
Leading twist nuclear shadowing: theory and 
applications to coherent charmonium 
photoproduction on nuclei at the LHC

Vadim Guzey
Petersburg Nuclear Physics Institute (PNPI), 

National Research Center “Kurchatov Institute”, 
Gatchina, Russia 

               Outline: 

- Basics of nuclear shadowing 
- Leading twist nuclear shadowing model, Frankfurt, Guzey, Strikman, Phys. Rept. 512 (2012) 255 
- Gluon shadowing from charmonium photoproduction at the LHC  
- Conclusions

1

Workshop “Proton and photon-induced nuclear collisions at the LHC” 
CERN, July 6-8, 2016 



Nuclear shadowing: data and global fits  
• Nuclear shadowing = high-energy (small x) coherent nuclear effect that          
F2A(x,Q2) <A F2N(x,Q2) → gA(x,Q2) <A gN(x,Q2)
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Piller, Weise (2000)

Fig. 3.2. (a) NMC data [72] for the structure function ratio F!
"
/F!

"
for #He, $"C, and #%Ca. (b) The ratio F!

"
/F!

"
for &Li,

$"C [76], and $'$Xe [77].

can be identi"ed: at x(0.1 one observes a systematic reduction of F!
"
/F!

"
, the so-called nuclear

shadowing. A small enhancement is seen at 0.1(x(0.2. The dip at 0.3(x(0.8 is often referred
to as the traditional `EMC e!ecta. For x'0.8 the observed enhancement of the nuclear structure
function is associated with nuclear Fermi motion. Finally, note again that nuclear structure
functions can extend beyond x"1, the kinematic limit for scattering from free nucleons.

! Shadowing region: Measurements of E665 [77}79] at Fermilab and NMC [72,76,80}83] at
CERN provide detailed and systematic information about the x- and A-dependence of the
structure function ratios F!

"
/F!

"
. Nuclear targets ranging from He to Pb have been used.

A sample of data for several nuclei is shown in Fig. 3.2. While most experiments cover the region
x'10(#, the E665 collaboration provides data for F)"

"
/F!

"
[77] down to xK2!10(*. Given

the kinematic constraints in "xed target experiments, the small x-region has been explored at
low Q" only. For example, at xK5!10(' the typical momentum transfers are Q"K1 GeV"
[76]. At extremely small values, xK6!10(*, one has Q"K0.03GeV" [77].

In the region 5!10('(x(0.1 the structure function ratios systematically decrease with
decreasing x. At still smaller x one enters the range of small momentum transfers,
Q"K0.5GeV", approaching the limit of high-energy photon}nucleus interactions with real
photons. As an example we show in Fig. 3.3 data on shadowing for real photon scattering
from &'Cu.

Shadowing systematically increases with the nuclear mass number A. For example, at
x+0.01 one "nds F!

"
/F+

"
&A"($ with !+0.95 [82]. A similar behavior has been observed in

high-energy photonuclear cross sections [91]: their A-dependence is roughly "#!+A%,-""#.
where "#. is the free photon}nucleon cross section averaged over proton and neutron.

The shadowing e!ect depends only weakly on the momentum transfer Q". The most precise
investigation of this issue has been performed for the ratio of Sn and carbon structure functions
presented in Fig. 3.4 [83]. It reveals that shadowing decreases at most linearly with lnQ" for
x(0.1. The rate of this decrease becomes smaller with rising x. At x'0.1 no signi"cant
Q"-dependence of F/#

"
/F+

"
is found.
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0) was made as only one type of data sensitive to the large-x valence quarks
was included in these fits. Indeed, at large x, one can approximate
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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)
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H. Pauukunen, NPA 926 (2014) 24

• For heavy nuclei, shadowing as large as 20% for Q2 >1 GeV2 and x>0.005. 

• The nuclear gluon distribution gA(x,µ2) is known with large uncertainties.  

• pA@LHC data can help mostly in antishadowing region, Armesto et al, arXiv:1512.01528; 
Eskola et al, JHEP 1310 (2013) 213 

• Future options: Electron-Ion Collider in the US, Accardi et al, ArXiv:1212.1701; 
LHeC@CERN, LHEC Study Group, J. Phys. G39 (2012) 075001 

• Option right now: Charmonium photoproduction in Pb-Pb UPCs@LHC

shadowing



Nuclear shadowing: Gribov-Glauber model  
• At high-energies, 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. 

• Classic example: Total pion-deuteron cross section

If interaction is given by Pomeron exchange, 
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

#

dk⃗2ρD
$

4k⃗2
% dσπN

diff (k⃗)

dk⃗2
, (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.
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Deuteron form factor Pion-nucleon diffr. diss. cross section

�⇡D
tot

= 2�⇡N
tot

� 2

Z
d~k2⇢D(4~k2)

d�⇡N
di↵

(k)

d~k2

3

Glauber (1955); 
Gribov (1969)

• For nucleon beams, diffractive dissociation is dominated by elastic scattering → 
Glauber model for total, elastic, inelastic pA and nA cross sections with % accuracy.



Gribov-Glauber model for 𝛾A and 𝛾*A scattering  
• For 𝛾 (𝛾*), diffraction into large masses is 40% (~100%) of diffr. dissociation cross 
section → interaction with 2 nucleons                                                                         
is determined by σeff: 

• Interaction with N ≥ 3 nucleons of nuclear target is model-dependent: 
- eikonal approximation, Frankfurt, Strikman (1999); Adeluyi, Fai (2006) 
- Schwimmer model, Capella et al (1997); Armesto et al (2003); Tywoniuk et al (2006)

Nuclear optical density

4
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• Eikonal  approx. in high-energy limit:

MASS DEPENDENCE OF NUCLEAR SHADOWING AT SMALL BJORKEN-x . . . PHYSICAL REVIEW C 74, 054904 (2006)
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FIG. 4. (Color online) Triple pomeron fit to the FNAL [9] data in
the nonresonant continuum (M2

X > 4 GeV2).

not very sensitive to the precise values of ηρ(ω). For the φ
meson, we take ηφ = 0.13 [20]. For lack of information, we
take ηρ(1600) = 0. For the high-mass continuum, we follow
Ref. [7] and define ηcont as

ηcont = π

2
(αIP(0) − 1), (18)

using the result of Gribov and Migdal [21].
The small difference between the photon-proton cross

section σγp and the photon-neutron cross section σγn is
neglected in this study. We use the Donnachie-Landshoff
parametrization of σγp [18] as the generic photon-nucleon
cross section σγN . For the nuclear densities three-parameter
fermi (3pF ) distributions are applied:

ρ(r) = ρ0
1 + ω(r/RA)2

1 + e(r−RA)/d
, (19)

with the parameter values taken from Ref. [22]. For mass
numbers A <∼ 20 a harmonic oscillator (HO) density distribu-
tion may be more appropriate than the 3pF distribution. For
uniformity, we use the 3pF distributions for the whole mass
range in light of the fact that uncertainties associated with
other parameters are at least comparable.

We carried out calculations at W = 15 and 25 GeV, the
approximate energies of the NMC and E655 experiments,
respectively. The results are displayed in Fig. 5, together with
the experimental data points. At very small x (x ≃ 10−4),
NMC has two data points, corresponding to 6Li and 12C. The
E665 experiment has four data points: 12C, 40Ca, 131Xe, and
208Pb. In view of the large error bars of the data, the calculation
can be said to describe the experimental information in the
entire mass range at E665 energies, and also for the two
available data points at NMC energies. For small A the
shadowing ratio decreases rapidly with A, whereas for large A
the decrease is more gradual. The calculated result also falls
steeply with increasing W .
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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
(solid circles) and E665 (solid squares) Collaborations. 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.

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 parameters
β0 and β1. To determine the energy dependence 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 prefer the simple physical picture of the two-
parameter fit, which is adequate considering the experimental
and theoretical error bars.

The uncertainties of our calculation are mostly related to
the various parametrizations of the diffractive dissociation
cross section. The δ function parametrization for the ω
and φ mesons should be satisfactory, and the width of the
ρ meson has been taken into account. Refinements of
the spectral function (13) are possible, and improvements
of the treatment of the ρ ′ resonance region 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,

054904-5

• Good description of total 𝛾A and 𝛾*A cross sections: 

Fig. 3

21

Adeluyi, Fai 2006
Armesto et al 2003



Leading twist nuclear shadowing model  
• For 𝛾*, one can combine Gribov-Glauber model with QCD factorization theorems for 
inclusive and diffractive DIS → shadowing for individual partons j, Frankfurt, Strikman (1999)
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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)

• Interaction with 2 nucleons: 
model-indep via diffractive PDFs:

— +

• Interaction with ≥ 3 nucleons: via 
soft hadronic fluctuations of 𝛾*
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• In quasi-eikonal approximation in low-x limit, Frankfurt, Guzey, Strikman 2012:
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Leading twist nuclear shadowing model (2)  
• Model gives nuclear PDFs at µ2=4 GeV2 for subsequent DGLAP evolution. 

• Name “leading twist” since diffractive structure functions/PDFs measured at HERA 
scale with Q2. 

• Gluon diffractive PDFs are large, ZEUS, H1 2006 → predict large shadowing for gA(x,µ2), 
Frankfurt, Guzey, Strikman, Phys. Rept. 512 (2012) 255 
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Input: Leading twist (LTA) vs. EPS09
Results of DGLAP evolution: from Q2=4 
GeV2 to Q2=10 and 10,000 GeV2 

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 1.4

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

Pb-208

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

x

Q2=4 GeV2

Q2=10 GeV2

Q2=10,000 GeV2

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 1.4

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

Pb-208, Q2=4 GeV2

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

x

EPS09
LTA

For quarks, the agreement between LTA and  EPS09 is much better.



LT shadowing: Impact parameter dependence  
• Shadowing arises from rescattering on target nucleons at given impact parameter b. 

• Removing integral over b → impact-parameter-dependent nuclear PDFs: 

7

xf

j/A

(x, b, µ2) = T

A

(b)xf
j/N

(x)�
2�j

2

f

j/N

(x, µ2)

[�j

soft

(x)]2

 
e

� 1

2

�

j
soft

(x)TA(b) � 1 +
�

j

soft

(x)

2
T

A

(b)

!

Author's personal copy

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

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

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

0 = 4 GeV2 and to model FGS10_H.

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

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

N(x, 0, t,Q 2) ⇡ fj/N(x,Q 2).)

• Can be only indirectly determined using global QCD fits, EPS09s nPDFs, Helenius et al (2012) 

• Can be probed and tested in: 
- centrality dependence of hard pA/AA processes, Helenius et al (2012) 
- t dependence of exclusive 𝛾*A processes, e.g., beam-spin asymmetry of nuclear 
DVCS at LHeC/EIC, Frankfurt, Guzey, Strikman 2012
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Nuclear diffractive parton distributions 
• Leading twist nuclear shadowing model can be applied to inclusive diffraction in 𝛾*A:

8
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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)

Z
d2b

����

Z 1

�1
dzeixPmNze� A

2 (1�i⌘)�
j
soft(x,Q

2)
R 1
z dz0⇢A(b,z0)⇢A(b, z)

����
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)
j/A (�,Q 2, xP) = 4⇡A2Bdiff�f D(3)

j/N (�,Q 2, xP)

Z
d2b

����

Z 1

�1
dzeixPmNze� A

2 (1�i⌘)�
j
soft(x,Q

2)
R 1
z dz0⇢A(b,z0)⇢A(b, z)

����
2

. (170)

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)
j/A (�,Q 2, xP) ⇡ 16⇡Bdiff�f D(3)

j/N (�,Q 2, xP)

Z
d2Eb

�����
1 � e� A

2 (1�i⌘)�
j
soft(x,Q

2)TA(b)

(1 � i⌘)�
j
soft(x,Q 2)

�����

2

. (171)

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

�f

D(3)

j/A

(x, µ2

, x

P

) = 16⇡fD(4)

j/N

(x, µ2

, x

P

, t = 0)

Z
d

2

b

 
1� e

� 1

2

�

j
soft

(x)TA(b)

�

j

soft

(x)

!
2

• Predicted large probability of hard diffraction on nuclei and nuclear diffractive PDFs:

• Can be measured in inclusive 𝛾*A diffraction at LHeC/EIC and hard diffraction in 𝛾A, 
e.g., diffractive photoproduction of dijets in UPCs@LHC, Guzey, Klasen 2016
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Leading twist vs. all-twist shadowing  
• In our leading twist shadowing model, we take µ2=4 GeV2 to minimize (i) HT effects 
in diffractive PDFs, H1, ZEUS, 2006, (ii) cross section fluctuation in 𝛾*  

• We underestimate shadowing at fixed-target energies → HT effects contaminate 
global QCD fits of nuclear PDFs.   

9
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Leading twist vs. higher-twist shadowing  

10

• Principal difference between our LTA and all-twist approaches, e.g. dipole model: 
Frankfurt, Guzey, McDermott, Strikman 2002 Author's personal copy
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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.
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a b c

Fig. 55. Graphs corresponding to the virtual photon–nucleus cross section in the eikonal approximation. 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.

Within the eikonal approximation, the expression for the nuclear inclusive structure function F2A(x,Q 2) reads, see,
e.g., [75],

F2A(x,Q 2) = AF2N(x,Q 2) � Q 2

4⇡2↵em
<e

"Z 1

0
d↵ d2d?

X

i

| (↵,Q 2, d2?,mi)|2

⇥ A(A � 1)
2

(1 � i⌘)2
Z

d2Eb
Z 1

�1
dz1

Z 1

z1
dz2

h
�qq̄N(x,Q 2, d2?,mi)

i2
⇢A(Eb, z1)⇢A(Eb, z2)

⇥ ei(z1�z2)2xmN e� A
2 (1�i⌘)�qq̄N (x,Q 2,d2?,mi)

R z2
z1 dz⇢A(z)

#

. (138)

In Eq. (138), ↵em is the fine-structure constant; ↵ is the fraction of the photon longitudinal momentum carried by q or q̄; d?
is the transverse diameter of the qq̄-system; mi is the mass of the constituent quark of flavor i; ⌘ is the ratio of the real to
imaginary parts of qq̄-nucleon scattering amplitude; | |2 is the probability of the virtual photon-qq̄ transition (the square
of the effective light-conewave functions of the virtual photon); �qq̄N is the qq̄-nucleon cross section, which is schematically
denoted by the two-gluon exchange in Fig. 55.

The square of the effective unpolarized light-cone wave function of the virtual photon, | |2, can be written as the sum
of the squares of the wave function for the transversely-polarized photon, | T |2, and the effective wave function for the
longitudinally-polarized photon, | L|2, i.e., | |2 = | T |2 + | L|2, where

| T (↵,Q 2, d2?,mi)|2 = 6↵em

4⇡2 e2i
⇥�
↵2 + (1 � ↵)2

�
✏2i K

2
1 (✏i d?) + m2

i K
2
0 (✏i d?)

⇤
,

| L(↵,Q 2, d2?,mi)|2 = 6↵em

⇡2 e2i Q
2↵2(1 � ↵)2K 2

0 (✏i d?). (139)

In Eq. (139), K0 and K1 are the modified Hankel functions; ✏2i = Q 2↵(1 � ↵) + m2
i . Following the analysis in Ref. [75], we

include four quark flavors and take mu = md = ms = 300 MeV and mc = 1.5 GeV. Note that the effective  L differs from
the light-cone wave function of the longitudinal photon. The additional factor of Q results from the exact cancellation of the
components of the longitudinal photon polarization vector that increase with energy, which follows from the conservation
of the electromagnetic current for the whole amplitude. (For the discussion of conceptual differences between the leading
twist and dipole model eikonal approximations to nuclear shadowing, see Section 5.14.4.)

Taking the longitudinally-polarized virtual photon, one readily obtains the expression for the longitudinal nuclear
structure function FA

L (x,Q 2):

FA
L (x,Q 2) = AFN

L (x,Q 2) � Q 2

4⇡2↵em
<e

"Z 1

0
d↵ d2d?

X

i

| L(↵,Q 2, d2?,mi)|2

⇥ A(A � 1)
2

(1 � i⌘)2
Z

d2Eb
Z 1

�1
dz1

Z 1

z1
dz2[�qq̄N(x,Q 2, d2?,mi)]2⇢A(Eb, z1)⇢A(Eb, z2)

⇥ ei(z1�z2)2xmN e� A
2 (1�i⌘)�qq̄N (x,Q 2,d2?,mi)

R z2
z1 dz⇢A(z)

#

. (140)

• The difference should manifest itself 
in observables dominated by small-
size dipoles:  

- nuclear longitudinal structure function 
FLA(x,Q2) at LHeC/EIC 

- cross section of J/𝜓 photoproduction on 
nuclei in UPCs@LHC
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Fig. 60. The shadowing correction to the nuclear longitudinal structure function FA
L (x,Q 2), 1 � FA

L (x,Q 2)/[AFN
L (x,Q 2)], as a function of Q 2 for x = 10�4

and x = 10�3. The curves correspond to the dipole model eikonal approximation; the shaded bands are the results of the leading twist theory of nuclear
shadowing.

FA
L (x,Q 2), see Figs. 59 and 60.) This happens because the dipole model eikonal approximation includes only the qq̄-
component of the virtual photonwave function and neglects diffractively produced inelastic states, such as qq̄g , qq̄gg , etc. To
reproduce the correct Q 2 behavior of nuclear shadowing, which is governed by the DGLAP evolution equation, one should
include the complete set of Fock states, i.e., aQ 2-dependent number of constituents, aswell as the QCD evolution trajectories
starting at large x � 0.1, where the nuclear PDFs are not screened in the leading twist approach. (For the discussion of QCD
trajectories, see Section 5.15.)

It is also worth mentioning that the lack of separation over twists in the dipole eikonal model precludes a simple
connection between thenuclear effects inDIS andother hardprocesses, such as the production of jets in� ⇤T ! jet1+jet2+X
and in pA ! jet1 + jet2 + X , etc.

Also, there are several technical problems with the implementation of the eikonal approximation. Firstly, in the
kinematicswhere the elastic and inelastic qq̄-nucleon cross sections are compatible, the use of the inelastic�qq̄N cross section
alone would significantly underestimate nuclear shadowing.

Secondly, to reproduce nuclear shadowing at the higher end of the shadowing region, 0.01  x  0.1, one needs to take
into account the non-zero longitudinal momentum transfer to the nucleus through the factor exp(i2xmN(z1 � z2)). In order
to arrive at this factor in the eikonal approximation, one needs to make a bold assumption that all essential Fock states of
the virtual photon have the same invariant mass of the order of Q .

Thirdly, in the target infinite momentum frame, the main source of the disappearance of nuclear shadowing with an
increase of Q 2 at fixed x is the mixing between the small-x and large-x contributions, which occurs due to the DGLAP
evolution. This effects is absent in the dipole eikonal approximation.

5.15. QCD evolution trajectories

The Q 2 evolution of nuclear PDFs is governed by the DGLAP evolution equations, see Eq. (117). The general trend of
the DGLAP Q 2 evolution is well known. As Q 2 increases, the parton densities shift toward lower values of x because of
the emission of softer partons. Therefore, the evolution proceeds along a trajectory in the x–Q 2 plane, which extends from
low Q 2 and high x toward large Q 2 and small x. The detailed knowledge of this trajectory is very important. It enables, for
example, to estimate the influence of the input PDFs at the initial evolution scale Q 2

0 on the result of the QCD evolution to
higher scales Q 2 and to judge as to what region of x at Q 2

0 contributes to the PDFs after the evolution. Also, an understanding
of the QCD evolution trajectory is relevant for the studies of the applicability of the leading twist QCD evolution.

To numerically study the trajectory in the x–Q 2 plane alongwhich the DGLAP evolution proceeds, we adopt the following
algorithm [74]. At the input scale, Q 2

0 = 4 GeV2, we pick an arbitrary value of x0, which will serve as the starting point of
the evolution trajectory, (x0,Q 2

0 ). For any Q 02 > Q 2
0 , we find x0, x0 < x0, by requiring that half of fj/A(x0,Q 02) comes from the

Triple-Pomeron coupling to 2 nucleons
Separate Pomeron couplings to 2 nucleons 
→ higher twist (HT) for small dipoles

vs.

Q2
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Exclusive charmonium photoproduction  
• In leading logarithmic approximation of perturbative QCD and non-relativistic 
approximation for charmonium wave function (J/𝜓, 𝜓(2S)):
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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 

• Corrections on quark and gluon kT, non-forward kinematics, real part of amplitude → 
corrections to C(µ2) and µ2, Ryskin, Roberts, Martin, Levin, Z. Phys. (1997); Frankfurt, Koepf, Strikman (1997)  

2
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GA(x, µ2)

AGN (x, µ2)

�2
�A(tmin)

• Application to nuclear targets:

Small correction kA/N ≈ 0.95 From HERA and LHCb
�A(tmin) =

Z tmin

�1
dt|FA(t)|2

From nuclear form factor

• Nuclear suppression factor S → direct access to Rg

Gluon shadow. Rg

Impulse Approximation

S(W�p) =

"
��Pb!J/ Pb

�

IA
�Pb!J/ Pb

#1/2

= A/N
GA(x, µ2)

AGN (x, µ2)
= A/NRg
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Comparison to SPb from ALICE UPC data 

• Good agreement with ALICE data on coherent J/𝜓 photoproduction in Pb-Pb 
UPCs@2.76 TeV  → first direct evidence of large gluon nuclear shadowing at x=0.001. 

• Similarly good description using EPS09+CTEQ6L. 

• Cannot be described by simple versions of the dipole model, Lappi, Mantysaari 2013 

• We predict similar suppression for J/𝜓 and 𝜓(2S)  → tension with ALICE data on 
𝜓(2S) photoproduction in Pb-Pb UPCs at y=0  → need to wait for better precision Run 
2 data.

4

case of ψ(2S) corresponds to µ2 = 4 GeV2. In the figure, we show two sets of predictions:

the predictions of the dynamical leading twist theory of nuclear shadowing [12] (the curves

labeled “LTA+CTEQ6L1”, which span the theoretical uncertainty band) and the results of

the EPS09 global QCD fit of nuclear PDFs [13] (the central value and the associated shaded

uncertainty band labeled “EPS09”).

In the case of photoproduction of J/ψ, the theoretical predictions describe well the values

of S(Wγp) (the filled squares with the associated errors), which were model-independently

extracted in the analysis [1] of the ALICE data on J/ψ photoproduction in Pb-Pb ultrape-

ripheral collisions at the LHC at
√
s = 2.76 TeV [3, 4].
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the predictions of the dynamical leading twist theory of nuclear shadowing [12] (the curves
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extracted in the analysis [1] of the ALICE data on J/ψ photoproduction in Pb-Pb ultrape-

ripheral collisions at the LHC at
√
s = 2.76 TeV [3, 4].
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Coherent J/𝜓 photoproduction in Pb-Pb UPCs 
with forward neutron emission

• UPCs can be accompanied by e.m. excitation of 
colliding ions followed by forward neutron emission, 
Baltz, Klein, Nystrand, PRL 89 (2002) 012301  

• CMS data in 0nXn-channel converted to 
the total coherent cross section agrees very 
well with our predictions of large gluon 
shadowing, CMS Collab., arXiv:1605.06966 
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Figure 2: Differential cross section versus rapidity for coherent J/y production in ultra-
peripheral PbPb collisions at

p
sNN = 2.76 TeV, measured by ALICE [29, 30] and CMS (see text

for details). The vertical error bars include the statistical and systematic uncertainties added
in quadrature, and the horizontal bars represent the range of the measurements in y. Also the
impulse approximation and the leading twist approximation calculations are shown (see text
for details).

input and implements a gluon recombination mechanism within the leading twist approxima-
tion result. This results in an effective nuclear gluon shadowing. The theoretical uncertainty
band for the leading twist approximation result shown in Fig. 2 is 12% and is due to the uncer-
tainty in the strength of the gluon recombination mechanism. This uncertainty is uncorrelated
with the photon flux uncertainty. The nuclear gluon distribution uncertainty is largest at mid-
rapidity where x ⇠ 10�3 in the nuclear gluon distribution. At forward rapidity there is a
two-fold ambiguity about the photon direction but the measurements are mostly sensitive to
x ⇠ 10�2 [29].

The data are also compared to the impulse approximation result that uses data from exclusive
J/y photoproduction in g + p interactions to estimate the coherent J/y cross section in g + Pb
collisions. By using g + p data, the impulse approximation calculation neglects all nuclear
effects such as the expected modification of the gluon density in the lead nuclei compared
to that of the proton. This calculation overpredicts the CMS measurement by more than 3
standard deviations in the rapidity interval 1.8 < |y| < 2.3, when adding the experimental and
theoretical uncertainties in quadrature.

The impulse approximation calculation is derived from the product of two quantities: the elas-
tic nuclear form factor FA(t) and the differential cross section ds/dt of g + p ! J/y + p, where
t is the momentum transfer from the target nucleus squared. The FA(t) is the Fourier transform
of the matter density r(t), while the elementary cross section ds/dt has been measured by var-
ious collaborations [4–8], as described in Section 1. The impulse approximation result shown

A.J. Baltz et al. / Physics Reports 458 (2008) 1–171 49

Fig. 36. The leading-order diagrams for ⌥ (left) and lepton pair [124] (right) production in � A and � � processes accompanied by Coulomb
excitation in ultraperipheral Pb + Pb collisions.

To ensure a large rapidity gap in one or in both hemispheres, we reject events with signals in the forward hadron
calorimeters towers, 3 < |⌘| < 5, above the default energy threshold for triggering on minimum-bias nuclear
interactions (HF+.OR.HF�). Although pure �Pb coherent events have rapidity gaps in both hemispheres, we are also
interested in triggering on “incoherent” � N photoproduction which usually breaks the target nucleus, partially filling
one of the hemispheres with particles.

To tag Pb⇤ Coulomb breakup by GDR neutron de-excitation, we require energy deposition in the Zero-Degree
Calorimeters [123] (ZDC + .OR.ZDC�) above the default threshold in normal Pb + Pb running. The availability of the
ZDC signals in the L1 trigger decision is an advantage of CMS.

2.7.2. Light meson reconstruction
Contributed by: P. Yepes

Here we present a feasibility study of light meson analysis in UPCs with CMS. Triggering on reactions without
nuclear breakup in CMS is difficult because the detector is designed to trigger on transverse energy rather than
multiplicity. The mesons considered here, with masses less than a few GeV/c2, will deposit little energy in the
calorimeters. However, even for low mass particles, triggering on reactions with nuclear breakup should be feasible
using the CMS ZDCs. The ⇢0 is used as a test case. We show that, despite the 4 T magnetic field of CMS and a tracker
designed for high pT particles, acceptable reconstruction efficiencies are achieved.

A set of 1000 ⇢0s produced in ultraperipheral Pb+Pb collisions were generated [73,84] and run through the detailed
GEANT-3-based CMS simulation package, CMSIM 125, using a silicon pixel detector with three layers. Events
were then passed through the digitization packages using version 7.1.1 of the ORCA reconstruction program. Only
information from the silicon pixels was used. The performance of the reconstruction algorithm does not significantly
improve with one or two additional silicon layers. The ⇢0 candidates are reconstructed by combining opposite-sign
tracks. The same-sign background was negligible. The overall reconstruction efficiency is ✏ = 35%. For central
rapidities, |⌘| < 1, ✏ = 42%, while for more forward rapidities, 1 < ⌘ < 1.8, ✏ = 16%. Therefore, we conclude
that light mesons produced in UPCs with nuclear breakup can be reconstructed in CMS if they are triggered with the
ZDCs.

2.7.3. ⌥ Detection in CMS
Contributed by: D. d’Enterria

At leading order, diffractive � A ! J/ (⌥) proceeds through a colorless two-gluon (Pomeron) exchange, see the
left-hand side of Fig. 36. After the scattering, both nuclei remain intact, or at a low level of excitation, and separated
from the produced state by a rapidity gap. Such hard diffractive processes are thus valuable probes of the gluon density
since their cross sections are proportional to the square of the gluon density, (d�� p,A!V p,A/dt)|t=0 / [xg(x, Q2)]2

where Q2 ⇡ M2
V /4 and x = M2

V /W 2
� p,A, see Eq. (9). At y = 0, x ⇠ 2⇥10�3 in � A ! ⌥ A interactions at the LHC.

The x values can vary by an order of magnitude in the range |y|  2.5, thus probing the nuclear PDFs in an x and Q2

range so far unexplored in nuclear DIS or in lower energy AA collisions, see Fig. 37. Photoproduction measurements
thus help constrain the low x behavior of the nuclear gluon distribution in a range where saturation effects due to
nonlinear evolution of the PDFs are expected to set in [30,31].
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l Leading twist nuclear shadowing model is a dynamical approach to nuclear 
PDFs and nuclear diffractive PDFs at small x, whose phenomenology requires 
only a few weakly-constrained parameters. 

l The approach makes definite predictions for x, Q2 and b dependence of 
nPDFs in the collider kinematics of LHC, LHeC and EIC, where results of global 
QCD fits are an extrapolation. 

l Predicted large nuclear gluon shadowing is confirmed by ALICE and CMS 
measurements of coherent J/𝜓 photoproduction on Pb in UPCs@LHC. 
   
l  Predictions of the LT shadowing model can be further tested in pA and 𝛾A 
scattering at the LHC in Run 2: photoproduction of charmonia (J/𝜓,𝜓’) and 
bottomia (Y), inclusive and diffractive photoproduction of dijets.   

Conclusions
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Diffraction in ep DIS at HERA

depend on x.

3.5.2 Diffractive structure functions and diffractive PDFs

Most of the HERA experimental studies were performed at small x. In this case, one
often uses the variable xIP = 1− z. The cross section for the process ep → e+ p+X (or
production of any other hadron), see Fig. 17, is usually parameterized in the following
form:

d4σD
ep

dxIP dt dx dQ2
=

2πα2

xQ4

!"

1 + (1− y)2
#

FD(4)
2 (x,Q2, xIP , t)− y2FD(4)

L (x,Q2, xIP , t)
$

,(83)

where Q2 is the virtuality of the exchanged photon; x = Q2/(2p·q) is the Bjorken variable;
y = (p · q)/(p · k) is the fractional energy loss of the incoming lepton. We follow here the
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Fig. 17. Diffractive production of a hadron with momentum p′ in the nucleon fragmentation
region in DIS.

notations commonly used for the description of phenomena in the small x kinematics; in
order to emphasize the role of small xIP processes, one introduces the superscript ”D”
denoting FD(4)

2 and FD(4)
L as the diffractive structure functions (the superscript ”(4)”

denotes that the structure functions depend on four variables). (Note that in the case of
generic x and z, these quantities are often referred to as fracture functions [148].) The
variables xIP and t are expressed through the experimentally measured quantities:

t= (p′ − p)2 ,

xIP =
q · (p− p′)

q · p
≈

M2
X +Q2

W 2 +Q2
,

β=
Q2

2q · (p− p′)
=

x

xIP
≈

Q2

Q2 +M2
X

, (84)
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• One of main HERA results is the discovery of large fraction of diffractive events (~10%) 
➞ diffraction is a leading twist phenomenon (H1 and ZEUS, 1994-2006)   
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53

• Collinear factorization (Collins ’97) ➞ diffractive parton distributions

• Measurement of the t-dependence of diffractive cross section: Bdiff = 6 GeV-2 ± 15%  
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twist theory of nuclear shadowing predicts for x = 10�4 and b = 0 that gA(x, b,Q 2)/[ATA(b)gN(x,Q 2)] = 0.33 (FGS10_H)
and gA(x, b,Q 2)/[ATA(b)gN(x,Q 2)] = 0.51 (FGS10_L), see Fig. 41.

The discussed results give another illustration of the observation that realistic nuclei can be treated as rather dilute
systems in the processes involving nuclear shadowing with large fluctuations of the number of involved nucleons, even at
small impact parameters.

3.5. Diffraction in DIS and the QCD factorization theorem

3.5.1. Nucleon fragmentation in DIS
In DIS a struck parton is removed from the nucleon and moves with a large momentum relative to the spectator system.

The struck parton and spectator system fragment into separate groups of hadrons. (Hadrons at the central rapidities may
belong to either of the groups.) It is convenient to consider the process in the Breit frame where the nucleon momentum
P ! 1 and the photon momentum is aligned along the same axis: Eq = �2xEP and qµ = 0 for all other components. In
the parton model approximation, the final quark flies with the momentum �xP in the opposite direction with respect to
the residual system that carries the momentum (1 � x)P . As a result, a hadron in the target fragmentation region can be
produced with the maximal light-cone fraction z relative to the incident nucleon: z  (1� x). For large x � 0.1, the process
corresponds to the removal of the valence quark from the nucleon and creation of a color flow between the current and
target fragmentation regions. As a result, for such x, the distribution in the variable xF = z/(1 � x) should go to zero at the
kinematic limit xF ! 1 [123,139]. (This kinematic limit follows from the requirement that theminus component of the four
momentum of the system X should be positive. The actual dependence on xF follows from details of the QCD dynamics and
is often parameterized in terms of quark counting rules.) With a decrease of x, the dynamics changes; hence, the shape of
the distribution z(xF ) should depend on x.

3.5.2. Diffractive structure functions and diffractive PDFs
Most of the HERA experimental studies were performed at small x. In this case, one often uses the variable xP = 1 � z.

The cross section for the process ep ! e + p + X (or production of any other hadron), see Fig. 17, is usually parameterized
in the following form:

d4� D
ep

dxP dt dx dQ 2 = 2⇡↵2

xQ 4

h�
1 + (1 � y)2

�
FD(4)
2 (x,Q 2, xP, t) � y2FD(4)

L (x,Q 2, xP, t)
i
, (83)

whereQ 2 is the virtuality of the exchanged photon; x = Q 2/(2p ·q) is the Bjorken variable; y = (p ·q)/(p ·k) is the fractional
energy loss of the incoming lepton. We follow here the notations commonly used for the description of phenomena in the
small x kinematics; in order to emphasize the role of small xP processes, one introduces the superscript ‘‘D’’ denoting FD(4)

2
and FD(4)

L as the diffractive structure functions (the superscript ‘‘(4)’’ denotes that the structure functions depend on four
variables). (Note that in the case of generic x and z, these quantities are often referred to as fracture functions [148].) The
variables xP and t are expressed through the experimentally measured quantities:

t = (p0 � p)2,

xP = q · (p � p0)
q · p ⇡ M2

X + Q 2

W 2 + Q 2 ,

� = Q 2

2q · (p � p0)
= x

xP
⇡ Q 2

Q 2 + M2
X
, (84)

whereMX is the invariant mass of the produced final state;W 2 is the invariant mass squared of the � ⇤p system (see Fig. 17).
The variable xP describes the fractional loss of the proton longitudinal momentum; we also defined here � which is the
longitudinal momentum fraction with respect to xP carried by the interacting parton (to the leading order in ↵s). Note that
the contribution of the termproportional to FD(4)

L in Eq. (83) is kinematically suppressed and usually neglected in the analysis
of diffraction.

In pQCD a partonwith a virtualityQ 2
0 is resolved at higherQ 2 leading to the scaling violations. If a parton at the resolution

scale (x,Q 2) is removed, the final state in the fragmentation region will be changed as compared to the removal of a parent
parton at the scale (x0,Q 2

0 ). The difference is due to the emission of partons in the evolution process and fragmentation of the
struck quark. However, partons produced in the hard process of the evolution from scale Q0 to scale Q have the transverse
momenta�Q0 and, hence, their overlapping integral with a low pt and finite z hadron is suppressed by a power of Q 2

0 [121].
The quark–gluon system produced in the hard interaction is well localized in the transverse directions and, hence, should
interactwith the target in the sameway as the parton at (x0,Q 2

0 ). As a result, theQ 2 evolution of the fragmentation functions
for fixed t and z is given by the same DGLAP equations as those for the nucleon PDFs [59,121]. This result follows from the
fact that QCD evolution occurs in both cases off a single parton. The kinematical window appropriate for the onset of the
applicability of the QCD factorization theorem depends on the interplay between z and x: (i) the selection of smaller x

Author's personal copy

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

Fig. 17. Diffractive production of a hadron with momentum p0 in the nucleon fragmentation region in DIS.

increases the contribution of higher-twist effects, and (ii) the products of the hard parton fragmentation tend to fill the
rapidity gap between the photon and target fragmentation regions, especially in the case when this parton carries a small
fraction z of the photon momentum. Thus, larger Q0 is necessary to suppress the both effects.

Similarly to the inclusive case, the factorization theorem for diffraction (production of a hadron with fixed z and t) in DIS
states that, at given fixed t and xP and in the leading twist approximation, the diffractive structure function FD(4)

2 is given by
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), (85)

where � = x/xP. The diffractive PDFs f D(4)
j are conditional probabilities to find a parton of flavor jwith a light-cone fraction

� in the proton that undergoes diffractive scattering characterized by the longitudinal momentum fraction xP and the
momentum transfer t , see Sections 3.5 and 3.6 for details.

3.5.3. Diffractive dynamics in DIS
DIS at finite x creates a color flow between the current and target fragmentation regions leading to a strong break-up of

the nucleon since a typical nucleon carries a relatively small light-cone fraction of the initial nucleonmomentum (remember
that z > 1 � x is kinematically forbidden in this case). Hence, the HERA observation of the significant diffraction in DIS at
small x came as a surprise to the theorists not used to the small x dynamics since pQCD and the confinement of color do not
allow rapidity gaps.

The key to resolving this puzzle has been provided long time ago by the aligned jet model (AJM) [122]. The model was
proposed to address the Gribov paradox consisting in the observation that if all configurations in the virtual photon wave
function interacted with large hadronic strengths with nuclei, the Bjorken scaling would be grossly violated at small x.
Bjorken has demonstrated that if one follows the spirit of the parton model and allows only the interactions of the partons
with small kt , the scaling is restored. The dominant configurations in the photon wave function are the qq̄ pairs with the
invariant masses of the order of Q 2 and transverse momenta ksoft. In the rest frame of the target, the partons carry the
momenta p1 ⇠ q0 and p2 = k2soft/(2xmN). In coordinate space, the process proceeds as follows: � ⇤ transforms into a qq̄ pair
with the momenta ±ksoft at a large distance 1/(2mNx) from the target. After covering this distance to the target, the qq̄ pair
has the transverse separation which is of the order of 1/ksoft and the system can interact with the typical hadronic strength.

In QCD one needs to modify the AJM to account for two effects [81]. One is the Sudakov form factor: � ⇤ cannot transform
into a qq̄ pair with small kt without gluon radiation. This effect is taken into account by the pQCD evolution (change of
x of the parton). It does not change the transverse size of the system and, as a result, the system interacts with the same
strength at largeQ 2. The secondmodification is the presence of large kt configurations that have small transverse sizes. Their
interaction is suppressed by the factor↵s(kt)2/k2t —the color transparency effect. However, due to a large phase volume, these
configurations give a contribution comparable to that of the AJM. (The estimate of [81,82] suggested that the AJM contributes
about 70% to F2p(x ⇠ 10�2,Q 2

0 ⇠ 2–3 GeV2).)
While diffraction for the AJM configurations is expected to be comparable to that of hadrons, it is strongly suppressed for

small size configurations for moderate x > 10�3 since the strength of the interaction enters quadratically in the diffractive
cross section.

The dominance of the AJM configurations leads to the expectation that the W dependence of diffraction at fixed Q 2 and
M2

X should be close to that for soft processes [138]. Another important contribution to diffraction is due to large size color
octet dipoles (qq̄g configurations in the virtual photon). These predictions are in a good agreement with the current HERA
data, see below.
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and the ZEUS data on xP�
D(3)
r , the normalization of the predictions of the H1 fit B is somewhat smaller than that of the ZEUS

fit [73].
One should also mention that the value of ↵P(0) at low virtualities Q 2 obtained by the H1 and ZEUS analyses are very

close: the H1 value of ↵P(0) in Eq. (91) should be compared to ↵P(0) = 1.11 � 1.12 ± 0.02 obtained by ZEUS [73].

3.6.2. Diffractive structure function FD(4)
2

The measurement of the t dependence of hard inclusive diffraction and the structure function FD(4)
2 can be performed by

detecting the final state proton. This was done using the forward proton spectrometer (FPS) by the H1 collaboration [62]
and the leading proton spectrometer (LPS) by the ZEUS collaboration [72]. In the following, we focus on the H1 results since
we used the H1 Fit B as an input for our calculations of nuclear shadowing.

In the kinematic range 2 < Q 2 < 50 GeV2 and xP < 0.02, the t dependence of FD(4)
2 was parameterized in a simple

exponential form with a constant slope,

FD(4)
2 (x,Q 2, xP, t) = eBdiff(t�tmin)FD(4)

2 (x,Q 2, xP, tmin), (92)

where Bdiff ⇡ 6 GeV�2 [62]. Note that this value is somewhat lower (but still consistent) than the ZEUS LPS result,
Bdiff = 7.0 ± 0.3 GeV�2 [72].

After the integration over t , the FPS data on �
D(3)
r [62] can be compared to the LRG data [61]. A point-by-point comparison

shows that

�
D(3)
r (LRG)

�
D(3)
r (FPS)

= 1.23 ± 0.03 (stat.) ± 0.16 (syst.). (93)

Eq. (93) is interpreted as that the excess of events in the LRG method compared to the FPS method must come from the
proton dissociation into the states with the invariant massMY < 1.6 GeV.

The FPSmethod also allows one to find the relation between the sub-leading cross sections obtained in the twomethods:

nR(LRG)

nR(FPS)
= 1.39 ± 0.48 (exp.) ± 0.29 (model). (94)

Eqs. (93) and (94) mean that the QCD prediction for the diffractive structure function FD(3)
2 , which would be consistent

with the H1 FPS data [62], is obtained by scaling down fits A and B for the Pomeron PDFs by the factor 1.23 and the constant
nR by the factor 1.39. This is illustrated in Fig. 21 (taken from Ref. [62]), where the scaled QCD predictions are compared to
the H1 FPS data. The solid curves correspond to fit A in the kinematic region used in the fit (see comments for Fig. 20); the
dashed curves correspond to fit A extrapolated beyond the kinematic region used in the fit; the dotted curves correspond
to the Pomeron contribution only. Since the FPS data extend to larger values of xP, Fig. 21 clearly indicates the need for the
sub-leading Reggeon contribution for xP > 0.01.

3.6.3. Tests of the QCD factorization using other diffractive DIS processes
The diffractive parton distributions (DPDFs) f D(4)

j are process-independent universal quantities that enter the pQCD
description of such diffractive processes as inclusive DIS diffraction [60–62,66,67,69,71–73], diffractive electroproduction
of jets [63,64,70], diffractive photoproduction of jets [64,151,152], diffractive electroproductions of heavy quarks [65,153],
and diffractive photoproduction of heavy quarks [154]. The Q 2 dependence of f D(4)

j is given by the DGLAP equations with
the same splitting functions as in the case of inclusive DIS. Hence, a wide range of processes (some of them are mentioned
above) can be described from the first principles in the framework of perturbative QCD using universal non-perturbative
DPDFs as input.

Measurements of diffractive DIS processes serve as stringent tests of theQCD factorization for hard diffraction and further
constrain diffractive PDFs. One example of such a diffractive process, which predominantly probes the gluon diffractive PDF,
is diffractive production of dijets, see Fig. 22. The figure depicts diffractive production of dijets in DIS. Replacing the virtual
photon by the real (quasi-real) one, it is possible to study diffractive photoproductions of dijets. In the latter process, the
hard scale is given by the transverse momenta of the jets.

Both H1 and ZEUS collaborations measured diffractive dijet production. In detail, the H1 collaboration measured
diffractive dijet production in DIS (4 < Q 2 < 80 GeV2) and photoproduction (Q 2 < 0.01 GeV2) in the reaction
ep ! e jet1 jet2 XY [64,151]. It was found that, in DIS, the data are described well by diffractive PDFs extracted from the
fits to the H1 data on inclusive diffraction in DIS [61,62]. The dijet data clearly favors fit B, which corresponds to a smaller
(compared to fit A) gluon diffractive PDF fg/P(�,Q 2) in the large � limit, see Fig. 19.

In photoproduction of dijets, theoretical predictions based on fit B overestimate the data by approximately a factor
of two (both for the direct and resolved contributions). This indicates the breakdown of the QCD factorization theorem
for the photoproduction, similarly to the case of factorization breaking in hadron-induced diffractive dijet production, see
e.g., [155]. One should note that while the factorization breaking is expected for the resolved component of the real photon
(since the resolved component consists of hadronic fluctuations interactingwith the targetwith typical, large hadronic cross
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It is also instructive to consider diffraction in the Breit frame. It is easy to see that the AJM contribution corresponds to
the following process: a parton with the light-cone fraction x absorbs � ⇤ and turns around so that it has the momentum
(xP, �xP). To produce a color neutral system with the typical mass squared M2

X ⇡ Q 2, it has to pick up a parton with the
momentum (x0P, x0P) leading to M2

X = Q 2(x0/x) and pull it out of the nucleon. This implies that although the diffraction
involves the absorption of � ⇤ by one parton, it requires the presence of a strong short-range correlation in rapidity between
the partons in the nucleon light-cone wave function [138]. A nearly hadron-level strength of the diffraction indicates that a
strong color screening takes place in the proton wave function for small x locally in x (in rapidity �Y = ln x0/x).

3.6. Summary of the QCD analysis of the data on hard diffraction at HERA

3.6.1. Diffractive structure function FD(3)
2

The bulk of the data on diffraction in DIS at HERA comes from inclusive measurements performed by H1 and ZEUS
collaborations [60–73]. When the t dependence of the diffractive cross section is not measured [60,61,67,71,73], the data
are analyzed in terms of the diffractive structure function FD(3)

2 :

FD(3)
2 (x,Q 2, xP) =

Z tmin

�1GeV2
dtFD(4)

2 (x,Q 2, xP, t), (86)

where FD(4)
2 is defined by Eq. (83); tmin = �m2

Nx
2
P/(1 � xP) ⇡ �m2

Nx
2(1 + M2

X/Q
2)2 with mN the nucleon mass.

The weak (logarithmic) Q 2 dependence of FD(3)
2 , which follows from the QCD evolution equations for diffractive PDFs,

was observed experimentally, see, e.g., Fig. 21 below.
As we discussed above the diffractive structure function FD(3)

2 is given in terms of the diffractive PDFs f D(3)
j :

FD(3)
2 (x,Q 2, xP) = �

X

j=q,q̄,g

Z 1

�

dy
y
Cj

✓
�

y
,Q 2

◆
f D(3)
j (y,Q 2, xP). (87)

Extensive studies of hard inclusive diffraction at HERA were performed both by H1 and ZEUS collaborations [60–73].
Within the normalization uncertainties, the measurements of the two collaborations are in good agreement, see, e.g., the
comparison in Ref. [72].

It was suggested in [149] that diffraction in hard process can be treated as scattering off a t-channel exchange – Pomeron
– which has the same properties for different xP. We have argued above that the dominant source of the diffraction in DIS is
the AJM-like configurations in the virtual photon. In a wide energy range, these hadron-like configurations should interact
through a coupling to a soft ladder. The properties of such a ladder (or a multiladder system), which are local in rapidity,
should weakly depend on its length in rapidity proportional to ln(x0/xP), where x0 ⇠ 0.01.

In line with the suggestion of [149], the QCD analyses of the HERA diffractive data make an additional soft/Regge
factorization assumption (which does not contradict the data) that DPDFs f D(3)

j can be presented as a sum of the leading
Pomeron-exchange term and the subleading Reggeon-exchange term (the latter plays a role only at large xP). Each of the
terms is given as the product of the corresponding flux factors and the parton distribution functions,

f D(3)
j (�,Q 2, xP) = fP/p(xP)fj/P(�,Q 2) + nRfR/p(xP)fj/R(�,Q 2), (88)

where fP/p(xP) is the Pomeron flux factor; fR/p is the Reggeon flux factor; fj/P(�,Q 2) can be interpreted as the PDF of flavor j
of the Pomeron; fj/R(�,Q 2) are PDFs of the subleading Reggeon; nR is a small free parameter determined from the fit to the
data. The Q 2 dependence of fj/P(�,Q 2) is given by the DGLAP evolution equations.

Note that Eq. (88) does not follow from the QCD factorization theorem, but it is rather a hypothesis of the soft matching
to the non-perturbative QCD, which is supported by the data (see the discussion below).

The schematic view of the separation of f D(3)
j into the flux factors and the corresponding PDFs used in Eq. (88) is presented

in Fig. 18. The figure also illustrates the physical interpretation of the variable �: � is the light-cone fraction of the Pomeron
(or Reggeon) momentum carried by the interacting parton.

It is important to emphasize that the words ‘‘Pomeron’’ and ‘‘Reggeon’’ are used in the analysis of the hard diffraction
in DIS only as bookkeeping terms since those terms are reserved for soft hadron–hadron interactions. The parameters
(intercepts, slopes, etc.) of the Pomeron and Reggeon exchanges as determined from the phenomenology of soft
hadron–hadron interactions may differ from the parameters obtained from the fits to the hard diffractive data at HERA.

In Eq. (88), the Pomeron and Reggeon flux factors have the following form:

fP/p(xP) =
Z tmin

�1GeV2
dt AP

eBPt

x2↵P(t)�1
P

, ↵P(t) = ↵P(0) + ↵0
Pt,

fR/p(xP) =
Z tmin

�1GeV2
dt AR

eBRt

x2↵R(t)�1
P

, ↵R(t) = ↵R(0) + ↵0
Rt. (89)
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Diffraction in ep DIS at HERA (2)
• It is convenient to use (supported by data):

argued above that the dominant source of the diffraction in DIS is the AJM-like config-
urations in the virtual photon. In a wide energy range, these hadron-like configurations
should interact through a coupling to a soft ladder. The properties of such a ladder (or
a multiladder system), which are local in rapidity, should weakly depend on its length in
rapidity proportional to ln(x0/xIP ), where x0 ∼ 0.01.

In line with the suggestion of [149], the QCD analyses of the HERA diffractive data make
an additional soft / Regge factorization assumption (which does not contradict the data)

that DPDFs fD(3)
j can be presented as a sum of the leading Pomeron-exchange term and

the subleading Reggeon-exchange term (the latter plays a role only at large xIP ). Each
of the terms is given as the product of the corresponding flux factors and the parton
distribution functions,

fD(3)
j (β, Q2, xIP ) = fIP/p(xIP )fj/IP (β, Q

2) + nIRfIR/p(xIP )fj/IR(β, Q
2) , (88)

where fIP/p(xIP ) is the Pomeron flux factor; fIR/p is the Reggeon flux factor; fj/IP (β, Q2)
can be interpreted as the PDF of flavor j of the Pomeron; fj/IR(β, Q2) are PDFs of the
subleading Reggeon; nIR is a small free parameter determined from the fit to the data.
The Q2 dependence of fj/IP (β, Q2) is given by the DGLAP evolution equations.

Note that Eq. (88) does not follow from the QCD factorization theorem, but it is rather
a hypothesis of the soft matching to the non-perturbative QCD, which is supported by
the data (see the discussion below).
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Fig. 18. A schematic representation of the factorization of the diffractive PDFs into the product
of the Pomeron or Reggeon flux factor and the corresponding PDFs, see Eq. (88).

The schematic view of the separation of fD(3)
j into the flux factors and the corresponding

PDFs used in Eq. (88) is presented in Fig. 18. The figure also illustrates the physical
interpretation of the variable β: β is the light-cone fraction of the Pomeron (or Reggeon)
momentum carried by the interacting parton.

It is important to emphasize that the words ”Pomeron” and ”Reggeon” are used in the
analysis of the hard diffraction in DIS only as bookeeping terms since those terms are
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argued above that the dominant source of the diffraction in DIS is the AJM-like config-
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2) , (88)

where fIP/p(xIP ) is the Pomeron flux factor; fIR/p is the Reggeon flux factor; fj/IP (β, Q2)
can be interpreted as the PDF of flavor j of the Pomeron; fj/IR(β, Q2) are PDFs of the
subleading Reggeon; nIR is a small free parameter determined from the fit to the data.
The Q2 dependence of fj/IP (β, Q2) is given by the DGLAP evolution equations.

Note that Eq. (88) does not follow from the QCD factorization theorem, but it is rather
a hypothesis of the soft matching to the non-perturbative QCD, which is supported by
the data (see the discussion below).
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Fig. 18. A schematic representation of the factorization of the diffractive PDFs into the product
of the Pomeron or Reggeon flux factor and the corresponding PDFs, see Eq. (88).

The schematic view of the separation of fD(3)
j into the flux factors and the corresponding

PDFs used in Eq. (88) is presented in Fig. 18. The figure also illustrates the physical
interpretation of the variable β: β is the light-cone fraction of the Pomeron (or Reggeon)
momentum carried by the interacting parton.

It is important to emphasize that the words ”Pomeron” and ”Reggeon” are used in the
analysis of the hard diffraction in DIS only as bookeeping terms since those terms are
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“Pomeron”  
flux 

The results of the H1 QCD fit in terms of the diffractive quark and gluon PDFs, fu/IP (β, Q2)
and fg/IP (β, Q2), at Q2 = 2.5 GeV2 as functions of β are presented in Fig. 19. The solid
curves correspond to fit B; the dotted curves correspond to fit A. The difference between
fits A and B is that while the parameters Aj , Bj and Cj in Eq. (90) are free in fit A,
Cg = 0 for the gluon PDF in Fit B.
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Fig. 19. The diffractive quark and gluon PDFs fj/IP (β, Q
2) at Q2 = 2.5 GeV2 as functions of β.

The need to have two types of fits is explained by the fact that the gluon diffractive PDF is
determined from the scaling violations of FD(3)

2 . However, at large β, the scaling violations
of FD(3)

2 are predominantly determined by the quark diffractive PDFs. Therefore, the
gluon diffractive PDF at large β is very weakly constrained by the data, which allows one
(requires) to consider two scenarios (fits A and B) of the gluon diffractive PDFs with a
different behavior in the large-β limit, see the right panel of Fig. 19.

Note that the large support of the diffractive PDFs at large β means that the diffraction
is enhanced in the M2

X/Q
2 ∼ 1 region, resulting in a smaller relative contribution of the

triple Pomeron contribution to diffraction, see Sec. 5.1.3.

One should mention that both fits A and B correspond to very similar values of αIP (0)
and nIR:

Fit A : αIP (0)= 1.118± 0.008 , nIR = (1.7± 0.4)× 10−3 ,

Fit B : αIP (0)= 1.111± 0.005 , nIR = (1.4± 0.4)× 10−3 . (91)

It is important to note that these values of the Pomeron intercept αIP (0) are very close
to the one observed for soft hadron-hadron interactions, αIP (0) = 1.0808 [131]. As we
explained in Sec. 3.1, this justifies the use of the color fluctuation approximation for the
interaction with three and more nucleons of the nuclear target.

As seen from Fig. 19, the gluon diffractive PDF is much larger than the quark one. We shall
later show that this will lead to the prediction that the leading twist nuclear shadowing
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• H1 and ZEUS determined “Pomeron” PDFs:  

“Pomeron” PDFs

• Necessary information for numerical prections. 
   Important that gP >> qP .
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Effective cross sections σ2 and σsoft 
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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)
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LT nuclear shadowing predictions: Input 
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Fig. 31. Predictions for nuclear shadowing at the input scale Q 2
0 = 4 GeV2. The ratios Rj (ū and c quarks and gluons) and RF2 as functions of Bjorken x at

Q 2 = 4. The four upper panels are for 40Ca; the four lower panels are for 208Pb. Two sets of curves correspond to models FGS10_H and FGS10_L (see the
text).

Another important quantity related to the longitudinal structure function is the ratio of the virtual photon-target cross
sections for the longitudinal and transverse polarizations of the virtual photon,

R ⌘ �L

�T
= FL(x,Q 2)

F2(x,Q 2) � FL(x,Q 2)
. (123)

Below we present our predictions for the super-ratio RA/RN , which is the ratio of the nuclear to the nucleon ratios R:

RA

RN
⌘ FA

L (x,Q 2)

F2A(x,Q 2) � FA
L (x,Q 2)

F2N(x,Q 2) � FN
L (x,Q 2)

FN
L (x,Q 2)

= FA
L (x,Q 2)

AFN
L (x,Q 2)

AF2N(x,Q 2)

F2A(x,Q 2)

1 � FN
L (x,Q 2)/F2N(x,Q 2)

1 � FA
L (x,Q 2)/F2A(x,Q 2)

. (124)

The advantage of considering the super-ratio RA/RN is that this quantity is essentially insensitive to the value of the
elementary ratio RN .

Fig. 36 presents our predictions for RA/RN of Eq. (124) for 40Ca and 208Pb for four different values of Q 2 as a function of
Bjorken x. Both models FGS10_H and FGS10_L give numerically indistinguishable predictions for RA/RN . Also, as one can see

• Frankfurt, Guzey, Strikman, Phys. Rept. 512 (2012) 255
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LT nuclear shadowing predictions: Q2 evolution 
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Fig. 34. Prediction for nuclear PDFs and structure functions for 208Pb. 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.

The numerical value of the exponent � = 0.25 in Eq. (126) can be understood as follows. The x dependence of nuclear
shadowing at small x is primarily driven by the xP dependence of the Pomeron flux fP/p(xP) / 1/x(2↵P�1)

P / 1/x1.22P . There-
fore, in the very small x limit, one expects from Eq. (64) that, approximately,

�F2A(x,Q 2)/A /
✓
1
x

◆0.22

,

�xgA(x,Q 2)/A /
✓
1
x

◆0.22

, (127)

which is consistent with our numerical result in Eq. (126).
When we present our predictions for nuclear shadowing in the form of the ratios of the nuclear to nucleon PDFs, it is

somewhat difficult to see the leading twist nature of the predicted nuclear shadowing because of the rapid Q 2 dependence
of the free nucleon structure functions and PDFs. In order to see the leading twist nuclear shadowing more explicitly, one
should examine the absolute values of the shadowing corrections.

Fig. 38 presents |�F2A(x,Q 2)/A| and |�xgA(x,Q 2)/A| as functions of Q 2 at fixed x = 10�4 (first and third rows) and
x = 10�3 (second and fourth rows) for 40Ca (four upper panels) and 208Pb (four lower panels). The solid curves correspond
to FGS10_H; the dotted curves correspond to FGS10_L. Also, for comparison, presented by the dot-dashed curves, we give

• Frankfurt, Guzey, Strikman, Phys. Rept. 512 (2012) 255
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Pb-208
Comparison to results of global fits

EPS09 = Eskola, Puukkunen, Salgado, JHEP 04 (2009) 065 
HKN07 = Hirai, Kumano, Nakano, PRC 76(2007) 065207 

ratios of the nuclear to nucleon PDFs are plotted as a function of x at two fixed values of
Q2: Q2 = 4 GeV2 (upper panels) and Q2 = 10 GeV2 (lower panels).
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Fig. 53. Comparison of predictions of the leading twist theory of nuclear shadowing [the area
bound by the two solid curves corresponding to models FGS10 H (lower boundary) and FGS10 L
(upper boundary)], the EPS09 fit (dotted curves and the corresponding shaded error bands) [51],
and the HKN07 fit (dot-dashed curves) [45]. The NLO fj/A(x,Q

2)/[Afj/N (x,Q2)] ratios for the
ū-quark and gluon distributions in 208Pb are plotted as functions of x at Q2 = 4 GeV2 (upper
panels) and Q2 = 10 GeV2 (lower panels).

As one can see from Fig. 53, the three compared approaches give rather close values for
nuclear shadowing in the sea-quark channel for a wide range of x, 10−5 ≤ x ≤ 0.02−0.03.
For larger x, the HKN07 fit deviates from the other two due to the assumed antishadowing
for the sea quarks.

In the gluon channel, our approach suggests much larger shadowing at Q2 = 4 GeV2 than
that suggested by the extrapolation of the EPS09 and HKN07 results. Here, however,
one has to make a distinction. While the shadowing in the gluon channel is insignificant
in the HKN07 fit for all Q2 scales, at the input scale Q2

0 = 1.69 GeV2, the EPS09 fit
suggests very large gluon shadowing with the very large theoretical uncertainty [51]. This
is a consequence of the fact that the available data cannot constrain the nuclear gluon
PDF at small x. (Note also that the large gluon shadowing in the EPS09 fit is mostly
driven by the RHIC data which are not in the kinematics where the leading twist pQCD
is applicable, see the discussion in Sec. 8.) Indeed, since the relevant nuclear data for
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• In the quark channel, shadowing is similar 
• In the gluon channel, we predict much larger 
   shadowing ➞ seems to be supported by the fit that used RHIC dAu data 
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Predictions for Run 2: J/𝜓 and 𝜓’ mesons 
7
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FIG. 4: The dσPbPb→J/ψPbPb(y)/dy cross section as a function of the J/ψ rapidity y at
√
sNN = 5.02 TeV: predictions of LO

pQCD with the gluon shadowing ratio Rg(x,µ2) of the leading twist nuclear shadowing model. The shaded areas span the
range of predictions corresponding to the upper and lower limits on Rg(x, µ

2).

suppression factor extracted from the ALICE data on exclusive J/ψ photoproduction in Pb-Pb UPCs at
√
sNN = 2.76

TeV [10, 11] to the theoretical predictions based on Eq. (10) has given first direct and essentially model-independent
evidence of large nuclear gluon shadowing at x = 0.001, Rg(x = 10−3, µ2 = 3 GeV2) ≈ 0.6 [16, 18]. Also, since the
values of the resolution scale µ2 probed in the J/ψ and ψ(2S) cases are close, the application of Eq. (10) predicts that
the nuclear suppression of the σγA→J/ψA(Wγp) and σγA→ψ(2S)A(Wγp) cross sections due to gluon nuclear shadowing
should also be similar [45].
Figures 4 and 5 present dσPbPb→J/ψPbPb(y)/dy as a function of the J/ψ rapidity y. They correspond to the

calculations using LO pQCD in Eqs. (9) and (10) and results of the leading twist nuclear shadowing model [46] and
the EPS09 nuclear PDFs [47] for the gluon shadowing ratio Rg(x, µ2) at µ2 = 3 GeV2, respectively. In Fig. 4, the
shaded areas span the range of predictions corresponding to the upper and lower limits on Rg(x, µ2); in Fig. 5, the
shaded areas show the theoretical uncertainties of Rg(x, µ2) in the EPS09 global fit of nuclear PDFs.
In Fig. 5, we also show the one-side contribution of the first term in Eq. (1) by the dashed curves. Similarly

to the case of light vector mesons, the one-side rapidity distributions shown in the upper and lower panels are
dramatically different. As we explained above, this happens because of a decrease of the median impact parameter
b in the expression for N i

γ/A(ω) (5) in the 0nXn and XnXn-channels due to the electromagnetic excitations of the
nuclei leading to an enhanced large-ω contribution to the photon flux. Hence, this gives an opportunity to probe the
gluon distribution in nuclei gA(x, µ2) in the 0nXn and XnXn-channels at lower values of x than in the “total” and
0n0n-channels.
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FIG. 6: The dσPbPb→ψ(2S)PbPb(y)/dy cross section as a function of the ψ(2S) rapidity y at
√
sNN = 5.02 TeV. See Fig. 4 for

notations.

2.3. Exclusive photoproduction of Υ(1S) mesons in pQCD

An examination shows that the application of Eq. (9) to exclusive photoproduction of Υ vector mesons on the proton
fails to reproduce the Wγp-dependence of the data at leading-order (LO) accuracy, while providing good description
of the data at next-to-leading order (NLO) accuracy. Indeed, since the gluon distribution of the target is probed at
µ2 ≈ M2

Υ/4 = 22.4 GeV2, where the proton LO gluon densities at small x grow approximately as xgp(x, µ2) ∼ 1/xλ

with λ ≈ 0.4, Eq. (9) gives the Wγp-dependence of the dσγp→Υp(Wγp, t = 0)/dt cross section which is much faster
than that seen in the data [13, 49–52].
This is illustrated in Fig. 7, which shows a comparison of the available high-energy data on the t-integrated cross

section σγp→Υp(Wγp) to the LO (dot-dashed curve) and NLO (solid curve) pQCD predictions for this cross section
using the CTEQ6 gluon distributions of the proton [53]. This conclusion also confirms the observation that the LO
gluon density of the proton constrained to describe the data on exclusive J/ψ photoproduction on the proton cannot
be consistently extrapolated to exclusive Υ photoproduction [13, 15].
At the same time, the use in Eq. (9) of the NLO gluon distribution [15] obtained by fitting to the available

combined HERA and LHCb data on exclusive J/ψ photoproduction on the proton provides a good description of
Υ(1S) photoproduction in pp UPCs at

√
sNN = 7 and 8 TeV measured by the LHCb collaboration [13]. In addition,

we explicitly checked that the use of other NLO gluon distributions of the proton, e.g., the CTEQ6M gluon PDF [53],
reproduces the σγp→Υp(Wγp) cross section with sufficient accuracy — see the solid curve in Fig. 7.
In summary, the consistent description of exclusive photoproduction of Υ on both the proton and nucleus targets

requires NLO gluon distributions. Therefore, in our predictions for the γA → ΥA cross section, we use Eq. (10),
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• Combination of LO pQCD and leading twist nuclear shadowing model:

• Measurement in two 
channels  → separation 
of contributions of small 
and large W𝛾p → gA(x,µ2) 
at smaller x. 

• Suppression due to 
nuclear shadowing same 
for J/𝜓 and 𝜓’:

d� 0/dy

d�J/ /dy
= 0.17� 0.20

at y=0.
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Assuming a large and smooth nucleus the averaged
amplitude required to compute coherent J/ production
reads [15]
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At large �t = �T
2 the cross section is almost purely

incoherent. Thus the incoherent cross section can at large
|t| be computed as the total quasielastic cross section, by
first squaring and then averaging the amplitude. The
result is derived e.g. in Ref. [18] and reads
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Following Ref. [23] we factorize the di↵ractive vector
meson production cross section in nucleus-nucleus (or
proton-nucleus) collisions to the product of the equiv-
alent photon flux generated by one of the nuclei and the
photon-nucleus cross section:

�

AA!J/ A =

Z
d!

n(!)

!

�

�A!J/ A(!). (14)

Here �

�A!J/ A is the di↵ractive photon-nucleus cross
section, ! = (MV /2)ey is the energy of the photon in
the collider frame and MV and y are the vector meson
mass and rapidity. The explicit expression for the photon
flux n(!) (integrated over the impact parameter of the
AA-collision bAA

T > 2RA) can be found in Ref. [23]. In
nucleus-nucleus collisions both nuclei can act as a source
of photons that scatter o↵ the other nucleus:

d�A1A2!J/ A

dy
= n

A2(y)��A1(y) + n

A1(�y)��A2(�y).

(15)
In proton-nucleus collisions the photon flux generated

by a nucleus is computed requiring that the impact pa-
rameter is larger than RA. The proton can also act as a
photon source, and the photon flux generated by a pro-
ton is computed as in Ref. [23]. As the photon flux is
proportional to the charge squared, the process where
the photon is emitted from the nucleus dominates.

The kinematics of di↵ractive vector meson production
is such that the gluon xP probed by the real photon is
xP = MV e

�y
/

p
sNN. At forward and backward rapidi-

ties we have two di↵erent contributions: either a small-
x photon scatters o↵ a large-x gluon or vice versa. At

FIG. 1: The coherent di↵ractive J/ photoproduction (Q2 =
0 GeV2) cross section in lead-lead collisions at

p
sNN = 2.76

TeV computed using fIPsat and IIM parametrizations and
Boosted Gaussian (thin blue lines) and Gaus-LC (thick black
lines) wavefunctions compared with the ALICE data [8, 24].

FIG. 2: The incoherent di↵ractive J/ photoproduction
cross section in lead-lead collisions at

p
sNN = 2.76 TeV com-

puted using fIPsat and IIM parametrizations and Boosted
Gaussian (thin blue lines) and Gaus-LC (thick black lines)
wavefunctions.

midrapidity we only probe small-x structure of the nu-
cleus. Our results should be most reliable in that region.
At the LHC

p
sNN = 2.76 TeV, and for J/ production

xP ⇡ 0.001 at y = 0.
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