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Ultraperipheral collisions (UPCs)
• Ions can interact at large impact parameters b >> RA+RB  → ultraperipheral 
collisions (UPCs) → strong interaction suppressed → interaction via quasi-
real photons, Fermi (1924), von Weizsäcker; Williams (1934)

- UPCs correspond to empty detector with only two lepton tracks  
- Nuclear coherence by veto on neutron production by Zero 

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

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

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

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

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

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

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

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

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

In UPCs at the LHC, one can directly access the gluon distribution in nuclei through the process of
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Photon flux: Photoproduction cross section = J/𝜓 rapidity

d�AA!AAJ/ (y)

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

• Coherent photoproduction of vector mesons in UPCs:                                        

N�/Z(k) =
2Z2↵em

⇡
[⇣K0(⇣)K1(⇣)�

⇣2

2
(K2

1 (⇣)�K2
0 (⇣))]

⇣ = k(2RA/�L)

• Photon flux from QED: 
- high intensity ~ Z2 
- large photon energies                                   

UPCs = 𝛾p and 𝛾A interactions at unprecedentedly large energies,        
Baltz et al., The Physics of Ultraperipheral Collisions at the LHC, Phys. Rept. 480 (2008) 1

y = ln[W 2/(2�LmNMV )]



Nuclear shadowing 
• Nuclear shadowing (NS) = suppression of cross section on a nucleus 
compared to sum of cross sections on individual nucleons: σA < A σN. 

• Observed for beams of nucleons, pions, real and virtual photons, neutrinos, 
other hard probes of large energies (> 1 GeV) 

• Explained by multiple rescattering of the projectile on target nucleons → 
destructive interference among amplitudes for interaction with 1, 2, …nucleons 
→ nucleons in rear of the nucleus “see” smaller (shadowed) flux: σA~A2/3. 

• NS in photoproduction of J/𝜓, 𝜓(2S), Υ on nuclei: 

- new constraints on nuclear gluon distribution gA(x,µ2) at small x and models 
of NS: VG, Kryshen, Strikman, Zhalov, PLB 726 (2013) 290; VG, Zhalov, JHEP 10 (2013) 207; JHEP 02 (2014) 
046; VG, Strikman, Zhalov, EPJ C 74 (2014) 2942; VG, Kryshen, Zhalov, PRC 93 (2016) 055206 
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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.
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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)
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Gluon nuclear shadowing  
•Gluon nuclear shadowing: gA(x,Q2) < A gN(x,Q2) for small x.  
•Nuclear PDFs extracted from (mostly) fixed-target DIS data using global QCD 
fits and also predicted by dynamical models:

4

RA
uV

(x,Q2
0) = RA

dV
(x,Q2

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

dσℓ+A
DIS ∝

(
4

9

)

uAV +

(
1

9

)

dAV ∝ upV

[

RA
uV

+RA
dV

dpV
upV

Z + 4N

N + 4Z

]

≈ upV

[

RA
uV

+
1

2
RA

dV

]

, (4)

which underscores the fact that these data can constrain only a certain linear combination of RA
uV

and RA
dV

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

RA
uV

(x,Q2
0) = RA

dV
(x,Q2

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

RA
uV

and RA
dV

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

uV
and RA

dV
in the paper.

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

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

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

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

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

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

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

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

dσd+Au→π+X =
∑

i,j,k

fd
i ⊗ dσ̂ij→k ⊗ fAu

j ⊗Dk→π+X . (5)

4

H. Pauukunen, NPA 926 (2014) 24

• Gluon nPDF gA(x,µ2) is known with large uncertainties → I.Schienbein’s talk  

• pA@LHC data help little and mostly in antishadowing region, Armesto et al, arXiv:
1512.01528; Eskola et al, JHEP 1310 (2013) 213; Eskola et al, arXiv:1612.075 (EPPS16 nPDFs) 

• Future: 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
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Global fits vs. Leading Twist approx, Frankfurt, VG, Strikman 2012



d��T!J/ T (W, t = 0)

dt

= C(µ2)
⇥
xGT (x, µ

2)
⇤2

x =
M

2
J/ 

W

2
, µ

2 = MJ/ /4 = 2.4 GeV2
C(µ2) = M

3
J/ �ee⇡

3
↵s(µ

2)/(48↵emµ

8)
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Exclusive J/𝜓 photoproduction  
• In leading logarithmic approximation of perturbative QCD and non-relativistic 
approximation for charmonium wave function (J/𝜓, 𝜓(2S)):

M. Ryskin (1993)

Z. Phys. C 57, 89-92 (1993) 
Zeitschrift P a r t i c ~  fur Physik C 

 9 Springer-Verlag 1993 

Diffractive J/ P electroproduction in LLA QCD 
M.G. Ryskin 

Department of Theoretical Physics, University of Lund, S61vegatan 14A, S-22362 Lund, Sweden 
and St. Petersbourg Nuclear Physics Institute, 188350 Gatchina, St. Petersbourg, Russia 

Received 13 April 1992 

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 

• In collinear factorization for exclusive processes, at LO in αS and NR expansion 
for J/𝜓 wave function:  

2

d��T!J/ T (W, t = 0)

dt
=

16⇡3�ee

3↵e.m.M5
V

⇥
↵S(µ

2)Hg(⇠, ⇠, t = 0, µ2)
⇤2

• NLO corrections are very large, Ivanov, Schafer, Szymanowski, Krasninov, EPJ C 75 (2015) 2, 75; 

Jones, Martin, Ryskin, Teubner, J. Phys. G43 (2015), no.3, 035002, but can be tamed by choice of 
factorization scale µ=mc and other tricks, Jones et al, Eur.Phys.J. C76 (2016) no.11, 633.

• I will stay at LO in my talk. 
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Exclusive J/𝜓 photoproduction (2)  
• At high energies (small ξ) and LO in αS, GPDs can be connected to PDFs in 
a weakly model-dependent way.

Off-diagonal distributions fixed by diagonal partons at small x and j

A. G. Shuvaev,1 K. J. Golec-Biernat,2,3 A. D. Martin,2 and M. G. Ryskin1,2
1Petersburg Nuclear Physics Institute, Gatchina, St. Petersburg 188350, Russia
2Department of Physics, University of Durham, Durham, DH1 3LE, England
3H. Niewodniczanski Institute of Nuclear Physics, 31-342 Krakow, Poland

~Received 19 February 1999; published 8 June 1999!

We show that the off-diagonal ~or skewed! parton distributions are completely determined at small x and j
by the ~conventional! diagonal partons. We present predictions which can be used to estimate the off-diagonal
distributions at small x and j at any scale. @S0556-2821~99!02113-X#

PACS number~s!: 13.60.Hb, 13.88.1e, 14.20.Dh

I. INTRODUCTION

Precision data are becoming available for hard scattering
processes whose description requires knowledge of off-
diagonal ~or so-called ‘‘skewed’’! parton distributions. Par-
ticularly relevant processes are the diffractive production of
vector mesons and of high ET jets in high energy electron-
proton collisions.
We shall use the ‘‘off-forward’’ distributions

H~x ,j![H~x ,j ,t ,m2!

with support 21<x<1 introduced by Ji @1–3#, with the
minor difference that the gluon Hg5xHg

Ji . They depend on
the momentum fractions x1,25x6j carried by the emitted
and absorbed partons at each scale m2 and on the momentum
transfer variable t5(p2p8)2; see Fig. 1. The values of t and
j5(x12x2)/2 do not change as we evolve the parton distri-
butions up in the scale m2. That is t and j lie outside the
evolution. In the limit j!0 the distributions reduce to the
conventional diagonal distributions

Hq~x ,0 !5H q~x ! for x.0,

2 q̄~2x ! for x,0,

Hg~x ,0 !5xg~x !. ~1!

Detailed reviews of off-diagonal distributions can be found,
for example, in Refs. @3–5#.
It is usual to anticipate that the j dependence of H is

controlled by the non-perturbative starting ~input! distribu-
tion at some low scale m25Q0

2. However here we wish to
explore the possibility that, in the small x ,j!1 region, the
‘‘skewed’’ off-diagonal behavior comes mainly from the
evolution. Indeed we expect this to be the case. At each step
of the evolution the momentum fraction carried by parton i
(i51,2) decreases. So when the evolution length is suffi-
ciently large @i.e. ln(Q2/Q0

2)@1#, the important values of x
;x0 of the input (m25Q0

2), which control the behavior in
the x;j domain at the high scale (m25Q2), will satisfy
x0@j . Clearly we can neglect the j dependence in the x0
region and start evolving from purely diagonal partons with
x15x2.

Here we demonstrate how, in the phenomenologically im-
portant small j region ~for t!0), the off-diagonal distribu-
tions are determined unambiguously in terms of the small x
behavior of the ~conventional! diagonal partons which is
known from experiment. We therefore have the attractive
possibility to include data described by off-diagonal distribu-
tions in a global parton analysis to better constrain the small
x behavior of the diagonal distributions.

II. OFF-DIAGONAL DISTRIBUTIONS IN TERMS
OF CONFORMAL MOMENTS

In terms of the operator product expansion ~OPE! the evo-
lution of the off-diagonal distributions may be viewed as the
renormalisation of the matrix elements ON5^p8uÔNup& of
the conformal ~Ohrndorf @6#! operators, where p and p8 are
the momenta of the incoming and outgoing protons. For the
quark, the leading twist operator ÔN is of the form

ÔN
q 5 (

k50

N SNk D SN12
k11 D ]L

k ]R
N2k ~2!

where the derivatives ]L and ]R act on the left and right
quarks in Fig. 1. As a consequence the quark matrix element
takes the form

ON
q 5E

21

1
dxRN

q ~x1 ,x2!Hq~x ,j! ~3!

with x1,25x6j , where the polynomials @7#

FIG. 1. A schematic diagram showing the variables for the off-
diagonal parton distribution H(x ,j) where x1,25x6j .

PHYSICAL REVIEW D, VOLUME 60, 014015

0556-2821/99/60~1!/014015~6!/$15.00 ©1999 The American Physical Society60 014015-1

• At low µ0, x1,2 ≫ ξ → skewness can be neglected 

• All skewness at µ > µ0 due to evolution, Frankfurt, Freund, VG, 
Strikman, PLB 418 (1998) 345; Shuvaev et al., RPD 60 (1999) 014015

• At LO, this ansatz somewhat overestimates HERA DVCS data, Freund, McDermott, 

Strikman, PRD67 (2003) 036001; Belitsky, Mueller, Kirchner, NPB 629 (2002) 323.

Hg(⇠, ⇠, t = 0, µ2) = Rgxg(xB , µ
2)

Rg =

2

2�+3

p
⇡

�(�+ 5/2)

�(4 + �)

⇡ 1.2, for xg ⇠ 1/x

�
with � ⇡ 0.2
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Coherent J/𝜓 photoproduction on nuclei 

��A!J/ A(W�p) =
(1 + ⌘

2
A)R

2
g,A

(1 + ⌘

2)R2
g

d��p!J/ p(W�p, t = 0)

dt


GA(x, µ2)

AGN (x, µ2)

�2
�A(tmin)

• Application to nuclear targets:

Small correction kA/N ≈ 0.90-95 From HERA and LHCb

�A(tmin) =

Z tmin

�1
dt|FA(t)|2

From nuclear form 
factor: approximation

• Nuclear suppression factor S → direct access to Rg

Gluon shadow. Rg

IA=Impulse Approximation

S(W�p) =

"
��Pb!J/ Pb

�

IA
�Pb!J/ Pb

#1/2

= A/N
GA(x, µ2)

AGN (x, µ2)
= A/NRg

• Side remark: we choose µ2=3 GeV2 to correctly reproduce W-dependence of 
HERA data on 𝛾p → J/𝜓p.

experiment From QCD fits or theory (LTA)



Leading twist nuclear shadowing model  
• Combination of Gribov-Glauber NS model with QCD factorization theorems for 
inclusive and diffractive DIS → shadowing for individual partons j, Frankfurt, Strikman (1999)
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Author's personal copy

L. Frankfurt et al. / Physics Reports 512 (2012) 255–393 271

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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16⇡
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Z 0.1

x

dx

P

�f

D(4)
j/N

(x, µ2
, x

P

, t = 0)

P(σ) is probability to 
interact with Xsection σ

• 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=3-4 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 
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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 NS, Rg(x=0.001) ≈ 0.6. 

• 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  → 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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FIG. 1: The suppression factor of S(Wγp) of Eq. (5) for photoproduction of J/ψ (two upper

panels) and ψ(2S) (two lower panels) on 208Pb as a function of x = M2
V /W

2
γp. We show two sets

of theoretical predictions: those of the leading twist theory of nuclear shadowing [12] (the curves

labeled “LTA+CTEQ6L1”, which span the theoretical uncertainty band) and those of the EPS09

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

labeled “EPS09”). The filled squares and the associated errors are the results of the analysis of [1]

in the J/ψ case.
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FIG. 1: The suppression factor of S(Wγp) of Eq. (5) for photoproduction of J/ψ (two upper

panels) and ψ(2S) (two lower panels) on 208Pb as a function of x = M2
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2
γp. We show two sets

of theoretical predictions: those of the leading twist theory of nuclear shadowing [12] (the curves
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global QCD fit of nuclear PDFs [13] (the central value and the associated shaded uncertainty band

labeled “EPS09”). The filled squares and the associated errors are the results of the analysis of [1]

in the J/ψ case.

Guzey, Zhalov JHEP 1310 (2013) 207 Guzey, Zhalov, arXiv:1404.6101

■

Abelev et al. [ALICE], PLB718 (2013) 1273; 
Abbas et al. [ALICE], EPJ C 73 (2013) 2617 Adam et al. [ALICE], PLB751 (2015) 358
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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].



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: 

12
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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 and 𝛾A processes, e.g.,  𝛾*A → 𝛾A, Frankfurt, VG, 

Strikman 2012,  𝛾A → J/𝜓A, VG, Strikman, Zhalov, arXiv:1611.05471.
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Accessing transverse nuclear gluon distribution 
• Measurement of t-dependence of 𝛾A → J/𝜓A: complementary constraint on 
gA(x,Q2) and determination of impact parameter dependent nPDF gA(x,b,Q2) 

VG, Strikman, Zhalov, arXiv:1611.05471

d��A!J/ A

dt

=
d��p!J/ p(t = 0)

dt

✓
Rg,A

Rg,p

◆2
"R

d

2
b e

i~q?~b
gA(x, b, µ2)

Agp(x, µ2)

#2

• Impact parameter gluon nuclear shadowing leads to shift of t-dependence → can 
be interpreted as 5-11% broadening in impact parameter space of gluon nPDF:
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FIG. 1: The d��A!V A(W�p)/dt cross section for ⇢ (top panel) and J/ (lower panel) for 208Pb normalized to its value at
t = tmin as a function of |t|. The cross section are calculated at W�p = 62 GeV for ⇢ and W�p = 124 GeV for J/ , corresponding
to the LHC Run 2

p
sNN = 5.02 TeV and y = 0. The resulting t dependence is compared to that given by the normalized

nuclear form factor squared |FA(t)/A|2. For ⇢ meson, we also show the result of the calculation at W�p = 10 GeV corresponding
to the RHIC kinematics (the green dashed line labeled “RHIC”).

which has a significant uncertainty and constrained to lie in the �3 = 26�45 mb interval. The result of the calculation
with the lower value of �3, which corresponds to the scenario with the larger gluon shadowing in the leading twist
model of nuclear shadowing [36], is presented in Fig. 1. For the larger value of �3 and the correspondingly smaller
gluon shadowing, the modification of the t distribution of d�

�A!J/ A

(W
�p

)/dt compared to |F
A

(t)/A|2 is smaller;
the corresponding shift is �p

t

⇡ 6 MeV.
Note that a similar e↵ect is expected in photoproduction of ⇢ mesons in ion UPCs at RHIC energies.
The shift of the t dependence of the d�

�A!V A

(W
�p

)/dt cross section shown in Fig. 1 can be interpreted as an
increase (broadening) in the impact parameter space of the nucleon density in nuclei in the case of ⇢ and the nuclear
gluon distribution in the case of J/ . Characterizing the average transverse size of these distributions by the equivalent
radius of R

A

, one can estimate the relative increase of R
A

as �R

A

/R

A

⇡ �p

t

/p

t

, which gives �R

A

/R

A

⇡ 1.14 for
⇢ and �R

A

/R

A

⇡ 1.05 � 1.11 for J/ . The latter estimate agrees with the results of the analysis of the average
transverse size of the nuclear gluon distribution of Ref. [36]. The transverse broadening of the nuclear gluon and sea
quark distributions caused by nuclear shadowing can also be studied in other exclusive processes such as, e.g., deeply
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A(t), �pt, as a function of the atomic number A at W�p = 45 GeV. In the J/ case, it corresponds
to x = M

2
J/ /W

2
�p = 0.005.

leads to a noticeable suppression of the predicted impact parameter distribution of coherent J/ photoproduction
on Pb with an increase of the photon energy. In the momentum space, it should correspond to a shift of the t

distribution toward smaller |t|, cf. Ref. [36]. Thus, regardless of the dynamical mechanism of nuclear shadowing, large
nuclear gluon shadowing leads to the modification of the t distribution of J/ photoproduction in ion UPCs. At the
same time, in the implementations of the color dipole framework, where coherent photoproduction of J/ on nuclei
proceeds via multiple rescattering of quark–antiquark dipoles [13, 44, 45], the shadowing correction is not large since
the average dipole–nucleon cross section is determined by the small size of J/ . As a result, the modification of the
t distribution of J/ photoproduction on nuclei compared to F

2
A

(t) is smaller than predicted in our analysis.

IV. CONCLUSIONS

In this paper, using the theoretical approaches describing well the available data on t-integrated coherent photo-
production of light and heavy vector mesons in Pb-Pb UPCs at the LHC during Run 1, we calculated the momentum
transfer distributions for this process for ⇢ and J/ vector mesons in the kinematics of Run 2 at the LHC. We
demonstrated that nuclear shadowing not only suppresses the absolute value of the cross sections, but also shifts the
momentum transfer distributions toward smaller values of the momentum transfer |t|. This result can be interpreted
as a broadening in the impact parameter space of the e↵ective nucleon density in nuclei in the case of ⇢ and the
nuclear gluon distribution in the case of J/ . Characterizing the average transverse size of these distributions by the
equivalent radius of R

A

, for the relative increase of R
A

we found �R

A

/R

A

⇡ 1.14 for ⇢ and �R

A

/R

A

⇡ 1.05� 1.11
for J/ .

The observed broadening of the transverse distributions is a model-independent consequence of nuclear shadowing,
whose suppression e↵ect at small impact parameters is stronger than at the nucleus periphery. The transverse
broadening of the nuclear gluon and sea quark distributions caused by nuclear shadowing can also be studied at EIC
in such hard exclusive processes as, e.g., deeply virtual Compton scattering, where it leads to dramatic oscillations of
the beam-spin cross section asymmetry. All such measurements at the LHC and EIC will for the first time measure the
impact parameter dependent quark and gluon distributions in nuclei and, hence, make an important step in obtaining
a three-dimensional image of parton distributions.
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l Collision energies are lower → nuclear gluons are probed at higher x. For 
Pb beam, √sNN=72 GeV, x≈0.02 at y=0: 

➡ complimentary to ALICE and CMS measurements 
➡ cleaner theoretical interpretation using both global fits and LTA 
➡ still very interesting since affects gA(x,µ2) at all x via momentum sum rule 
➡ possibility to vary nuclear targets 
➡ possibility to study Pomeron-Odderon fusion mechanism in pp and pA UPCs, 
Lansberg, Szymanowski, Wagner, JHEP 1509 (2015) 087 

l Fixed-target kinematics allows for better studies of nuclear break-up than 
collider mode (pT measurements, nuclear fragment detection): 

➡ understanding of incoherent background for coherent photoproduction, tuning of 
UPC MC STARLIGHT 
➡ resolution of discrepancy between ALICE data on incoherent J/𝜓 photoproduction 
in Pb-Pb UPCs at √sNN=2.76 TeV and large nuclear gluon shadowing, VG, Strikman, 
Zhalov, EPJ C 74 (2014) 2942 
➡ possible insight into origin of excess of low-pt J/𝜓 in peripheral Pb-Pb collisions, 
which could be due to photoproduction on nucleus fragments, ALICE, PRL 116 (2016) 
222301 

J/𝜓 photoproduction on nuclei in fixed-target 
kinematics 



15

• Leading twist theory of nuclear shadowing allows one to make predictions 
without introducing extra parameters: 

Incoherent J/ψ photoproduction in Pb-Pb UPCs@LHC 

• ... and predicts too much shadowing
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FIG. 3: The coherent dσAA→AAJ/ψ(y)/dy and incoherent dσAA→AA′J/ψ(y)/dy cross sections as

functions of the J/ψ rapidity y at
√
s = 2.76 GeV. The ALICE data [1, 2] is compared to the LTA

theoretical predictions; the bands span the uncertainty of the theoretical predictions.

3.2. UPCs accompanied by neutron emission

Besides ALICE, the ATLAS and CMS detectors at the LHC are capable to measure UPC

production of J/ψ in the −2.5 < y < 2.5 range of rapidity. While for central rapidities, the

interpretation of the corresponding measurements is unambiguous, it is difficult to disen-

tangle the high-photon-energy and low-photon energy contributions to dσAA→AAJ/ψ(y)/dy

for non-central values of y and, thus, to access the small-x region that we are interested in.

16

approach, whose value is constrained using the formalism of cross section fluctuations. In

general, σ3 ≥ σ2 [see Eq. (8)]; the lower limit on the value of σ3, σ3 = σ2, corresponds to the

upper limit on the predicted nuclear shadowing.

Equation (15) defines the shadowing suppression factor for incoherent nuclear J/ψ pho-

toproduction, Sincoh:

Sincoh(Wγp) ≡
dσpQCD

γA→J/ψA′(Wγp)/dt

AdσpQCD
γp→J/ψp(Wγp)/dt

=
1

A

∫

d2⃗b TA(b)

[

1−
σ2
σ3

+
σ2
σ3

e−σ3/2TA(b)

]2

. (16)

Note that Eqs. (15) and (16) are valid at not too small |t| ≠ 0.

One should note that since both suppression factors of SpQCD (11) and Sincoh (16) are

determined by the essentially soft physics, based on the Glauber model calculations of the

total and inelastic hadron–nucleus cross sections, we expect that Sincoh < (SpQCD)2. This

turns out to be also the case in the leading twist approximation, see Fig. 3.

3. PHOTOPRODUCTION OF J/ψ IN Pb-Pb UPCs AT THE LHC

3.1. Coherent and incoherent cases

A high energy nucleus–nucleus ultraperipheral collision takes place when the colliding ions

pass each other at the distance |⃗b| in the transverse plane (impact parameter) exceeding the

sum of the nucleus radii, |⃗b| > (2− 3)RA, where RA is the nuclear radius (the UPC physics

is reviewed in [25]). In this case, the strong interaction between the nuclei is suppressed

and they interact electromagnetically via emission of quasi-real photons. Thus, nucleus–

nucleus UPCs offer a possibility to probe very high energy photon–nucleus scattering and,

in particular, photoproduction of J/ψ on nuclei. The corresponding cross section has the

following form:

dσAA→AA′J/ψ(y)

dy
= Nγ/A(y)σγA→J/ψA′(y) +Nγ/A(−y)σγA→J/ψA′(−y) , (17)

where Nγ/A(y) = ωdNγ/A(ω)/dω is the photon flux; y = ln(2ω/MJ/ψ) is the J/ψ rapidity,

where ω is the photon energy and MJ/ψ is the mass of J/ψ; σγA→J/ψA′ is the nuclear J/ψ

photoproduction cross section (see Sect. 2). Note that Eq. (17) includes both the case

of coherent scattering without the nuclear breakup (A′ = A) and the case of incoherent

(quasielastic) scattering when the final nucleus dissociates (A′ ̸= A).
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• One possible source of discrepancy: 
contribution of nucleon dissociation 
which can be singled out by different 
t-dependence → fixed-target might 
give advantage

sured by the ALICE collaboration [3, 4] compares favorably with the theoretical models

predicting large nuclear gluon shadowing, notably, with the leading twist approximation

(LTA) [6] and with the EPS09 [5] result. This is illustrated in Fig. 3, where the ALICE

data on the coherent dσAA→AAJ/ψ(y)/dy cross section at the central and forward values of

the rapidity |y| are compared to the LTA predictions combined with the CTEQ6L1 gluon

parameterization [26] at µ2 = 3 GeV2. One can see from from Fig. 3 that the theoretical

calculations, which are made using Eqs. (10) and (17), describe the data well (the red shaded

band represents the theoretical uncertainty of the LTA predictions).

In the same figure, the LTA predictions for the incoherent dσAA→AA′J/ψ(y)/dy cross sec-

tion made using Eqs. (15) and (17) are compared to the ALICE data point at |y| ≈ 0 [1].

One can see from the comparison that the LTA predicts the magnitude of suppression due

to nuclear gluon shadowing exceeding the one seen in the data by approximately a factor of

1.5.

Note that in our calculations, we consider quasielastic scattering and do not take into

account the incoherent contribution associated with the nucleon dissociation γ + N →

J/ψ + Y [27], which is included in the ALICE dσAA→AA′J/ψ(y)/dy data point [1] due to

the fact that the ALICE detector does not cover the full range of the rapidity y. This

contribution is expected to have approximately the same A dependence as that in Eq. (15)

(it is proportional to A in the impulse approximation). The magnitude of this contribution

is sizable: (dσγp→J/ψY /dt)/(dσγp→J/ψp/dt) ≈ 0.15 at t ≈ 0 and increases with an increase of

|t| so that σγp→J/ψY /σγp→J/ψp ≈ 0.8 for the t-integrated cross sections and for MY < 10 GeV

(MY is the invariant mass of the proton-dissociative system Y ) [28]. It would be desirable to

perform an additional analysis of the ALICE data [1] by assuming that the γ+N → J/ψ+N

and γ + N → J/ψ + Y contributions to incoherent nuclear J/ψ photoproduction have

different slopes of the t dependence, which would enable one to experimentally estimate the

contribution of the nucleon dissociation and, thus, will enable a direct comparison of the

data with predictions of Eq. (15). In addition, it is likely that due to the interaction of the

system Y with the nucleus, nucleon dissociation will lead to a larger number of neutrons

originating from the nucleus dissociation. Finally, the study of neutron production in the

quasielastic γA → J/ψA′ process at |t| ≥ 1 GeV2, where the γ+N → J/ψ+Y contribution

dominates, may be interesting for understanding of the formation time in diffraction.
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l Coherent photoproduction of J/𝜓 on nuclei in UPCs@LHC gives direct 
access to nuclear gluon distribution gA(x,µ2) down to x ≈10-3 at µ2 ≈ 3 GeV2. 
   
l ALICE and CMS data give first evidence of large nuclear gluon shadowing, 
which is consistent with predictions of LT NS model and EPS09 nPDFs. 
  
l Measurement of t dependence of 𝛾A → J/𝜓A will access 3D nuclear gluon 
distribution gA(x,b,Q2). 

l Photoproduction of J/𝜓 in UPCs in fixed-target kinematics has certain 
advantages: 

➡ large x allows for smaller theoretical uncertainty in predictions for gA(x,µ2) 
➡ detection of nuclear fragments and t-dependence measurements constrain 
incoherent photoproduction and help to solve several outstanding problems. 

  
l UPCs@LHC = forerunner of measurements of nuclear gluon distributions at 
an Electron-Ion Collider.  

Conclusions


