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• Nuclear parton distributions (nPDFs) = densities/distributions of quarks and 
gluons in nuclei as function of momentum fraction x at resolution scale µ.  

• Defined as matrix elements of quark and gluon fields between nuclear states 
in the framework of QCD collinear factorization. 

• Essential for QCD phenomenology of hard processes with nuclei at high 
energies at RHIC, LHC, and future EIC, LHeC/FCC 

• nPDFs are determined from global QCD fits to data on fixed-target DIS, hard 
processes in dA (RHIC) and pA (LHC)  → fA(x,µ2) with significant uncertainties

Nuclear parton distributions at small x 
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which underscores the fact that these data can constrain only a certain linear combination of RA
uV

and RA
dV

. Despite the lack of other type of data sensitive to the valence quarks, the assumption

RA
uV

(x,Q2
0) = RA

dV
(x,Q2

0) was released in a recent nCTEQ work leading to mutually wildly different

RA
uV

and RA
dV

(see Fig.1 in Ref.[18]). Other type of data sensitive to the valence quarks would
obviously be required to pin down them separately in a more realistic manner. Despite the fact
that some neutrino data (also sensitive to the valence quarks) was included in the dssz fit, the
authors did not investigate the possible difference between RA

uV
and RA

dV
in the paper.

In the case of RA
u , which here generally represents the sea quark modification, all parametriza-

tions are in a fair agreement in the data-constrained region. This is also true if the nCTEQ results
are considered (Fig.1 in Ref.[18]). Above the parametrization scale Q2 > Q2

0, the sea quark modi-
fications are also significantly affected, especially at large x (x ! 0.2), by the corresponding gluon
modification RA

g via the DGLAP evolution.
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Figure 3: Comparison of the gluon nuclear modification factors for the lead nucleus at Q2 = 10GeV2 (left), and the
nuclear modification for inclusive pion production in d+Au collisions at midrapidity.

The largest differences among eps09, hkn07, and dssz are in the nuclear effects for the gluon
PDFs, shown in Fig. 3. The origins of the large differences are more or less known: The DIS and
Drell-Yan data are mainly sensitive to the quarks, and thus leave RA

g quite unconstrained. To
improve on this, eps09 and dssz make use of the nuclear modification observed in the inclusive
pion production at RHIC [26, 27]. An example of these data are shown in Fig. 3. Although the
pion data included in eps09 and dssz are not exactly the same, it may still look surprising how
different the resulting RA

g are. The reason lies (as noted also e.g. in [28]) in the use of different

parton-to-pion fragmentation functions (FFs) Dk→π+X(z,Q2) in the calculation of the inclusive
pion production cross sections

dσd+Au→π+X =
∑

i,j,k

fd
i ⊗ dσ̂ij→k ⊗ fAu

j ⊗Dk→π+X . (5)

4

Rg(x,Q
2) =

gA(x,Q2)

Agp(x,Q2) Paukkunen, NPA 926 (2014) 24

shadowing

• pA@LHC data help little, EPPS16, Eskola, 
Paakkinen, Paukkunen, Salgado  EPJ C77 (2017) 163
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Fig. 9 The EPPS16 nuclear modifications for Carbon (leftmost columns) and Lead (rightmost columns) at the parametrization
scale Q2 = 1.69GeV2 and at Q2 = 10GeV2. The thick black curves correspond to the central fit S0 and the dotted curves to
the individual error sets S±

i [��2] of Eq. (52). The total uncertainties are shown as blue bands.
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• In the future, nPDFs at small-x will be further constrained 
at EIC, Accardi et al, EPJ A52 (2016) no.9, 268 and LHeC@CERN, LHEC Study 

Group, J. Phys. G39 (2012) 075001 due to wide Q2-x kinematic 
coverage, FLA(x,Q2) and F2charm(x,Q2) measurements:

high-energy scattering o↵ nuclei? One of the main predictions of saturation
physics is that the x-dependence of DIS cross-sections and structure functions, along
with other observables, is described by nonlinear evolution equations. Discovery of the
saturation regime would not be complete without unambiguous experimental evidence
in favor of these nonlinear equations.

• What is the momentum distribution of gluons and sea quarks in nuclei?
What is the spatial distribution of gluons and sea quarks in nuclei? The
physics of multiple rescatterings at larger-x, along with, if found, parton saturation,
would allow us to reconstruct the momentum and impact parameter distributions of
gluons and sea quarks in nuclei. At small-x the transverse momentum distribution
may allow us to identify the saturation scale Qs.

• Are there strong color (quark and gluon density) fluctuations inside a
large nucleus? How does the nucleus respond to the propagation of a
color charge through it? Our understanding of the spatial and momentum space
distributions of quarks and gluons inside the nuclei would not be complete without
studying their fluctuations. The typical size of color fluctuations can be measured
by sending a quark probe through the nucleus. Conversion of the quark probe into
a hadron (hadronization) may be a↵ected by the nuclear environment, giving us a
chance at a better understanding of the process.
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Figure 3.1: The kinematic acceptance in x and Q
2 of completed lepton-nucleus (DIS) and

Drell-Yan (DY) experiments (all fixed target) compared to EIC energies. The acceptance bands
for the EIC are defined by Q

2 = x y s with 0.01  y  0.95 and values of s shown.
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Aschenauer, Fazio, Lamont, Paukkunen, Zurita, PRD 96 (2017) no.11, 114005

Hatched: baseline fit 
Blue: EIC inclusive 
Black error: EIC inclusive + charm
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FIG. 13. As Figure 12 but at Q2 = 10GeV2.
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aspect of this new accelerator complex is to match the
high performance of a collider with a specially designed
and built comprehensive DIS-specific detector in order
to control systematic e↵ects. The detector requirements
come directly from the broad EIC science case. Some of
the key capabilities such a detector must have are:

• Hermetic coverage in a wide pseudo-rapidity

range: ⇠ |⌘|  4

• Good scattered lepton identification and mo-

mentum resolution: in almost all cases, the DIS
kinematics (x and Q2) of the collision are most ac-
curately calculated from the scattered electron [28].
Therefore, in order to measure these quantities as
precisely as possible, an excellent particle identi-
fication as well as momentum, angular resolution
and good energy resolution at very backward ra-
pidities are required for the scattered lepton.

• Good hadronic particle identification: for
semi-inclusive measurements, one is also interested
in identifying the hadrons produced coincidently
with the scattered lepton in the collisions. There
are various techniques, which can be utilized to
identify protons, pions and kaons at di↵erent mo-
mentum intervals. At low momenta, these can
be identified through their specific ionization (or
dE/dx) in a time projection chamber (TPC). At
higher momenta, Cherenkov detectors are most
widely used.

• Good secondary vertex resolution: for mea-
surements which involve heavy quarks (charm, bot-
tom) a high resolution µ-vertex detector is essential
in order to reconstruct the displaced vertices of the
heavy-quark hadrons produced.

• High resolution and wide acceptance for-

ward instrumentation: a Roman-pot spectrom-
eter with almost 100% acceptance and a wide cov-
erage in scattered proton four-momentum is cru-
cial for studies of di↵ractive physics in e�+p and
e�+A collisions. Furthermore, for e�+A collisions,
a zero-degree calorimeter (ZDC) with su�cient ac-
ceptance is a key feature vetoing on the nucleus
break-up and determining the impact parameter of
the collision [29].

III. REDUCED CROSS SECTION AND
LONGITUDINAL STRUCTURE FUNCTION

The inclusive DIS process is a hard interaction between
a lepton and a nucleon, in which the latter breaks up,
the invariant mass of the hadronic final state being much
larger than the nucleon mass. This is depicted in the left
diagram of Figure 2. All the relevant kinematic variables
that describe the interaction are defined in Table I.

N, A
GN,A(x)

xg

c

x, Q2
e

ev

c

FIG. 2. Left : A depiction of inclusive DIS. Right : cc̄ produc-
tion through photon-gluon fusion.

TABLE I. Relevant kinematical variables in a DIS process.

Variable Description
⌘ pseudo-rapidity of particle
x fraction of the nucleon momentum

carried by the struck parton
y inelasticity, fraction of the lepton’s energy lost

in the nucleon rest frame.p
s center-of-mass energy

Q2 squared momentum transferred to the lepton,
equal to the virtuality of the exchanged photon
Note the relation Q2 ⇡ xys.

The direct observable used for constraining the nPDF
is the cross section (�), which is customarily expressed
as a dimensionless quantity known as “reduced” cross
section �r, defined as

�r ⌘

✓
d2�

dxdQ2

◆
xQ4

2⇡↵2
em[1 + (1� y)2]

, (1)

where ↵em is the QED fine-structure constant. At small
x, the reduced cross section can be approximately ex-
pressed in terms of the structure function F2 and the
longitudinal structure function FL as

�r = F2(x,Q
2)�

y2

1 + (1� y)2
FL(x,Q

2). (2)

While F2 is sensitive to the momentum distributions
of (anti)quarks, and to gluons mainly through scaling vi-
olations, FL has a larger direct contribution from gluons
[30]. In most of the kinematical space covered by the
old fixed-target DIS experiments, �r is dominated by F2,
to the extent that the older data were presented solely
in terms of F2, largely disregarding FL. Therefore the
information on FL and, consequently, the direct access
to the nuclear gluon are not currently available. At an
EIC, the high luminosity and wide kinematic reach will
enable the direct extraction of FL and thereby more in-
formation on the behaviour of the nuclear gluons can be
obtained. In addition, an EIC will o↵er possibilities to
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Nuclear shadowing: theory  
• At small x, a high-energy probe interacts coherently (simultaneously) with all 
nucleons of the nucleus target. 

• Nuclear shadowing is a result of destructive interference among the amplitudes for 
the interaction with 1, 2, 3, etc. nucleons of the target. 

• Total pion-deuteron cross section: 

The shadowing term can be expressed in 
terms of pion-proton diffractive cross section

characterized by the factor of Rj(x) = fj/A(x)/[Afj/N (x)], where fj/A(x) is the parton (quark or gluon)
distribution of flavor j in a nucleus and fj/N is the parton distribution of a free nucleon.

Note that in studies of nuclear shadowing in inclusive scattering, one always assumes that in the
impulse approximation, F2A(x) = ZF2p(x) +NF2n(x) for x < 0.1, i.e., the effects of nuclear binding and
off-shellness can be safely neglected. This is based on the estimate of [1] that in the absence of non-
nucleonic degrees of freedom (e.g., extra nuclear pions) and nuclear modifications of the bound nucleon:

R(x) = 1 +
〈T 〉n(n+ 1)x

3mN (1− x)2

(

x−
2

n+ 1

)

, (1)

where n ≈ 3 and 〈T 〉 is the average bound nucleon kinetic energy. Taking kN = 200 MeV/c, we obtain
〈T 〉 = k2N/(2mN ) = 0.02 GeV and, hence, R(x) = 1 + 0.09x(x − 0.5). Thus, for x < 0.1, the effect
of nuclear binding binding is less than 1%. Therefore, nuclear shadowing and the effects modifying
the impulse approximation live in different regions of x and, hence, can be considered separately and
additively.

When performing global fitting and extraction of nuclear PDFs from the data, the EPS09 and DSSZ
analyses ignored nuclear effects in deuterium, while the HKN07 and nCTEQ took them into account. In
general, since F2p(x) and F2n(x) differ by a few percent at small x, even 1 − 2% nuclear modifications
of F2D(x) matter for the extraction of F2p(x) − F2n(x) from the data and for global fits of the nucleon
PDFs. This makes our project relevant for modern global analyses of proton PDFs in the LHC era, see
e.g., [9].

1.3 Models of nuclear shadowing

Theoretically, nuclear shadowing is well understood. In the target rest frame, the virtual photon–nucleus
interaction is a three-step process: (i) long before the target, the virtual photon fluctuates into a super-
position of states, (ii) these fluctuations interact strongly with the target, which leads to their absorp-
tion/attenuation causing nuclear shadowing, (iii) long after the target, the fluctuations combine together
to form the observed final state (virtual photon, vector meson, real photon).

Nuclear shadowing arises due to destructive quantum-mechanical interference among the scattering
amplitudes corresponding to the interaction of a given fluctuation with one, two, three, etc. nucleons of the
nuclear target. The resulting nuclear cross section is given by a series (the so-called Glauber series [10]),
where each term corresponds to the interaction with a given number of nucleons. For instance, for the
pion–deuteron scattering, there two graphs shown in Fig. 2: the left one is the impulse approximation
corresponding to the interaction with a single nucleon and the right one is the shadowing correction
arising from the simultaneous interaction of the pion with both nucleons.

shadowing correctionimpulse approximation

N
N

N

N

DDDD

ππ
ππ

Figure 2: Graphs for pion-deuteron scattering.

The nuclear shadowing term can be expressed in terms of the elementary pion–nucleon diffractive
cross section [11], which in graphical form is shown in Fig. 3. In the figure, the zigzag lines denote the
diffractive interaction (Pomeron exchange) of the pion with the nucleons of the nuclear target.

The resulting total pion–deuteron cross section reads:

σπD
tot = 2σπN

tot − 2
1− η2

1 + η2

∫

d#k2ρD
(

4#k2
) dσπN

diff (
#k)

d#k2
, (2)

2

IPIP

Figure 3: Graphical representation of the imaginary part of the nuclear shadowing scattering amplitude
in terms of Pomeron exchanges in the t-channel.

where η is the ratio of the real to imaginary parts of the pion–nucleon diffractive scattering amplitude;
ρD is the deuteron spherical form factor.

Note that the underlying space-time picture of the strong interaction is based on the general property
that the lifetime of the fluctuations, which is also called the coherence length lc, increases with an increase
of the beam momentum, lc ∝ p, and exceeds the target diameter for p of the order of a few GeV/c.

There are many ways to model hadronic fluctuations of the virtual photon, which leads to different
models for nuclear shadowing. For the kinematics of EIC, the following two approaches are relevant: the
color dipole formalism and the model of leading twist shadowing.

In the dipole formalism, the virtual photon fluctuates into quark-antiquark, quark-antiquark-gluon,
etc. dipoles of a given transverse size dt. The advantages of this approach are the following: (i) it is
intuitive, (ii) once the dipole model parameters are fixed for the free proton case, one obtains the dipole–
nucleus cross section “for free” using the eikonal approximation, (iii) it can be applied down to rather
low values of Q2, (iv) it can be used to test saturation models. The main disadvantages of the approach
is that (i) its degree of freedom is the dipole cross section, which makes it difficult to make connection
with the language of parton distributions and use the powerful machinery of perturbative QCD in form
of factorization theorems and (ii) the dipoles interact with target nucleons successively, which in the
situation when small-dt dipoles dominate, lead to small (higher-twist) nuclear shadowing.

The second approach to nuclear shadowing is the model of leading twist shadowing [12]. The advan-
tages of this approach is that (i) it uses the language of parton distributions and the QCD factorization
theorems, which allows one to predict separate quark and gluon nuclear PDFs at small x, (ii) it is based
on the theorem, which unambiguously gives the shadowing correction in terms of diffraction in ep DIS.
The main disadvantage of the approach, which is associated with modeling the interaction with N ≥ 3
nucleons, disappears in the case of the deuteron target.

If one uses the version of the dipole model which correctly describes diffraction in ep DIS, the dipole
and leading twist approaches should give identical results for shadowing in eD scattering.

2 Leading twist nuclear shadowing in unpolarized inclusive and tagged

eD DIS

2.1 Inclusive scattering

The imaginary part of the forward γ∗D scattering amplitude is proportional to the deuteron inclusive
structure function F2D(x,Q2). It is shown in Fig. 4: graph a is the impulse approximation contribution
and graph b is the nuclear shadowing correction.

Taking the imaginary part of graph b in Fig. 4 one notices that several distinguishable final states
contribute, see 5. However, the application of the Abramovski–Gribov–Kancheli (AGK) cutting rules [13]
allows one to express the sum of the graphs in Fig. 4 in terms of the diffractive intermediate state (the
upper left panel). This defines the weight in front of the shadowing term, see below. The weight will be
larger in the tagged case.

3

Deuteron form factor Pion-proton diffractive cross section

�⇡D
tot = 2�⇡N

tot � 2

Z
d~k2⇢D(4~k2)

d�⇡N
di↵ (k)

d~k2

4

Glauber (1955); 
Gribov (1969)
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Nuclear shadowing in unpolarized inclusive eD DIS  

Leading-twist proton diffractive 
structure function, measured at 
HERA 

NN

X

D D D D

b)

γ∗

N

γ∗

a)

γ∗
γ∗

N

Figure 4: The forward γ∗D scattering amplitude: (a) the impulse approximation, (b) the nuclear shad-
owing correction.

The expression for the deuteron structure function F2D(x,Q2) in the shadowing region reads [14, 15]:

F2D(x,Q
2) = F2p(x,Q

2) + F2n(x,Q
2)

−2
1− η2

1 + η2
Bdiff

∫ 0.1

x
dxIP dk2t F

D(3)
2

(

β, Q2, xIP
)

e−Bdiff k2
t ρD

(

4k2t + 4(xIPmN )2
)

, (3)

where FD(3) is the proton diffractive structure function, which depends on the light-cone fractions xIP
(the fraction of the nucleon momentum carried by the Pomeron) and β = x/xIP ; Bdiff = 6 GeV−2 is the
slope of the t dependence of the diffractive ep DIS cross section; kt is the transverse component of the
momentum transfer to the nucleon so that |t| = k2t + (xIPmN )2; η ≈ 0.17 is the ratio of the real to the
imaginary parts of the diffractive scattering amplitude. The integration over xIP = (M2

X+Q2)/(W 2+Q2)
corresponds to the summation over intermediate diffractive states. The lower limit on xIP is the kinematic
limit; the upper limit on xIP is essentially defined by the absence of diffraction for xIP > 0.1. Note also
that the region of large xIP in the integral in Eq. (3) is suppressed by the deuteron form factor. Therefore,
by construction, the leading twist shadowing goes to zero in the x → 0.1 limit.

The deuteron form factor ρD of the double argument can be written as an overlap between the initial
and final state deuteron wave functions:

ρD
(

4k2t + 4(xIPmN )2
)

=

∫

d3%p

[

u(%p)u(%p + %k) + w(%p)w(%p + %k)

(

3

2

(%p · (%p+ %k))2

p2(p+ k)2
−

1

2

)]

, (4)

where u and w are the S-wave and D-wave components of the deuteron wave function, respectively;
%k = %kt + (xIPmN )ez.

The result of the calculation of leading twist nuclear shadowing for the deuterium structure function
F2D(x,Q2) using Eq. (3) is presented in the left panel of Fig. 6. One can see that the nuclear shadowing
effect is a 1− 2% effect.

In the right panel of the figure, we compare the absolute value of the shadowing correction |δF2D(x)| =
|F2D(x)− F2p(x)− F2n(x)| to the F2p(x)− F2n(x) difference. Since F2p(x)− F2n(x) is small at small x,
even small δF2D(x) affects the extraction of F2p(x)− F2n(x) from the deuteron data. Indeed, writing

F2D(x) = F2p(x) + F2n(x)− δF2D(x) ≡ 2F2p(x)−∆− δF2D(x) ,

F2D(x) = F2p(x) + F 0
2n(x) = 2F2p(x)−∆0 , (5)

where ∆ = F2p(x) − F2n(x) and ∆0 = F2p(x) − F 0
2n(x). Therefore, ∆ − ∆0 = δF2D(x) and, hence, the

shadowing correction to ∆ is two times as large as that for F2D(x)/(F2p(x) + F2n(x)).
The case of DIS on deuterium presents a very important testing ground for the leading twist theory of

nuclear shadowing since the shadowing correction can be calculated in a model-independent way, without
the necessity to model multiple scatterings. Conversely, precise measurements of the deuterium structure
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Figure 4: The forward γ∗D scattering amplitude: (a) the impulse approximation, (b) the nuclear shad-
owing correction.

The expression for the deuteron structure function F2D(x,Q2) in the shadowing region reads [14, 15]:

F2D(x,Q
2) = F2p(x,Q

2) + F2n(x,Q
2)

−2
1− η2

1 + η2
Bdiff

∫ 0.1

x
dxIP dk2t F

D(3)
2

(

β, Q2, xIP
)

e−Bdiff k2
t ρD

(

4k2t + 4(xIPmN )2
)

, (3)

where FD(3) is the proton diffractive structure function, which depends on the light-cone fractions xIP
(the fraction of the nucleon momentum carried by the Pomeron) and β = x/xIP ; Bdiff = 6 GeV−2 is the
slope of the t dependence of the diffractive ep DIS cross section; kt is the transverse component of the
momentum transfer to the nucleon so that |t| = k2t + (xIPmN )2; η ≈ 0.17 is the ratio of the real to the
imaginary parts of the diffractive scattering amplitude. The integration over xIP = (M2

X+Q2)/(W 2+Q2)
corresponds to the summation over intermediate diffractive states. The lower limit on xIP is the kinematic
limit; the upper limit on xIP is essentially defined by the absence of diffraction for xIP > 0.1. Note also
that the region of large xIP in the integral in Eq. (3) is suppressed by the deuteron form factor. Therefore,
by construction, the leading twist shadowing goes to zero in the x → 0.1 limit.

The deuteron form factor ρD of the double argument can be written as an overlap between the initial
and final state deuteron wave functions:

ρD
(

4k2t + 4(xIPmN )2
)

=

∫

d3%p

[

u(%p)u(%p + %k) + w(%p)w(%p + %k)

(

3

2

(%p · (%p+ %k))2

p2(p+ k)2
−

1

2

)]

, (4)

where u and w are the S-wave and D-wave components of the deuteron wave function, respectively;
%k = %kt + (xIPmN )ez.

The result of the calculation of leading twist nuclear shadowing for the deuterium structure function
F2D(x,Q2) using Eq. (3) is presented in the left panel of Fig. 6. One can see that the nuclear shadowing
effect is a 1− 2% effect.

In the right panel of the figure, we compare the absolute value of the shadowing correction |δF2D(x)| =
|F2D(x)− F2p(x)− F2n(x)| to the F2p(x)− F2n(x) difference. Since F2p(x)− F2n(x) is small at small x,
even small δF2D(x) affects the extraction of F2p(x)− F2n(x) from the deuteron data. Indeed, writing

F2D(x) = F2p(x) + F2n(x)− δF2D(x) ≡ 2F2p(x)−∆− δF2D(x) ,

F2D(x) = F2p(x) + F 0
2n(x) = 2F2p(x)−∆0 , (5)

where ∆ = F2p(x) − F2n(x) and ∆0 = F2p(x) − F 0
2n(x). Therefore, ∆ − ∆0 = δF2D(x) and, hence, the

shadowing correction to ∆ is two times as large as that for F2D(x)/(F2p(x) + F2n(x)).
The case of DIS on deuterium presents a very important testing ground for the leading twist theory of

nuclear shadowing since the shadowing correction can be calculated in a model-independent way, without
the necessity to model multiple scatterings. Conversely, precise measurements of the deuterium structure
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Figure 5: Unitarity cuts of the imaginary part of the double scattering contribution to the forward γ∗D
scattering amplitude: (a) diffractive cut, (b) and (c) single multiplicity cuts, (d) double multiplicity cut.
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Figure 6: Leading twist nuclear shadowing for the deuterium structure function F2D(x,Q2).

function F2D(x,Q2) at low x and Q2 of the order of a few GeV2 will constrain the nucleon diffractive

structure function FD(4)
2 .

To do: Due to the deuteron D-wave, the shadowing correction depends on the deuteron polariza-
tion. In addition to the fully unpolarized case considered above, we can consider different deuteron
polarizations.

2.2 Tagged scattering

By tagging the final proton in DIS on deuterium, one measures the dσγ∗D→pX/d3p cross section, which can
be expressed in terms of the tagged deuteron structure function F2D(x,Q2, #p), where #p is the momentum
of the final proton. In the graphical form, F2D(x,Q2, #p) is shown in Fig. 7: graph a gives the impulse
approximation; graphs b and c is the nuclear shadowing correction.

The expression for F2D(x,Q2, #p) corresponding to the sum of graphs a, b, and c in Fig. 7 reads [14, 15]

5

Impulse approx. Shadowing correction Imaginary part of shadowing is given by 
diffractive cut due to AGK cutting rules

deuteron FF from  
wave functionη=Re/Im ≈ 0.17

5

• Forward Compton scattering amplitude:

• Calculation using Gribov-Glauber theory or direct evaluation of Feynman graphs in 
the virtual nucleon approximation (VNA):

Abramowski, Gribov, Kancheli (1973)

Frankfurt, VG, Strikman (2012)

Bdiff ≈ 6 GeV-2 ± 15% (HERA) 



Model of leading-twist nuclear shadowing: heavy nuclei  
• Alternative to extrapolation of nPDFs into x < 0.05 region : model of leading 
twist nuclear shadowing, Frankfurt, Guzey, Strikman, Phys. Rept. 512 (2012) 255 

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

proton diffractive PDFs 
from HERA effective cross sectionnuclear density



Model of leading-twist nuclear shadowing (2)   
• Predicts nuclear PDFs at µ2=3-4 GeV2  → input for DGLAP evolution. 
• Magnitude of shadowing is determined by proton diffractive PDFs, ZEUS, 
H1 2006 → naturally predicts large shadowing for gA(x,µ2). 

• One free parameter: 

7

�soft(x) =

R
d�P�(�)�3

R
d�P�(�)�2

• Estimated using two models of the photon 
hadronic fluctuations using the Good-
Walker approach to diffractive dissociation, 
Good, Walker, PR 120 (1960) 1857 

 - P(σ) like in the pion, Blattel et al, 1993 
 - P(σ) using the dipole model, McDermott, Frankfurt, 
Guzey, Strikman, 2000 
   - Allows to describe coherent diffraction in p-
He4 scattering, Strikman, Guzey, PRC 52 (1995) R1189 
  

• The model also predicts impact-parameter-dependent nuclear PDFs gA(x,b,Q2)    
- shift of t-dependence of 𝛾A → J/𝜓A cross section in UPCs 
- oscillations of beam-spin nuclear DVCS asymmetry at EIC. 
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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)



Predictions of leading twist model for deuteron and 
light nuclei  
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Fig. 25. Leading twist nuclear shadowing for the deuterium structure function F2D(x,Q 2), see Eq. (97). The ratio of the deuteron F2D(x,Q 2) to the sum of
the free proton and neutron structure functions, F2D/(F2p + F2n), as a function of Bjorken x for different values of Q 2.

Fig. 26. Leading twist nuclear shadowing for deuterium PDFs fj/D(x,Q 2), see Eq. (99). The ratio of fj/D(x,Q 2) to the sum of the free proton and neutron
PDFs, fj/D/(fj/p + fj/n), as a function of Bjorken x for different values of Q 2. The left panel corresponds to ū quarks; the right panel corresponds to gluons.

the double argument of the deuteron form factor is the consequence of the correct treatment of the deuteron center of mass.
One should also note that the t dependence of FD(4)

2 cannot be neglected compared to that of the deuteron form factor: since
the t dependence of ⇢D is rather moderate (compared to heavier nuclei), the integral in Eq. (97) is sensitive to FD(4)

2 (t) up to
�t  0.05 GeV2.

The results of the calculation of leading twist nuclear shadowing for the deuterium structure function F2D(x,Q 2) are
presented in Fig. 25,whereweplot the ratio of F2D(x,Q 2) givenby Eq. (97) to the sumof the free proton andneutron structure
functions, F2D/(F2p + F2n), as a function of Bjorken x for different values of Q 2. The suppression of F2D/(F2p + F2n) compared
to unity is given by the nuclear shadowing correction in Eq. (97). For the calculation of the free proton and neutron structure
functions, we used as input the next-to-leading (NLO) CTEQ5M parameterization [160]. The nucleon PDFs are evolved to
the required values of Q 2 using the QCDNUM package [161]. Note that our predictions for the magnitude of the nuclear
shadowing correction are in a very good agreement with the earlier calculation of [162], which considered the range of
intermediate values of Q 2 where the contribution of low diffractive massesMX to nuclear shadowing is important.

Aswe explained in Section 3, the use of theQCD factorization theorems for inclusive and hard diffractive DIS allows one to
generalize the shadowing correction for the nuclear structure function F2A(x,Q 2) to individual nuclear parton distributions
fj/A(x,Q 2). In the case of the deuteron, we obtain from Eq. (97):

fj/D(x,Q 2) = fj/p(x,Q 2) + fj/n(x,Q 2) � 2
1 � ⌘2

1 + ⌘2 Bdiff

Z 0.1

x
dxP dk2t f

D(3)
2

�
�,Q 2, xP

�
e�Bdiff k2t ⇢D

�
4k2t + 4(xPmN)2

�
. (99)

Our predictions for the leading twist nuclear shadowing for the deuterium PDFs fj/D(x,Q 2) are presented in Fig. 26. In
this figure, we plot the ratio fj/D/(fj/p + fj/n), where fj/p and fj/n are flavor j PDFs of the free proton and neutron, respectively,
as a function of Bjorken x for different values of Q 2. The left panel corresponds to ū quarks; the right panel corresponds to
gluons. Since the ratio of the gluon diffractive PDF to the usual gluon PDF is much larger than that for quarks, see Fig. 19, we
predict the larger nuclear shadowing effect for the gluon nuclear PDFs compared to that for the quark nuclear PDFs which
reflects the stronger interaction in the gluon channel.

Deuteron
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Fig. 33. Prediction for nuclear PDFs and structure functions for 40Ca. The ratios Rj (ū and c quarks and gluons) and RF2 as functions of Bjorken x at Q 2 = 4,
10, 100 and 10, 000 GeV2. The four upper panels correspond to FGS10_H; the four lower panels correspond to FGS10_L.

distribution gA(x,Q 2) defined respectively as

�F2A(x,Q 2) ⌘ F2A(x,Q 2) � ZF2p(x,Q 2) � (A � Z)F2p(x,Q 2),

�xgA(x,Q 2) ⌘ xgA(x,Q 2) � AxgN(x,Q 2). (125)

These quantities are less sensitive to uncertainties in the nucleon PDFs at x ⇠ 10�4 and Q 2 ⇠ 4 GeV2. Fig. 37 presents
�F2A(x,Q 2)/A and �xgA(x,Q 2)/A as a function of Bjorken x at two values of Q 2, Q 2 = 4 GeV2 and Q 2 = 100 GeV2. The two
top rows of panels correspond to 40Ca; the two bottom rows correspond to 208Pb. The solid curves correspond to FGS10_H;
the dotted curves correspond to FGS10_L.

For small values of x, x < 10�3, the curves in Fig. 37 can be economically parameterized by a simple analytical expression:

�F2A(x,Q 2)/A ⇡ �NF2

✓
0.00001

x

◆0.25

,

�xgA(x,Q 2)/A ⇡ �Ng

✓
0.00001

x

◆0.25

, (126)

with the coefficients �NF2 and �Ng summarized in Table 2.

Ca-40

• Predictions for D are model-independent: shadowing is a few % effect. 

• Can be generalized to the case of tagged DIS on D with spectator tagging, where 
shadowing is expected to be larger, Guzey, Strikman, Weiss (work in progress), JLab LDRD project 

• Predictions for light nuclei (weakly) depend on σsoft. Fixing it in DIS on light nuclei, 
one reduces the uncertainty for heavier nuclei.



Predictions of leading twist model for heavy nuclei  
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Leading twist (LTA) vs. EPPS16 Results of DGLAP evolution: from Q2=4 
GeV2 to Q2=10 and 10,000 GeV2 
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EIC is an ideal machine to test predictions of this model and distinguish it 
from other approaches due to: 
- wide x-Q2 coverage 
- measurements of the longitudinal structure function FLA(x,Q2) 
- measurements of diffraction in eA DIS
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Longitudinal structure function FLA(x,Q2)  

10

F2A(x,Q2) and FLA(x,Q2) structure functions in the leading twist and dipole 
models: 
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Fig. 57. The ratio of the nuclear to nucleon structure functions F2A(x,Q 2)/[AF2N (x,Q 2)] as a function of Bjorken x. The results of the calculation using the
dipole model eikonal approximation, see Eqs. (138) and (141), are given by the curves. The shaded bands represent the corresponding predictions of the
leading twist theory of nuclear shadowing taken from Figs. 33 and 34.

5.14.3. Predictions for nuclear structure functions F2A(x,Q 2) and FA
L (x,Q 2) in the dipole model eikonal approximation

Predictions for nuclear shadowing in the nuclear structure functions F2A(x,Q 2) and FA
L (x,Q 2) are presented in

Figs. 57–60, respectively. In Fig. 57, we give the ratio of the nuclear to nucleon structure functions F2A(x,Q 2)/[AF2N(x,Q 2)]
as a function of Bjorken x. The results of the calculation using the dipole model eikonal approximation, see Eqs. (138) and
(141), are presented by the curves. Different curves correspond to three different values of Q 2, Q 2 = 4, 10, and 100 GeV2.
For comparison, we also give the corresponding predictions of the leading twist theory of nuclear shadowing taken from
Figs. 33 and 34, which are given by the shaded bands (the upper boundaries of the bands correspond to model FGS10_L; the
lower boundaries correspond to model FGS10_H).

Note that we apply the dipole model eikonal approximation only for x  0.01. For x > 0.01, the dipole model eikonal
approximation is not applicable since the qq̄ fluctuations of the virtual photon are no longer coherent at the distance
scale ⇠RA. In addition to the effect of the finite lc , the naive application of Eqs. (138) and (140) for x > 0.01 is bound to
significantly overestimate the amount of nuclear shadowing since the effects of antishadowing and QCD evolution are not
included in the eikonal approximation.

As one can see from Fig. 57, the amount of nuclear shadowing is rather similar in the dipolemodel eikonal approximation
and the FGS10_L version of the leading twist theory of nuclear shadowing at Q 2 = 4 and 10 GeV2 and for a wide range of
x; model FGS10_H predicts noticeably larger nuclear shadowing for x < 5 ⇥ 10�3. As one increases Q 2, e.g., Q 2 � 10 GeV2,
nuclear shadowing decreases much faster in the dipole model eikonal approximation than in our leading twist approach
(both in FGS10_L and FGS10_H). This trend agrees with our earlier analysis [75] and can be explained as follows. While
the Q 2 behavior of F2A(x,Q 2)/[AF2N(x,Q 2)] within the leading twist approach is governed by the QCD DGLAP evolution
equation, and is therefore logarithmic, F2A(x,Q 2)/[AF2N(x,Q 2)] in the eikonal approximation decreases with increasing Q 2
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Fig. 59. The ratio of the nuclear to the nucleon longitudinal structure functions, FA
L (x,Q 2)/[AFN

L (x,Q 2)], as a function of Bjorken x. The curves represent
the results of the dipole model eikonal approximation; the shaded bands correspond to the leading twist theory of nuclear shadowing.

(ii) The neglect of the |qq̄gi component (and higher Fock states) of the virtual photon wave function in the dipole model
eikonal approximation and the neglect of the proper QCD evolution (see the discussion in Section 5.13). In addition,
the Sudakov form factor which arises in QCD calculations because of the gluon radiation (which leads to approximate
Bjorken scaling) is neglected within the eikonal approximation.

Strictly speaking, the eikonal approximation has been derived only in the framework of non-relativistic quantummechanics,
where the number of interacting particles is conserved during collisions and the collisions are elastic. In this case, the
approximation that the Fock states of the incoming high-energy virtual photon can be considered frozen would be justified,
and the procedure of eikonalization can be unambiguously justified.

In contrast, in a quantum field theory such as QCD, the number of bare particles is not conserved. In other words, the
number of effective degrees of freedom, or relevant Fock states, in the photon wave function depends on x and Q 2. For
example, the interacting |qq̄i Fock state radiates gluons, thus creating and mixing with |qq̄gi, |qq̄g . . . gi states. This mixing
is properly taken into account by the QCD evolution in the leading twist approximation.

One immediate consequence of the contrasting pictures of the space–time evolution in the leading twist anddipolemodel
eikonal approaches is the Q 2 dependence of nuclear shadowing. As Q 2 increases, the Fock components of the virtual photon
with an increasing number of gluons, |qq̄g . . . gi, become important for nuclear shadowing. This follows straightforwardly
from the connection between nuclear shadowing and gluon-dominated diffraction, as found in ZEUS and H1 experiments
at HERA. As a result, using the factorization theorem, the Q 2 dependence of nuclear shadowing is governed by the DGLAP
evolution equation within the leading twist approach.

The dipole model eikonal approximation underestimates nuclear shadowing at large Q 2—this can be seen in
Figs. 57 and 58. (As we mentioned above, this manifests even stronger in the case of the longitudinal structure function
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Fig. 59. The ratio of the nuclear to the nucleon longitudinal structure functions, FA
L (x,Q 2)/[AFN

L (x,Q 2)], as a function of Bjorken x. The curves represent
the results of the dipole model eikonal approximation; the shaded bands correspond to the leading twist theory of nuclear shadowing.

(ii) The neglect of the |qq̄gi component (and higher Fock states) of the virtual photon wave function in the dipole model
eikonal approximation and the neglect of the proper QCD evolution (see the discussion in Section 5.13). In addition,
the Sudakov form factor which arises in QCD calculations because of the gluon radiation (which leads to approximate
Bjorken scaling) is neglected within the eikonal approximation.

Strictly speaking, the eikonal approximation has been derived only in the framework of non-relativistic quantummechanics,
where the number of interacting particles is conserved during collisions and the collisions are elastic. In this case, the
approximation that the Fock states of the incoming high-energy virtual photon can be considered frozen would be justified,
and the procedure of eikonalization can be unambiguously justified.

In contrast, in a quantum field theory such as QCD, the number of bare particles is not conserved. In other words, the
number of effective degrees of freedom, or relevant Fock states, in the photon wave function depends on x and Q 2. For
example, the interacting |qq̄i Fock state radiates gluons, thus creating and mixing with |qq̄gi, |qq̄g . . . gi states. This mixing
is properly taken into account by the QCD evolution in the leading twist approximation.

One immediate consequence of the contrasting pictures of the space–time evolution in the leading twist anddipolemodel
eikonal approaches is the Q 2 dependence of nuclear shadowing. As Q 2 increases, the Fock components of the virtual photon
with an increasing number of gluons, |qq̄g . . . gi, become important for nuclear shadowing. This follows straightforwardly
from the connection between nuclear shadowing and gluon-dominated diffraction, as found in ZEUS and H1 experiments
at HERA. As a result, using the factorization theorem, the Q 2 dependence of nuclear shadowing is governed by the DGLAP
evolution equation within the leading twist approach.

The dipole model eikonal approximation underestimates nuclear shadowing at large Q 2—this can be seen in
Figs. 57 and 58. (As we mentioned above, this manifests even stronger in the case of the longitudinal structure function

• While for F2A(x,Q2) predictions are similar, FLA(x,Q2) is dominated by small 
dipoles → smaller (higher-twist) shadowing in the dipole model 

• The same is true for exclusive J/𝜓 photoproduction at the LHC: dipole 
models tend to underestimate the observed shadowing effect.  



Nuclear diffractive parton distributions 
• The model of leading-twist shadowing predicts nuclear 
diffractive PDFs that can be measured in diffractive eA DIS:
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a b c

Fig. 68. The multiple scattering series for the � ⇤A ! XA scattering amplitude. Graphs a, b, c correspond to the interaction with one, two, and three
nucleons of the nuclear target, respectively. Graph a is the impulse approximation; graphs b and c contribute to the shadowing correction.

Note thatwe expressed the longitudinalmomentum transfer�� ⇤X in terms of xP,�� ⇤X = xPmN . Using the QCD factorization
theorem for diffraction (163) in the right-hand and left-hand sides of Eq. (168), we obtain the expression for the nuclear
diffractive PDFs f D(3)

j/A :

�f D(3)
j/A (�,Q 2, xP) = 4⇡A2�f D(4)

j/N (�,Q 2, xP, tmin)
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����
2

. (169)

Finally, assuming the exponential t dependence of f D(4)
j/N , i.e., using Eq. (59), we obtain our final expression for the nuclear

diffraction parton distribution �f D(3)
j/A [26,210]:

�f D(3)
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The structure of the answer resembles the case of the diffractive productions of vector mesons (after the generic diffractive
state X is replaced by a single vector meson), see e.g., Ref. [80].

Eq. (170) should be compared to Eq. (64): the both equations are derived in the color fluctuation approximation
characterized by the cross section �

j
soft(x,Q

2) that determines the strength of the multiple rescatterings. Note also that
the nuclear shadowing correction to �f D(3)

j/A given by Eq. (170) corresponds to the diffractive unitary cut in the language of
the AGK cutting rules, see Eq. (24) and graph a in Fig. 8.

The physics interpretation of Eq. (170) is rather straightforward: the diffractive scattering takes place on any ofAnucleons
of the target at point (Eb, z); the produced diffractive state gets absorbed on the way out with the probability amplitude
e�

A
2 (1�i⌘)�

j
soft(x,Q

2)
R

1

z dz0⇢A(b,z0).
In the limit of very small xP, the effect of the finite coherent length, i.e., the eixPmNz factor, can be neglected and Eq. (170)

can be presented in the following simplified form:

�f D(3)
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In Eq. (170), we neglected the possible dependence of �
j
soft(x,Q

2) on � (the dependence on the diffractive mass MX ).
Since the total probability of diffraction changes rather weakly as one varies the rescattering cross section, see e.g., Ref. [34],
this seems to be a reasonable first approximation. At the same time, in the region of small � and small x that corresponds to
the triple Pomeron kinematics for the soft inelastic diffraction, one expects a suppression of diffraction as compared to the
color fluctuation approximation used in Eq. (170). Indeed, Eq. (170) evaluated atQ 2 = Q 2

0 = 4 GeV2 essentially corresponds
to treating diffraction as a superposition of elastic scattering of different components of the virtual photon wave function.
This is a reasonable approximation for the configurations with the masses comparable to Q 2. In the � ⌧ 1 limit (which
corresponds to M2

X � Q 2), one approaches the limit analogous to the soft triple Pomeron limit, in which case diffraction
off nuclei is strongly suppressed compared to elastic scattering, see, e.g., Refs. [211,212]. Hence, we somewhat overestimate
diffraction for small � and relatively small Q 2

0 scales. At larger Q 2, diffraction at small � is dominated by the QCD evolution
from � � 0.1 at Q 2

0 and, hence, the accuracy of our approximation improves. Thus, in our numerical studies, we neglect the
effect of the potential small-� suppression that we just discussed.

One can immediately see from Eq. (170) that the Regge factorization, i.e., the factorization of f D(3)
j/A (�,Q 2, xP) into the

product of the Pomeron flux factor fP(xP) and the PDFs of the Pomeron fj(�,Q 2), see Eq. (88), is not valid for the nuclear
diffractive parton distributions, even if it approximately holds for the nucleon case. At fixed xP, the right-hand side of
Eq. (170) depends not only on� , but also on Bjorken x since the screening factor is given by the exponential factor containing
�

j
soft(x,Q

2)which is a function of x. In addition, the right-hand side of Eq. (170) depends on the atomic mass number A since

�fD(3)
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Z
d2b

 
1� e�

1
2�

j
soft(x)TA(b)

�j
soft(x)

!2

• LT shadowing suppresses diffraction on nuclei → slows down approach to saturation :
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CGC because the virtual photon in forward lepton scattering probes matter coherently over
a characteristic length proportional to 1/x, which can exceed the diameter of a Lorentz-
contracted nucleus. Then, all gluons at the same impact parameter of the nucleus, enhanced
by the nuclear diameter proportional to A1/3 with the atomic weight A, contribute to the
probed density, reaching saturation at far lower energies than would be needed in electron-
proton collisions. While HERA, RHIC and the LHC have only found hints of saturated
gluonic matter, the EIC would be in a position to seal the case, completing the process
started at those facilities.
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Figure 1.6: Left: The ratio of di↵ractive over total cross section for DIS on gold normalized
to DIS on proton plotted for di↵erent values, M2

X, the mass square of hadrons produced in
the collisions for models assuming saturation and non-saturation. The grey bars are estimated
systematic uncertainties. Right: The ratio of coherent di↵ractive cross section in e-Au to
e-p collisions normalized by A

4/3 plotted as a function of Q2, plotted for saturation and non-
saturation models. The 1/Q is e↵ectively the initial size of the quark-antiquark systems (� and
J/ ) produced in the medium.

Figure 1.6 illustrates some of the dramatic predicted e↵ects of gluon density saturation in
electron-nucleus vs. electron-proton collisions at an EIC. The left frame considers coherent
di↵ractive processes, defined to include all events in which the beam nucleus remains intact
and there is a rapidity gap containing no produced particles. As shown in the figure, gluon
saturation greatly enhances the fraction of the total cross section accounted for by such
di↵ractive events. An early measurement of coherent di↵raction in e+A collisions at the
EIC would provide the first unambiguous evidence for gluon saturation.

Figure 1.6 (Right) shows that gluon saturation is predicted to suppress vector meson
production in e+A relative to e+p collisions at the EIC. The vector mesons result from
quark-antiquark pair fluctuations of the virtual photon, which hadronize upon exchange of
gluons with the beam proton or nucleus. The magnitude of the suppression depends on
the size (or color dipole moment) of the quark-antiquark pair, being significantly larger for
produced � (red points) than for J/ (blue) mesons. An EIC measurement of the processes
in Fig. 1.6 (Right) would provide a powerful probe to explore the properties of the saturated
gluon matter.
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Accardi et al, EPJ A52 (2016) no.9, 268Probability of gluon diffraction < 50%

Di↵ractive Scattering

Di↵ractive scattering has made a spectacular comeback with the observation of an unex-
pectedly large cross section for di↵ractive events at the HERA ep collider. At HERA,
hard di↵ractive events, e(k) +N(p) ! e

0(k0) +N(p0) +X, were observed where the proton
remained intact and the highly virtual photon fragmented into a final state X that was sep-
arated from the scattered proton by a large rapidity gap without any particles. These events
are indicative of a color neutral exchange in the t-channel between the virtual photon and
the proton over several units in rapidity. This color singlet exchange has historically been
called the Pomeron, which had a specific interpretation in Regge theory. An illustration of
a hard di↵ractive event is shown in Fig. 3.2.

k

k'

p'
p

q

gap

Mx

Figure 3.2: Kinematic quantities for the de-
scription of a di↵ractive event.

The kinematic variables are similar to
those for DIS with the following additions:

t = (p� p
0)2 is the square of the momentum

transfer at the hadronic vertex. The
variable t here is identical to the one
used in exclusive processes and gen-
eralised parton distributions (see the
Sidebar on page 42).

M2
X = (p� p

0 + k � k
0)2 is the squared

mass of the di↵ractive final state.

⌘ = � ln(tan(✓/2)) is the pseudorapidity of
a particle whose momentum has a rel-
ative angle ✓ to the proton beam axis.
For ultrarelativistic particles the pseu-
dorapidity is equal to the rapidity, ⌘ ⇠

y = 1/2 ln((E + pL)/(E + pL)).

At HERA gaps of several units in rapidity have been observed. One finds that roughly
15% of the deep inelastic cross section corresponds to hard di↵ractive events with invariant
masses MX > 3GeV. The remarkable nature of this result is transparent in the proton
rest frame: a 50TeV electron slams into the proton and ⇡ 15% of the time, the proton is
una↵ected, even though the virtual photon imparts a high momentum transfer on a quark
or antiquark in the target. A crucial question in di↵raction is the nature of the color neutral
exchange between the proton and the virtual photon. This interaction probes, in a novel
fashion, the nature of confining interactions within hadrons.

The cross section can be formulated analogously to inclusive DIS by defining the di↵rac-
tive structure functions FD

2 and F
D
L as

d
4
�

dxB dQ2 dM2
X dt

=
4⇡↵2

Q6

✓
1� y +

y
2

2

◆
F

D,4
2 (x,Q2

,M
2
X , t)�

y
2

2
F

D,4
L (x,Q2

,M
2
X , t)

�
.

In practice, detector specifics may limit the measurements of di↵ractive events to those
where the outgoing proton (nucleus) is not tagged, requiring instead a large rapidity gap
�⌘ in the detector. t can then only be measured for particular final states X, e.g. for J/ 
mesons, whose momentum can be reconstructed very precisely.

61
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Exclusive J/𝜓 photoproduction in UPCs 
• Ultraperipheral collisions (UPCs) of ions at large impact parameters → 𝛾A 
scattering at high energies, Baltz et al., Phys. Rept. 480 (2008) 1.   

B
B

B
B

A A

A

X

X

jet 1 jet 1

jet 2 jet2

rapidity gap

(a) (b)

B
B

A
A

J/ψ,Υ

(c)

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

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

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

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

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

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

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

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

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

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

5

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

Photoproduction 
cross section

= J/𝜓 rapidity

d�AA!AAJ/ (y)

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

y = ln[W 2/(2�LmNMV )]

• In leading logarithmic approximation (LLA) of pQCD and 
non-relativistic approximation for charmonium wave function 
(J/𝜓, 𝜓(2S)), Ryskin, Z. Phys. C57 (1993) 89

Z. Phys. C 57, 89-92 (1993) 
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Abstract. Cross section of diffractive J / ~  production in 
deep inelastic scattering in the Born and the leading-log 
approximations of perturbative QCD are calculated. 

I Introduction 

The process of J /7  j electroproduction arouses interest 
due to two reasons. First, it can be calculated within the 
perturbative QCD and second, its cross section is propor- 
tional to the gluon structure function. So, it is a good way 
to study the gluon distribution inside a proton [1, 2]. 

In the reactions of heavy-quark photoproduction 7N--, 
c6X, a popular approach is the "photon-gluon fusion" 
mechanism [3, 1, 4, 5] based on the subprocess 7g~cd. 
The amplitude and cross section of inelastic J~ 7 J produc- 
tion via the same mechanism was calculated in [6] and 
then discussed in [7]. This approach has been called [5] 
diffractive J~ 7 j production, as (in the first approximation) 
the cross section does not depend on energy and there is 
no flavour exchange. Strictly speaking, this is not a true 
diffractive process. There is a colour exchange in this case 
due to the colour of the gluon content in the target; as 

da 
a consequence, the inclusive J/qJ cross section ~zz ~const .  

at z ~  1, instead of the &(1 - z )  or 1/(1 - z )  behaviours that 
are usual for diffractive processes (z is the part of photon 
momenta carried away by the J /7  J meson). 

The goal of this paper is to consider the exclusive (in 
some sense elastic) diffractive J / ~  electroproduction that 
is described by the exchange of a colourless two-gluon 
system*; in the Born approximation by the diagrams in 
Fig. 1. In the leading-log approximation (LLA), instead of 
the simple two-gluon "pomeron" [9], one has to use the 
whole system of LLA ladder diagrams; for t -- 0 this repro- 
duces exactly the gluon structure function ~G(Y, ~2). 

* The model for elastic and diffractive J/~ production based on 
vector meson dominance and pomeron exchange was considered 
recently in [8]. 

Thus, our amplitude is proportional to ~G(Y, ~2) and the 
exclusive diffractive cross sec t ion- to  the square of the 
gluon structure function. Due to this fact, the reaction 
7*+N--*J/Tt+N feels the variation of 2G(Y, ~2) better 
than the inclusive J/~t' cross section, which depends on 
YG(Y, ~2) only linearly. Therefore, this process is one of 
the best ways to measure the role of absorptive correc- 
tions (pomeron cuts contributions) and to observe the 
saturation of gluon density predicted in the frame-work of 
perturbative QCD in 1-10]. 

In Sect. 2 we calculate the amplitude of diffractive J / 7  j 
photoproduction. In Sect. 3 we discuss the spin structure 
of this amplitude and correspondingly the distribution in 
azimuthal angle. In Sect. 4 the numerical estimates of the 
single and double diffractive dissociation cross sections 
are given. 

2 Amplitude of ~,* +p--,J/W+p 

The Born amplitude of 7*+p--*J/~+p reaction is de- 
scribed by the sum of the two diagrams in Fig. 1. As the 
binding energy of S-wave e6-quarks J /7  J system is small 
(much less than the charm quark mass me= m), one can 
follow I-6] and use the nonrelativistic approximation, 
writing the product of two propagators (k and k' in Fig. 1) 
and the J / 7  J vertex (i.e. J / 7  J wave function integrated 
over the relative momenta of c6^quarks k = k '  in J / 7  J 
rest-frame system) in the form g(k+m)Tu. The constant 

~ 7  

l +  

qJ 
k 

a b 

Fig. la, b. Feynman diagrams for diffractive J/7 J production 

d��T!J/ T (W, t = 0)

dt
= C(µ2)

⇥
xGT (x, µ

2)
⇤2

x =
M2

J/ 

W 2
, µ2 = MJ/ /4 = 2.4 GeV2 C(µ2) = M3

J/ �ee⇡
3↵s(µ

2)/(48↵emµ8)
2
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Coherent J/𝜓 photoproduction on nuclei   
• Application to nuclear targets:

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

From HERA and LHCb

�A(tmin) =

Z tmin

�1
dt|FA(t)|2

From nuclear 
form factor

• Nuclear suppression factor S (like RpA or RAA)  → direct access to Rg

Nucleus/proton 
gluon ratio Rg

S(W�p) =

"
��Pb!J/ Pb

�IA
�Pb!J/ Pb

#1/2

= A/N
GA(x, µ2)

AGN (x, µ2)
= A/NRg

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

• Well-defined impulse approximation (IA):

�IA
�A!J/ A(W�p) =

d��p!J/ p(W�p, t = 0)

dt
�A(tmin)

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

From global QCD fits of nPDFs or leading 
twist nuclear shadowing model

��A!J/ A(W�p) = 2
A/N

d��p!J/ p(W�p, t = 0)

dt


GA(x, µ2)

AGN (x, µ2)

�2
�A(tmin)
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SPb from ALICE and CMS UPC data vs. theory 

• Good agreement with ALICE data on coherent J/𝜓 photoproduction in Pb-Pb 
UPCs@2.76 TeV  → direct evidence of large gluon NS, Rg(x=0.001) ≈ 0.6. 

• Also good description using central value of EPS09, EPPS16, large uncertainty. 
• Color dipole models generally underestimate the suppression, Goncalves, Machado (2011); 

Lappi, Mäntysaari, 2013, but proton shape fluctuations help, Mäntysaari, Schenke, PLB 772 (2017) 681

LTA: Guzey, Zhalov JHEP 1310 (2013) 207 
EPS09: Eskola, Paukkunen, Salgado, JHEP 
0904 (2009) 065 
HKN07: Hirai, Kumano, Nagai, PRC 76 (2007) 
065207 
nDS: de Florian, Sassot, PRD 69 (2004) 074028 
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• J/𝜓 photoproduction in Pb-Pb UPCs at LHC, Abelev et al. [ALICE], PLB718 (2013) 1273;            

Abbas et al. [ALICE], EPJ C 73 (2013) 2617; CMS Collab., PLB 772 (2017) 489 → suppression factor SPb

µ2=3 GeV2
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Run 2 results on exclusive J/𝜓 photoproduction 
in Pb-Pb UPCs from ALICE 

• Comparison to Impulse approximation and STARlight → indication of gluon 
shadowing  
• LTA, EPS09 → somewhat underpredict the data, except at forward |y| 
• (Some) dipole models also underpredict the data.

PLB 798 (2019) 134926, 
arXiv:1904.06272 [nucl-ex] 

Coherent J/y photoproduction at forward rapidity in Pb-Pb UPC ALICE Collaboration
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LTA (GKZ)
IIM BG (GM)
IPsat (LM)
BGK-I (LS)
GG-HS (CCK)

Figure 4: Measured coherent differential cross section of J/y photoproduction in ultra-peripheral Pb–Pb colli-
sions at

p
sNN = 5.02 TeV. The error bars represent the statistical uncertainties, the boxes around the points the

systematic uncertainties. The theoretical calculations [10, 16, 23, 32, 36–41] described in the text are also shown.
The green band represents the uncertainties of the EPS09 LO calculation.

STARlight is based on the Vector Meson Dominance model and a parametrization of the existing data
on J/y photoproduction off protons [23]. A Glauber-like formalism is used to calculate the J/y pho-
toproduction cross section in Pb–Pb UPC accounting for multiple interactions within the nucleus but
not accounting for gluon shadowing corrections. The STARlight model overpredicts the data, indicat-
ing the importance of gluon shadowing effects, but the discrepancy is much lower than for the Impulse
Approximation.

Guzey, Kryshen and Zhalov [32] provide two calculations (GKZ), one based on the EPS09 LO parametriza-
tion of the available nuclear shadowing data [42] and the other on the Leading Twist Approximation
(LTA) of nuclear shadowing based on the combination of the Gribov-Glauber theory and the diffractive
PDFs from HERA [43]. Both the LTA model and the EPS09 curve, corresponding to the EPS09 LO cen-
tral set, underpredict the data but remain compatible with it at the most forward rapidities. The data tends
to follow the upper limit of uncertainties of the EPS09 calculation corresponding to the upper bound of
uncertainties on the gluon shadowing factor in the EPS09 LO framework.

Several theoretical groups provided predictions within the color dipole approach coupled to the Color
Glass Condensate (CGC) formalism with different assumptions on the dipole-proton scattering ampli-
tude. Predictions by Gonçalves, Machado et al. (GM) based on IIM and b-CGC models for the scattering
amplitude underpredict the data [36, 37]. Predictions by Lappi and Mäntysaari (LM) based on the IP-
sat model [38, 39] give reasonable agreement though the range of predictions does not span all the
experimental points. Recent predictions by Luszczak and Schafer (LS BGK-I) within the color-dipole
formulation of the Glauber-Gribov theory [44] are in agreement with data at semi-forward rapidities,
|y|< 3, but slightly underpredict the data at more forward rapidities.

Cepila, Contreras and Krelina (CCK) provided two predictions based on the extension of the energy-

11
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Run 2 results on exclusive J/𝜓 photoproduction 
in Pb-Pb UPCs from LHCb 

• Good agreement with LTA, EPS09, and some versions of the dipole model with 
proton shape fluctuations.

Winn, 
arXiv:1808.0
8152 

6 / Nuclear Physics A 00 (2018) 1–7

Fig. 7. The ⌘ over ⇡0 production ratio in pp collisions as a function of transverse momentum and the auxiliary R� ratio in pp collisions
without and with reweight corrections [19].
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Fig. 8. The p2
T distribution of dimuon candidates in the J/ mass region as observed by LHCb. On the right hand side, the extracted

coherent J/ production cross section is compared with model calculations [20].

reconstruction e�ciency, which is dominated by the extrinsic uncertainty of the branching fraction ratio
BR(B! �c1(! J + �)K+)/BR(B! J/ K+). This illustration demonstrates the understanding of di↵erent
pp data samples in terms of di↵erent kinematics and final state particle multiplicity at a level of the present
systematic uncertainty without an excess being visible in this data set. The measurements of �-hadron
correlations are also carried out as a complementary approach. Both measurements are unique chances to
shed light in the low-x frontier of QCD probed at the highest energy hadron collider.

6. Coherent J/ production in ultra-peripheral PbPb collisions

Ultra-peripheral collisions in PbPb collisions are an opportunity to probe the nucleus with the quasi-real
photon cloud accompanying ultra-relativstic high-charge ions as 82+Pb. We report the first measurement
of coherent J/ ! µ+µ� production by LHCb [20]. Figure 8 demonstrates the capability to separate the
coherent from the incoherent production and the continuum. This measurement is sensitive to the gluonic
content of the nucleus. On the right hand side, the results are compared with di↵erent families of model
calculations. With the rapidity range covered by the experimental data points, it is possible to disfavour
several model calculations in their present form: a detailed discussion can be found in [20]. Measurements in
ultra-peripheral PbPb collisions will strongly profit from the anticipated 10 times larger recorded integrated
luminosity in LHCb for the 2018 run compared to the 2015 data set presented here.



Spacial imaging on nuclear gluons at small x   
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• S hadowing is stronger in nucleus center → correlations between impact 
parameter b and x → shift of t-dependence of 𝛾A → J/𝜓A cross section in UPCs:                                 

CY10488 PRC February 7, 2017 2:23

V. GUZEY, M. STRIKMAN, AND M. ZHALOV PHYSICAL REVIEW C 00, 005200 (2017)
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FIG. 1. The dσγA→V A(Wγp)/dt cross section for ρ (upper panel)
and J/ψ (lower panel) for 208Pb normalized to its value at t = tmin

as a function of |t |. The cross sections are calculated at Wγp = 62
GeV for ρ and Wγp = 124 GeV for J/ψ , corresponding to the LHC
Run 2

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

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

For the t dependence of the elementary γp → J/ψp cross260

section, we use the following simple exponential form:261

dσγp→J/ψp(Wγp)
dt

= dσγp→J/ψp(t = 0)
dt

eBJ/ψ t , (12)

where BJ/ψ (Wγp) = 4.5 + 0.4 ln(Wγp/90 GeV), which de-262

scribes well the HERA data on the t dependence of the263

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

Ref. [12].265

III. RESULTS AND DISCUSSION266

Figure 1 shows our results for the dσγA→V A(Wγp)/dt cross267

section for ρ (upper panel) and J/ψ (lower panel) coherent268

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

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

tmin = −m2
NM4

ρ/W 4
γp, and are evaluated at Wγp = 62 GeV for271

ρ and Wγp = 124 GeV for J/ψ , which corresponds to y = 0272

for Pb-Pb UPCs at
√

sNN = 5.02 TeV. In the upper panel, the273

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

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

result of Eq. (9) calculated with the lower value of σ3, which 276

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

photoproduction. For reference, we also show the normalized 278

nuclear form factor squared obtained by using the nucleon 279

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

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

the calculation at Wγp = 10 GeV corresponding to the RHIC 282

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

see that the normalized momentum-transfer distribution is a 284

weak function of Wγp between the RHIC and LHC energies. 285

One can see from the figure that nuclear shadowing 286

modifies the t dependence of dσγA→V A(Wγp)/dt by shifting 287

the positions of the diffractive minima and maxima towards 288

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

is %pt ≈ 18 MeV for ρ and %pt ≈ 14 MeV for J/ψ . Note that, 290

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

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

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

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

average σ3 cross section, which has a significant uncertainty 295

and constrained to lie in the σ3 = 26–45 mb interval. The 296

result of the calculation with the lower value of σ3, which 297

corresponds to the scenario with the larger gluon shadowing in 298

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

in Fig. 1. For the larger value of σ3 and the correspondingly 300

smaller gluon shadowing, the modification of the t distribution 301

of dσγA→J/ψA(Wγp)/dt compared with |FA(t)/A|2 is smaller; 302

the corresponding shift is %pt ≈ 6 MeV. 303

The shift of the t dependence of the dσγA→V A(Wγp)/dt 304

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

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

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

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

transverse size of these distributions by the equivalent radius 309

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

%RA/RA ≈ %pt/pt , which gives %RA/RA ≈ 1.14 for ρ and 311

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

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

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

broadening of the nuclear gluon and sea quark distributions 315

caused by nuclear shadowing can also be studied in other 316

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

scattering, where it leads to dramatic oscillations of the 318

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

Figure 2 shows our predictions for dσAA→ρA′A(y = 320

0)/dydt as a function of |t | (top panel) and dσAA→ρA′A(y = 321

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

at
√

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

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

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

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

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

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

contribution partially fills in the first diffractive minimum in 329

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

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

The differential dσAA→J/ψA′A(y = 0)/dydt cross section 332

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

corresponds to the calculations with the higher leading twist 334

005200-4

• Resulting shift = 5-11% broadening in impact parameter space of gluon nPDF 

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

• Oscillations of beam-spin nuclear DVCS asymmetry at EIC.

Guzey, Strikman, Zhalov, 
PRC 95 (2017) 025204
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l Small-x nPDFs — especially gluon nPDF — are poorly constrained by 
available fixed-target nuclear DIS, dA RHIC, and pA LHC data. Additional 
processes and Run 2 data may help. 

l The leading twist model of nuclear shadowing makes predictions of the 
effect of nuclear shadowing in various nPDFs (usual, diffractive, b-
dependent), which can be best tested at an EIC. 

l Before EIC and LHeC, new constrains on small-x nPDFs can obtained from 
Pb-Pb UPCs at the LHC: inclusive and diffractive dijet photoproduction, 
exclusive photoproduction of J/𝜓. 

l Coherent photoproduction of J/𝜓 in Pb-Pb UPCs at the LHC gives direct 
evidence of large gluon nuclear shadowing Rg(x=0.001, µ2 ≈ 3 GeV2) =0.6. 
  
l Heavy quarkonium photoproduction in UPCs gives access to transverse 
imaging of (nuclear) gluon distribution at small x.

Summary
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