to the left moving
quark. Here, ta are the generators of SU(Nc) in the fundamental
representation, P denotes the x− ordering of color matrices.
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factors (a) the NS factor and (b) smaller transverse density
(nuclei are rather dilute objects) resulting in

Q2
sA

Q2
sN

= A
R2

gN

R2
A

gA(x, Q2)
AgN(x, Q2)

. (65)

Taking R2
gN(x = 10−3) = 0.6 fm2 from analysis of the J/ψ

elastic production, see section 5, R2
A = (1.1 fm A1/3)2, and NS

factor of 0.6 for Q2 = 3 GeV2 and x = 10−3, we estimate the
enhancement factor for heavy nuclei (A ∼ 200):

Q2
sA

Q2
sN

= 0.3A1/3 ≈ 1.75. (66)

A more accurate estimate avoiding edge effects can be
done for the case of scattering at small impact parameters.
In this case we can estimate ratio Q2

sA/Q2
sN for small impact

parameters by comparing the product of the matter density at
b = 0,

TA(b = 0) =

∫ ∞

−∞
dzρA(b = 0, z)A=200 ≈ 2 fm−2, (67)

times the shadowing factor SA(x) ∼ 0.5 with the transverse
gluon density in a nucleon:

1
πR2

gN tr
=

1
πR2

gN(2/3)
≈ 1

2R2
gN

. (68)

Using the same value of R2
gN as above we !nd the modi!cation

factor for the saturation scale equal to

Q2
sA(b = 0)/Q2

sN = TA(b = 0) · SA(x, b = 0) · 2R2
gN = 1.2,

(69)
for heavy nuclei. The difference is mainly due to neglect of the
surface effects in modeling the nuclear density.

In practice the BDR is dif!cult to reach experimentally,
nevertheless it is instructive to analyze the behavior of the cross
sections in this limit. It was !rst considered by Gribov [85]
for the total cross section for γ∗—heavy nucleus scattering. In
this limit for virtualities Q2 < Q2

sA, where Q2
sA & Λ2

QCD, the
cross section of dipole–nucleus scattering does not depend
on the dipole size for 1/r2 < Q2

sA and is equal to 2πR2
A. As

a result Bjorken scaling is grossly violated: σγ∗A
tot (x, Q2) does

not drop with Q2 and grows as ln(x0/x) [85]. In this limit
σdiff = πR2

A and is dominated by the exclusive dijet production
[171]. Also, in this limit the absolute normalization of the
vector meson coherent production cross section is predicted.
The cross section drops with Q2 by a factor 1/Q4 slower than
in the LT limit since in the LT cross section is proportional to
the square of the dipole cross section. To be more precise in
this limit one expects

σL(γ∗A → V A) ∝ 1/Q2,

σT (γ∗A → V A) ∝ M2
V/Q4.

(70)

For a detailed discussion of the prediction in the black disk
limit, see [171, 172].

4.4. Color glass condensate and Balitsky-Kovchegov
equation

The effective theory which describes parton saturation
is the CGC [102–104], with the Jalilian–Marian–Iancu–
McLerran–Weigert–Leonidov–Kovner (JIMWLK) evolution
equations [105–111] (see [173] for a review together with
selected phenomenologicalapplications). In the CGC effective
theory the relevant degrees of freedom are the color sources
ρ(x), which have large values of x and the gauge !elds Aµ in
the region of small x. Here x is the transverse spatial coordinate
and thus ρ(x) describes the distribution of these color charges
in the transverse coordinate space. The color sources produce a
current Jµ = δµ+δ(x−)ρ(x) (for a target moving in the positive
z direction, or x+ direction). Due to the time dilation the color
sources are effectively frozen at the time scales relevant for
the strong interaction. The fast and slow degrees of freedom
are then coupled through the gauge !eld and the current,
i.e. AµJµ. The distribution of the fast partons is a stochastic
quantity which is different in every collision and thus the
central object in CGC is the statistical distribution Wy[ρ] of the
color sources. From this distribution one can calculate various
operators through the averaging procedure

〈O〉y =

∫
[Dρ] Wy[ρ] O[ρ], (71)

where O[ρ] is the expectation value of the operator for the
particular con!guration ρ of the color sources. The statistical
distribution Wy[ρ] encodes all the correlations of the color
charge density and it depends on the cutoff y, which divides the
fast and slow partons. Variable y may be related to the rapidity,
which in the leading logarithmic approximation is given by
y = ln 1/x, where x would be Bjorken x in the DIS case.
The evolution of the distribution Wy[ρ] of the color sources
is provided by renormalization group equation

∂Wy[ρ]
∂y

= H
[
ρ,

δ

δρ

]
Wy[ρ], (72)

with H being the JIMWLK Hamiltonian. This operator con-
tains up to two derivatives δ/δρ and arbitrary powers of
ρ. From equations (71) and (72) one can derive evolution
equations for the different operators.

More speci!cally, the scattering between the dipole and
the !elds generated by the target can be described using the
product of two Wilson lines, one for the quark with transverse
coordinate x and the antiquark with transverse coordinate y.
The relevant operator is given by

1 − 1
Nc

Tr(U†(x) U(y)), (73)

where

U†(x) = P exp
[

ig
∫

dx−A+
a (x+ + 0, x−, x)ta

]
, (74)

is the Wilson line operator, corresponding to the left moving
quark. Here, ta are the generators of SU(Nc) in the fundamental
representation, P denotes the x− ordering of color matrices.
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l LT approximation breaks down at sufficiently low x. 
  
l Estimated using BDL limit σdiff/σtot ≤ 1/2 → σ2 ≤ 8𝜋B2g ≈ 50 mb at x~10-5 → lower 
limit on NS gA(x,Q2)/Agp(x,Q2) ≥ 0.3 → compare to Kopeliovich, et al PRC79 (2009) 064906  

Nuclear shadowing and black disk limit (BDL)   

l In BDL, photon fluctuations interact with maximal cross section 2𝜋R2, but 
their masses grow → Bjorken scaling of DIS structure functions violated, Gribov, 

Sov. Phys. JETP 30 (1970) 709; McDermott, Frankfurt, Guzey, Strikman, EPJC 16 (2000) 641  

amplitude (5). The great advantage of the BBL is that calculations of the amplitudes of some

small-x processes do not require specific model assumptions. Moreover, as will be discussed

later, the BBL approximation seems to be realistic for DIS on heavy nuclear targets.

The dependence of f(s, b, d2⊥) on the impact parameter, b, at large b follows from analytic

properties of the scattering amplitude A(s, t, d2⊥) in t-plane. A simple analysis leads to

f(s, b, d2⊥) = c exp(−µb) at large b, where c ∝ xGT (x, d2⊥) ∝ 1/xn. Hence, following Froissart

[34,37] we may evaluate the maximal impact parameter characterising the black body limit.

One obtains b2max ∝ 1/µ2 ln2 1/x for a nucleon target, and b2max = R2
A for a heavy nuclear

target (RA being the radius of the nucleus). Note that the difference between b2max for the

nucleon and nuclear case reflects the fact that the nucleon target is not a homogeneous

sphere but rather an object with an extended diffuse edge.

Using these relationships, for the total dipole-nucleon scattering cross section (see also

(5)) in the BBL approximation, one obtains

σ̂tot(s, d
2
⊥) = 2π(R2

N + 4cN ln2 1/x) . (7)

In addition to the total cross section, one can examine the t-dependence of the cross section,

corresponding to the amplitude in (4), defined through its slope, B:

d lnσ(s, t)

dt

∣

∣

∣

t=0
= B = B0 + 2α′

eff ln 1/x =

∫

d2b b2f(s, b, d2⊥)

2
∫

d2b f(s, b, d2⊥)
, (8)

where α′
eff ≡ d (B/2)/d ln 1/x. We use above that the t-dependence of the real and imaginary

parts of the amplitude is the same. In the BBL, one obtains

B =
b2max

4
=

R2
T

4
+ cT ln2 1/x ,

α′
eff = cT ln 1/x . (9)

Here RT is the radius of the target, cT is a factor which is similar for nucleon and nucleus

targets. Hence for practical purposes, one can neglect cT for heavy nuclear targets.

Finally, the proton structure function (at fixed Q2) in the BBL reads

F p
2 (x,Q

2) ∝
∑

i

e2iQ
22πR

2
N

12π3
(1 +

4c2N
R2

N

ln2 x0/x) ln 1/x . (10)
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Here the sum is taken over electric charges ei of active quark flavours i. Note that the

additional factor of ln 1/x in (10) as compared to (7) is due to the contribution of large

masses resulting from the singular nature of the photon wavefunction. This reflects the

logarithmic divergence of renormalization coupling constant for the electric charge (cf. (13)

below). As one sees from (10), general principles of QCD and, in particular, the BBL

approximation, do not exclude a fast (ln3 1/x) increase of the structure functions of a nucleon

at x → 0. In addition, the contribution from dipoles with the impact parameters larger

than bmax or sufficiently small dipoles (which are assumed to give a small contribution in

the BBL approximation) should continue to increase with increasing energy as dictated by

the DGLAP approximation of QCD. Thus, in practice, it would be very difficult, or even

impossible, to distinguish the BBL prediction (10) from a similarly rapid growth predicted

by the DGLAP equation and to search for saturation effects in inclusive nucleon structure

functions. Hence, one should turn to DIS on nuclear targets in order to search for distinct

signals of BBL dynamics.

The use of nuclei has two clear advantages. Firstly, scattering at large impact parameters,

where the interaction is far from the BBL over a wide range of energies (the edge effects), is

suppressed by the factor RN/RA. Secondly, in a broad range of impact parameters, b ≤ RA,

the nuclear thickness is practically b-independent and much larger than in a nucleon. Hence,

DIS on sufficiently heavy nuclei can serve as a good testing ground for the application of the

BBL and will allow us to pinpoint some distinctive features of it. For example, as follows

from the above discussion, the unitarity of S-matrix significantly tames the rapid grows of

the nuclear structure functions and predicts the unitarity limit

FA
2 (x,Q2) =

∑

i

e2iQ
2 2πR

2
A

12π3
ln 1/4mNRAx . (11)

Over the last few years a number of models, using the infinite momentum frame, were

suggested in order to explain the dynamics of DIS at small x by building the nuclear wave

function from large gluon fields and assuming a certain saturation of the parton densities

(for the review and references see e.g., [38]). In many respects, these models and the BBL
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l Shadowing continues to decrease:

additional logs from 
interaction range

suppression with decreasing d2⊥ of the cross section of interaction of small-size configura-

tions with hadrons was assumed to be required. This fact was subsequently explained and

understood in terms of the QCD factorization theorem for the scattering of small dipoles,

colour neutrality of the dipole and asymptotic freedom for hard processes in QCD (and the

“suppression” was realised only to be only a single power in d2⊥, cf. (1)).

In perturbative QCD, the dipole-target cross section (1), rapidly increases with increasing

energy since the gluon density rapidly increases with decreasing x. Hence, if the increase of

the interaction cross section is not tamed by some mechanism, it will reach values expected

for the black body limit (i.e. tens of mb, cf. (2)).

Properties of the BBL in QCD are somewhat different from those within the Gribov

picture due to a significant probability of smaller than average size configurations in the

photon wave function, for which the conditions of the black body limit are not satisfied. As

a result, the interaction of such small-size configurations is not tamed. Thus, in contrast to

the Gribov approach, only a fraction of all configurations will interact according to the BBL

approximation and therefore C < 1 in (13).

Using (1), it is straightforward to estimate the kinematical boundaries where the unitarity

limits may be reached. Indeed, the requirement that σel ≤ σtot/2 [18,25] (also assuming

that (1) is applicable for the range of x in which the taming is necessary) indicates that for

some gluon-induced hard processes the unitarity limit should be well within the reach of an

electron-nucleus collider at HERA/THERA (for a review see [11]).

One can also make an interesting prediction about nuclear shadowing. Since the x-

dependence of the nuclear structure function of (11) is significantly weaker than that for the

proton structure function of (10), nuclear shadowing is not saturated (as is often assumed

in the limit of fixed Q2 and x → 0), and we find

FA
2 (x,Q2)

AFN
2 (x,Q2)

∝
R2

A

AR2
N

1

1 + 4c2NR
2
A ln2 1/x

. (15)

However, at unrealistically small x, where the impact parameters become significantly larger

than RA, this effect will disappear.
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l Signals of saturation/BDL more pronounced in diffractive final states: vector mesons, 
Frankfurt, Guzey, McDermott, Strikman, PRL 87 (2001) 192301, structure functions, Kowalski, Lappi, Venugopalan, 
PRL 100 (2008) 022303, dijets, E. Iancu, parallel session talk, 20.06. 
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l Leading twist model and dipole picture are two competing dynamic 
mechanisms for nuclear shadowing. 
l They are best discriminated by nuclear longitudinal FLA  and diffractive F2AD 
structure functions in the EIC kinematics.  

l Real photon-nucleus scattering in UPCs at the LHC and RHIC has provided 
new information on dynamics of nuclear shadowing in small-x QCD.  

l The UPC data at the LHC — including the recent measurements of energy 
dependence of NS — challenge both LT and dipole models. 

l The LT model would benefit from better treatment of antishadowing and a 
possible symbiosis with nPDFs from global QCD fits. 

l Important to apply recent progress in NLO calculations in the dipole model to 
UPC phenomenology. 
l LT shadowing ≠ saturation, but slows down its onset.  
l Nuclear shadowing does not saturate even in BDL. 
l I didn’t have time to discuss large LT shadowing in incoherent scattering. 

Summary and Outlook


