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Outline: 

! Leading twist nuclear shadowing in nuclear PDFs 
!
! Photoproduction of J/ψ in Pb-Pb UPCs at the LHC: 
- coherent case: ALICE data favors large gluon shadowing consistent 
with leading twist predictions 
- incoherent case: leading twist overpredicts shadowing suppression, 
issue of nucleon dissociation contribution 
- UPCs accompanied by nucleus e.m. excitation of with subsequent 
neutron emission: method to extend probed x. 

!
! Photoproduction of ψ(2S) in Pb-Pb UPCs
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• Deep inelastic scattering (DIS) with nuclear targets 

Nuclear shadowing  

Piller, Weise, Phys. Rept. 330 (2000) 1

! 4 regions: shadowing (x < 0.05), antishadowing (0.05< x <0.2),   
   ЕМС effect (0.2 < x < 0.8), Fermi motion (x > 0.8).
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! Nuclear PDFs from global QCD fits: data + collinear factorization  
   + DGLAP (Q2) evolution

Nuclear parton distributions  
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Figure 2. The kinematical reach of the DIS, DY and pion production data (see table 1) corre-
sponding to the factorization scale choices explained in the text. The points indicate the lowest x
and Q2 values in which partons are sampled in the cross-section calculation. Also the BRAHMS
data [37] for negatively charged hadron production is shown as it will be discussed later in section 4.
The dashed horizontal line indicates the kinematical cut imposed on the data.

• Deep inelastic scattering

DIS data has an excellent constraining power for quark distributions in the whole

range 0.01 ≤ x ≤ 1 spanned by the data. At large x these data are mainly sensitive

to the valence quarks and at small x to the sea quarks. At moderate x, however,

close to the antishadowing peak near x = 0.1, such separation of the sea and valence

quark contributions is not possible on the basis of this type of data alone. Despite

the direct photon-gluon fusion channel contributing to the DIS cross-section at NLO,

the main gluon constraint provided by DIS still comes through the scale evolution of

sea quarks that is driven by the gluons.

• Drell-Yan dilepton production

The DY data, taken together with DIS, can discriminate between valence and sea

quarks near x = 0.1. The DY cross-section retains also some sensitivity to the sea

quarks at larger x but, unfortunately, the precision of the current data is not enough

to exploit this constraint in its full potential. The invariant mass M2 in our data

sample is typically large, M2 ≫ Q2
0, and consequently there are sizable evolution

effects that constrain the gluons also.

• Inclusive pion production

This type of data is usually accompanied by a rather large normalization uncertainty

stemming, among other sources, from the model-dependent quantity ⟨Ncoll⟩. Apart

from the normalization uncertainty, the shape of Rπ
dAu can nevertheless act as a vital

constraint, especially for the nuclear modification for gluons. The slight downward

trend seen in the large-pT part of Rπ
dAu at midrapidity [28] indicates the need for a
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! Resulting nuclear gluon PDF has rather  
   large uncertainty due to:   
!

- limited kinematics of used data 
- indirect extraction of gluons via Q2 evolution 
- assumptions about the initial shape 
- different choice/treatment of data used in fits

Eskola, Puukkunen, Salgado, 
 JHEP 04 (2009) 065 

RA
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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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Eskola, Puukkunen, arXiv:1401.2345
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Leading twist theory of nuclear shadowing
Method to evaluate parton (sea quark and gluon) distributions in nuclei for 
small x as a function of х and impact parameter b at certain input scale Q0. 
Further Q2 dependence given by DGLAP.

 The approach is based on: 
!
! The picture of the strong interactions at high energies in the laboratory frame,   
   Gribov-Glauber shadowing theory and its extension to eA DIS ➞ expression for    
   F2A(x,Q²) in terms of proton diffractive structure function 
  
! Collinear factorization for total and diffractive DIS cross sections ➞  from F2A(x,Q²) to   
   individual nuclear parton distributions fj/A(x,Q²) 
!
! Diffractive parton distributions in the proton (HERA) ➞ input for predictions 

Frankfurt, VG, Strikman, Phys. Rept. 512 (2012) 255

The name “leading twist”: shadowing in terms of diffraction which is leading twist (one of 
major HERA results)
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! proton diffractive PDFs fjD(3)  
! diffractive slope Bdiff 
! effective cross section σsoft : need to model

Input:

interaction with  
N > 3 nucleons

Nuclear part same as in hA 
(Glauber method)

Leading twist nuclear shadowing and nuclear PDFs
Gribov-Glauber multiple scattering series can be generalized from hA to eA DIS. 
Using QCD factorization, the series can be written for individual parton flavors j:

- +

the subscripts p and n refer to the free proton and neutron, respectively.
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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 approxi-
mation; graphs b and c contribute to the shadowing correction.
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Fig. 11. Graphs corresponding to the gluon nuclear PDF. For the legend, see Fig. 10.

Similarly to the inclusive case, the factorization theorem for hard diffraction in DIS states
that, at given fixed t and xIP and in the 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 fD(4)

j :

FD(4)
2 (x,Q2, xIP , t) = β

∑

j=q,q̄,g

1
∫

β

dy

y
Cj(

β

y
,Q2)fD(4)

j (y,Q2, xIP , t) , (47)

where β = x/xIP . The diffractive PDFs fD(4)
j are conditional probabilities to find a parton

31

－
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interaction with  
N > 3 nucleons

The result for double scattering  
is model-independent: 
Gribov's connection between  
shadowing and elem. diffraction 

Model independence and model-dependence 

+－

The interaction with N ≥ 3 nucleons requires model for σsoft  
(we used the formalism of cross section fluctuations)

the subscripts p and n refer to the free proton and neutron, respectively.
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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 approxi-
mation; graphs b and c contribute to the shadowing correction.
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Similarly to the inclusive case, the factorization theorem for hard diffraction in DIS states
that, at given fixed t and xIP and in the 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 fD(4)

j :

FD(4)
2 (x,Q2, xIP , t) = β

∑

j=q,q̄,g

1
∫

β

dy

y
Cj(

β

y
,Q2)fD(4)

j (y,Q2, xIP , t) , (47)

where β = x/xIP . The diffractive PDFs fD(4)
j are conditional probabilities to find a parton
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Fig. 29. The cross sections σj(H)
soft , σ

j(L)
soft , and σj

2(x,Q
2
0) as functions of Bjorken x at fixed Q2

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

for nuclear shadowing made with the effective cross section σj(L)
soft will be referred to as

”FGS10 L”.

Figure 29 presents σj(H)
soft (x,Q

2
0) (model 1) and σj(L)

soft (W
2) (model 2) as functions of Bjorken

x at fixed Q2
0 = 4 GeV2. (Note that for the latter cross section, W 2 = Q2

0/x−Q2
0+m2

N .) For
comparison and completeness, we also give σj

2(x,Q
2
0) which is relevant for the calculation

of nuclear shadowing in the quasi-eikonal approximation (see Fig. 45). The left panel
of Fig. 29 corresponds to the ū-quark; the right panel corresponds to gluons. Note that
σj(L)
soft (W

2) is flavor-independent.

The difference between the approximation when one uses σj
2(x,Q

2
0) as the effective rescat-

tering cross section and the color fluctuation approximation (models 1 and 2) is the
amount of point-like (very weakly interacting) configurations (PLC) in the virtual pho-
ton wave function. The both approximations can be considered as generalizations of the
QCD-improved aligned jet model (AJM), where one has two components—the strongly
interacting AJM component and a PLC. Note also that in general the fraction of PLC
decreases with increasing energy.

5.1.3 Large β diffraction dominates nuclear shadowing down to x ∼ 10−4

The effective cross section σj
2(x,Q

2) determines the magnitude of nuclear shadowing when
only the interaction with two nucleons of the target is important. This is the case for the
deuteron and heavy nuclei in the low-nuclear density limit. In the following, we examine
what values of the diffractive masses MX , or what values of β = Q2/(Q2+M2

X), dominate
the integrand of the expression for σj

2(x,Q
2) in Eq. (52). This question is important in

relation to the issue of the applicability of our leading twist approach based on the DGLAP
evolution.

To quantify the contributions of different regions of integration over β to σj
2(x,Q

2), we

80
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, (6)

where ⟨σN⟩ =
∫

dσP (σ)σN . The factor of κ contains the factors associated with the overlap

of the photon and J/ψ wave functions; its value is determined by the elementary γp → J/ψp

cross section: dσpQCD
γp→J/ψp(t = 0)/dt = κ

2⟨σ⟩2/(16π).

The first term in Eq. (6) describes photoproduction of J/ψ on a single nucleon and, hence,

is proportional to the number of nucleons A; it is the impulse approximation corresponding

to graph a in Fig. 2.

The second term in Eq. (6) corresponds to the simultaneous interaction of the hard

probe with two nucleons of the target nucleus and gives the leading contribution to the

shadowing correction to the impulse approximation; this term corresponds to graph b in

Fig. 2. According to the Gribov–Glauber theory of nuclear shadowing supplemented by the

collinear factorization theorem for hard diffraction in deep inelastic scattering (DIS) [23],

this contribution is unambiguously expressed in terms of elementary diffraction, notably,

in terms of the diffractive gluon distribution of the proton GD(3)
N [24]. The corresponding

interaction cross section is σ2(x, µ2):

⟨σ2⟩
⟨σ⟩

≡ σ2(x, µ
2) =

16πBdiff

(1 + η2)xGN (x, µ2)

∫ 0.1

x

dxIPβG
D(3)
N (β, µ2, xIP ) , (7)

where Bdiff ≈ 6 GeV−2 is the slope of the t dependence the diffractive cross section; η ≈

0.17 is the ratio of the real to the imaginary parts of the diffractive scattering amplitude;

the diffractive parton distribution GD(3)
N (β, µ2, xIP ) depends on the two light-cone fractions:

xIP ≈ (M2
X +µ2)/W 2

γp is the nucleon momentum fraction carried by the diffractive exchange

presented by a zigzag line in Fig. 2 (MX is the invariant mass of the intermediate diffractive

state) and β = x/xIP is the diffractive exchange (“Pomeron”) momentum fraction carried

by the active parton.

The structure of the interaction with three and more nucleons of the target (graph c in

Fig. 2 and higher terms that we do not show) presents extension of that of graph b: in

8

－
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• Predicted large shadowing for sea quarks and gluons 
! Gluon shadowing > quark shadowing  ➞ large shadowing for FL

A(x,Q2)

While EIC and LHeC are ideal places to test our predictions, 
photoproduction of charmonium in Pb-Pb UPCs at the LHC can also 
be used to constrain gluon shadowing.

! Model dependence is small for not 
too small x and medium А ➞  
 can be reduced by varying A 
   
! Antishadowing is modeled using 
momentum sum rule 

Predictions for nuclear PDFs 
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Fig. 31. Predictions for nuclear shadowing at the input scale Q2
0 = 4 GeV2. The ratios Rj (ū and

c quarks and gluons) and RF2 as functions of Bjorken x at Q2 = 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).

86



d�coh(y ⇡ �3)/dy = 1± 0.18+0.24
�0.26 mb

d�coh(y ⇡ 0)/dy = 2.38+0.34
�0.24 mb

x =
MJ/ p

s

e

�y

9

• Recently ALICE at the LHC measured exclusive J/𝜓  
photoproduction in Pb-Pb UPCs 

Exclusive J/ψ photoproduction in Pb-Pb UPCs at LHC 

Abelev et al. [ALICE], PLB718 (2013) 1273; Abbas et al. [ALICE], EPJ C (2013) 73:2617 
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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

5
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Fig. 6 Measured differential cross section of J/ψ photoproduc-
tion in ultra-peripheral Pb–Pb collisions at

√
sNN = 2.76 TeV at

−0.9 < y < 0.9 for coherent (a) and incoherent (b) events. The er-
ror is the quadratic sum of the statistical and systematic errors. The
theoretical calculations described in the text are also shown

tion by more than 3 standard deviations. So does the predic-
tion based on the HKN07 parametrization, which includes
less gluon shadowing than EPS09.

The model AB-EPS08, significantly underestimates the
measured cross section by about a factor of two (about 5
standard deviations), indicating that the gluon shadowing is
too strong in the EPS08 parameterization. The leading twist
calculation (RSZ-LTA) is also significantly below the data,
by about 2–3 sigma.

For the incoherent cross section, shown in Fig. 6(b), there
are three model predictions available, LM, STARLIGHT,
and RSZ-LTA. The measured value deviates by about
two standard deviations from the LM prediction, while
STARLIGHT predicts an incoherent cross section 60 % too
high, and RSZ-LTA a factor 4 too low. Taking the ratio be-
tween the incoherent and coherent cross section provides
further constraints on the treatment of the nuclear modifi-
cations implemented in the different models. Another ad-
vantage is that the photon spectrum is factorized out, so
that the comparison directly probes the ratio of the pho-
tonuclear cross sections. The ratio obtained from data is

0.41+0.10
−0.08(sta + sys). This can be compared with 0.21 from

LM, 0.41 from STARLIGHT, and 0.17 from RSZ-LTA. Al-
though the RSZ-LTA model is quite close for the coherent
cross section at mid-rapidity, it seems to underpredict the
incoherent cross section. The LM model also predicts a too
low ratio. STARLIGHT, on the other hand, has about the
right ratio of incoherent-to-coherent cross section, although
it does not reproduce any of the cross sections individually.
All three models use the Glauber model to calculate the in-
coherent cross section, but the implementation and the input
cross section for γ + p → J/ψ + p varies. In STARLIGHT
the scaling of the inelastic J/ψ + nucleus cross section,
ranges from A2/3 to A, depending on the J/ψ + nucleon
cross section. In the first case, only the nucleons on the sur-
face participate in the scattering, while in the second one
all the nucleons contribute. The cross section for incoherent
photoproduction is assumed in STARLIGHT to follow the
same scaling, while in the other models, the reduction with
respect to the A scaling is larger.

The measured values for the γ γ cross sections are 20 %
above but fully compatible within 1.0 and 1.5 sigma with the
STARLIGHT prediction for the high and low invariant mass
intervals, respectively, if the statistical and systematic errors
are added in quadrature. This result provides important con-
straints on calculations that include terms of higher orders
in αem. A reduction in the two-photon cross section of up
to 30 % compared with leading-order calculations has been
predicted [14, 15]. The result for the two-photon cross sec-
tion to di-lepton pairs, measured by ALICE with a precision
of 12 % and 16 % for the low and high invariant mass range,
respectively, is thus fully consistent with STARLIGHT, and
sets limits on the contribution from higher-order terms [16].
This result supports the ALICE J/ψ photoproduction mea-
surement in the forward rapidity region [6], where the cross
section was based on σγγ .

7 Summary

In summary, the first measurement of coherent and incoher-
ent J/ψ photoproduction and two-photon production of di-
lepton pairs in Pb–Pb collisions at mid-rapidity at the LHC
has been presented and compared with model calculations.
The J/ψ photoproduction cross sections provide a powerful
tool to constrain the nuclear gluon shadowing in the region
x ≈ 10−3. The coherent J/ψ cross section is found to be
in good agreement with the model which incorporates the
nuclear gluon shadowing according to the EPS09 parame-
terization (AB-EPS09).

Models which include no nuclear gluon shadowing are
inconsistent with the measured results, as those which use
the Glauber model to incorporate nuclear effects. The AB-
HKN07 and AB-EPS08 models contain too little or too

• Main conclusion: data in agreement with models with nuclear gluon shadowing

y =
1

2
ln

✓
E + pL
E � pL

◆

is rapidity of J/ψ

Since

y=-3 → x=0.02 
y=0 →  x=0.001 in probed gA(x,Q2)



d�AA!AAJ/ (y)

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

y = ln(2!/MJ/ ) = ln(W 2
�p/(2�LmNMJ/ ))

d�PbPb!PbPbJ/ /dy

��Pb!J/ Pb(W�p = 92.4GeV) = 17.6+2.7
�2.0 µb ,

��Pb!J/ Pb(W�p = 19.6GeV) = 6.1+1.8
�2.0 µb
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• AA UPCs = photon-nucleus interactions

Photon flux of Pb (known with a 
few percent accuracy)

Shadowing suppression from J/ψ photoproduction in 
Pb-Pb UPC  

is the J/𝜓 rapidity

• The ALICE experimental values for                                    can be converted to:
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S(W�p) ⌘
"
�exp

�Pb!J/ Pb(W�p)

�IA

�Pb!J/ Pb(W�p)

#
1/2
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• In is convenient to express the result in terms  
   of the suppression factor S:

Shadowing suppression from J/ψ photoproduction in 
Pb-Pb UPC (2)  

• The denominator of S is the cross section in the impulse approximation:

�IA
�Pb!J/ Pb(W�p) =

d��p!J/ p(W�p, t = 0)

dt
�A(tmin)

of the experimental results is shown in Fig. 1. The 10 GeV < Wγp < 25 GeV range of energies
corresponding to the ALICE muon spectrometer acceptance in the measurement of J/ψ production
in PbPb UPCs at 2.76 TeV was studied in the old proton-target experiments at FNAL and CERN.
Statistics in those experiments was very low resulting in large experimental errors. The forward J/ψ
photoproduction cross section at higher energies was measured by the H1 and ZEUS collaborations
at HERA. As can be seen in Fig. 1, the cross sections measured by these two experiments do not
agree well, with the most recent H1 measurement being systematically higher over the entire energy
range.

The data in Fig. 1 was fitted using the following pQCD motivated expression [14]:

dσγp→J/ψp(Wγp, t = 0)

dt
= C0

[

1−
(MJ/ψ +mN)2

W 2
γp

]1.5[ W 2
γp

1002 GeV2

]δ

, (15)

The values of the free parameters C0 and δ were determined from the fit, resulting in C0 =
342± 8 nb/GeV2 and δ = 0.40± 0.01. Then, the corresponding values of the forward cross section
are:

dσγp→J/ψp(19.6 GeV, t = 0)

dt
= 86.9± 1.8 nb/GeV2 ,

dσγp→J/ψp(92.4 GeV, t = 0)

dt
= 319.8± 7.1 nb/GeV2 . (16)
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Figure 1: The fit to the forward J/ψ photoproduction cross section data [8].

To calculate ΦA(tmin) and to estimate its uncertainty, we evaluate ΦA(tmin) using three dif-
ferent nuclear form factors. In particular, we used the analytic parametrization of FPb(t) from
StarLight [15], which is widely used in analyses of experimental data as a UPC generator. We

5

Calculated using nuclear form factor

• Model-independent determination of S:
S(W�p = 92.4GeV) = 0.61+0.05

�0.04

S(W�p = 19.6GeV) = 0.74+0.11
�0.12

• S can be interpreted as suppression due to the nuclear gluon shadowing.  

�A(tmin) =

Z tmin

�1
dt|FA(t)|2



d��T!J/ T (W, t = 0)

dt

= C(µ2)
⇥
xGT (x, µ

2)
⇤2

SA(W ) =
GA(x, µ2)

AGN (x, µ2)

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)

12

Implications for nuclear gluon shadowing 

• At the leading order pQCD and non-relativistic limit 
   for the J/ψ wave function :
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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 

• Applying to nuclear and proton targets :
Extending Eq. (25) for the description of J/ψ production on nuclei and accounting for the

transverse momentum distribution dictated by the nuclear form factor, one can easy find

σpQCD
γA→J/ψA(Wγp) =

dσγp→J/ψp(Wγp, t = 0)

dt

[

GA(x, µ2)

AGN(x, µ2)

]2

ΦA(tmin) . (26)

In the impulse approximation, GA(x, µ2) = AGN (x, µ2) and, hence, the nuclear suppression
factor for coherent J/ψ photoproduction on nuclei is

SA(Wγp) =
GA(x, µ2)

AGN (x, µ2)
≡ R(x, µ2) . (27)

Hence, in the leading order pQCD, the suppression of coherent J/ψ photoproduction on nucleus
as compared to the impulse approximation results from the coherent nature of the small x screening
of the gluon field of the nucleus which is generally accepted to be characterized by the R(x, µ2)
factor3.

In the top panel of Fig. 3, we compare the values of S(Wγp) obtained in our analysis of the
ALICE data (two black solid circles) at x = 0.022 and x = 0.001 corresponding to the energies of
Wγp = 19.6 GeV and Wγp = 92.4 GeV to the x dependence of the parametrization of the nuclear
gluon shadowing factors R(x) used in HIJING 2.0 generator [24, 25]. In this approach, the nuclear
gluon shadowing is characterized by the parameter sg and, contrary to pQCD, it does not depend
on the scale. In the older version of HIJING [24], the values of sg were chosen to be in the range of
0.24− 0.28. The nuclear gluon shadowing in this case—which is shown by the red dashed curve—
is too strong compared to the ALICE suppression factor at x ≈ 0.001. More recent versions of
HIJING include the impact parameter dependence of the nuclear gluon shadowing [25] and use
the values of sg = 0.17− 0.22 determined from fits to the RHIC hadron production data within a
two-component mini-jet model. The parametrization with sg ≈ 0.18 describes the ALICE values
very well, see the blue solid curve in the top panel of Fig. 3.

In the middle panel of Fig. 3, we compare the nuclear suppression factor found from the
analysis of the ALICE data to the x dependence of the nuclear gluon shadowing factors obtained
using several nuclear parton distribution functions (PDFs). These nuclear PDFs are the results
of the global QCD fits based on the data on deep inelastic and Drell–Yan processes on nuclei. In
particular, we consider HKN07LO [26], nDSLO [27], EPS08LO and EPS09LO [28]. In accordance
with [19], we take µ2 = M2

J/ψ/4, which is close to the c-quark mass squared. Note that a somewhat

larger value of µ2 is preferred by the analysis of [23].
From the comparison shown in the middle panel of Fig. 3, we see that the HKN07LO, nDSLO

and EPS08LO predictions for R(x, µ2 = 2.4 GeV2) are disfavored by the strong contradiction with
the nuclear suppression found by ALICE at x ≈ 0.001: while HKN07LO and nDSLO predict too
weak shadowing, the EPS08 shadowing is too strong. A good agreement is observed for the central
set of the EPS09LO nuclear gluon shadowing factor (blue solid line). However, one has to admit
that the uncertainties of EPS09LO (turquoise shaded area) are very large.

3Note that a consistent treatment within the LO pQCD requires the use of the same proton gluon density
Gp(x, µ2) in the calculation of the forward γp → J/ψp cross section and in the definition of R(x, µ2).
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• In practice, we also included several corrections (real part, skewness) and slightly  
varied µ2  to reproduce W-dependence of                                  cross section.  
    

� + p ! J/ + p



GA(x, µ2)

AGN (x, µ2)
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Implications for nuclear gluon shadowing (2) 

2.3 LO pQCD description of J/ψ photoproduction on Lead

It was shown in [10] that the recent ALICE measurements of exclusive J/ψ production

in ultraperipheral PbPb collisions [2, 3] provide direct evidence for strong nuclear gluon

shadowing down to x ∼ 10−3, which can be model-independently quantified by the factor

of S(Wγp):

S(Wγp) =

[

σexpγPb→J/ψPb(Wγp)

σIAγPb→J/ψPb((Wγp)

]1/2

. (2.10)

In eq. (2.10), the numerator is the experimental cross section and the denominator is the

result of the impulse approximation neglecting all nuclear effects except for coherence, i.e.,

the fact that ΦA(tmin) ̸= 1. The analysis of [10] found that S(x = 0.025) = 0.74± 0.12 and

S(x = 0.001) = 0.61± 0.05. (We used x = M2
J/ψ/W

2
γp.)

Combining Eqs. (2.2) and (2.6), we obtain

S(Wγp) = κA/N
GA(x, µ2)

AGN (x, µ2)
= κA/N R(x, µ2) , (2.11)

where R(x, µ2) = GA(x, µ2)/[AGN (x, µ2)] is the factor characterizing nuclear shadowing

in the gluon channel and κN/A is given by eq. (2.8).
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Figure 3. The suppression factor S(Wγp) for Lead of eq. (2.10) as a function of x = M2
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The ALICE data points [10] are compared with the LO pQCD predictions at µ2 = 2.4 GeV2 (see
text for details).
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• Taking from the leading twist theory of nuclear shadowing and global fits: 

ALICE data gives first direct evidence of large nuclear gluon shadowing at 
x=0.001.

µ2=3 GeV2



d�incoh(y ⇡ 0)/dy = 0.98+0.19
�0.17 mb

14

• ALICE also measured incoherent J/𝜓 photoproduction 
in Pb-Pb UPCs, Abbas et al. [ALICE], EPJ C (2013) 73:2617

Incoherent J/ψ photoproduction in Pb-Pb UPCs at LHC 
B

B
B

B

A A

A

X

X

jet 1 jet 1

jet 2 jet2

rapidity gap

(a) (b)

B
B

A
A

J/ψ,Υ

(c)

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

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

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

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

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

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

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

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

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

In UPCs at the LHC, one can directly access the gluon distribution in nuclei through the process of
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• Conclusion at the time of publication: models cannot reproduce the data

X
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Fig. 6 Measured differential cross section of J/ψ photoproduc-
tion in ultra-peripheral Pb–Pb collisions at

√
sNN = 2.76 TeV at

−0.9 < y < 0.9 for coherent (a) and incoherent (b) events. The er-
ror is the quadratic sum of the statistical and systematic errors. The
theoretical calculations described in the text are also shown

tion by more than 3 standard deviations. So does the predic-
tion based on the HKN07 parametrization, which includes
less gluon shadowing than EPS09.

The model AB-EPS08, significantly underestimates the
measured cross section by about a factor of two (about 5
standard deviations), indicating that the gluon shadowing is
too strong in the EPS08 parameterization. The leading twist
calculation (RSZ-LTA) is also significantly below the data,
by about 2–3 sigma.

For the incoherent cross section, shown in Fig. 6(b), there
are three model predictions available, LM, STARLIGHT,
and RSZ-LTA. The measured value deviates by about
two standard deviations from the LM prediction, while
STARLIGHT predicts an incoherent cross section 60 % too
high, and RSZ-LTA a factor 4 too low. Taking the ratio be-
tween the incoherent and coherent cross section provides
further constraints on the treatment of the nuclear modifi-
cations implemented in the different models. Another ad-
vantage is that the photon spectrum is factorized out, so
that the comparison directly probes the ratio of the pho-
tonuclear cross sections. The ratio obtained from data is

0.41+0.10
−0.08(sta + sys). This can be compared with 0.21 from

LM, 0.41 from STARLIGHT, and 0.17 from RSZ-LTA. Al-
though the RSZ-LTA model is quite close for the coherent
cross section at mid-rapidity, it seems to underpredict the
incoherent cross section. The LM model also predicts a too
low ratio. STARLIGHT, on the other hand, has about the
right ratio of incoherent-to-coherent cross section, although
it does not reproduce any of the cross sections individually.
All three models use the Glauber model to calculate the in-
coherent cross section, but the implementation and the input
cross section for γ + p → J/ψ + p varies. In STARLIGHT
the scaling of the inelastic J/ψ + nucleus cross section,
ranges from A2/3 to A, depending on the J/ψ + nucleon
cross section. In the first case, only the nucleons on the sur-
face participate in the scattering, while in the second one
all the nucleons contribute. The cross section for incoherent
photoproduction is assumed in STARLIGHT to follow the
same scaling, while in the other models, the reduction with
respect to the A scaling is larger.

The measured values for the γ γ cross sections are 20 %
above but fully compatible within 1.0 and 1.5 sigma with the
STARLIGHT prediction for the high and low invariant mass
intervals, respectively, if the statistical and systematic errors
are added in quadrature. This result provides important con-
straints on calculations that include terms of higher orders
in αem. A reduction in the two-photon cross section of up
to 30 % compared with leading-order calculations has been
predicted [14, 15]. The result for the two-photon cross sec-
tion to di-lepton pairs, measured by ALICE with a precision
of 12 % and 16 % for the low and high invariant mass range,
respectively, is thus fully consistent with STARLIGHT, and
sets limits on the contribution from higher-order terms [16].
This result supports the ALICE J/ψ photoproduction mea-
surement in the forward rapidity region [6], where the cross
section was based on σγγ .

7 Summary

In summary, the first measurement of coherent and incoher-
ent J/ψ photoproduction and two-photon production of di-
lepton pairs in Pb–Pb collisions at mid-rapidity at the LHC
has been presented and compared with model calculations.
The J/ψ photoproduction cross sections provide a powerful
tool to constrain the nuclear gluon shadowing in the region
x ≈ 10−3. The coherent J/ψ cross section is found to be
in good agreement with the model which incorporates the
nuclear gluon shadowing according to the EPS09 parame-
terization (AB-EPS09).

Models which include no nuclear gluon shadowing are
inconsistent with the measured results, as those which use
the Glauber model to incorporate nuclear effects. The AB-
HKN07 and AB-EPS08 models contain too little or too

However, see talks of V. Goncalves and 
H. Mäntysaari at this workshop.
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• Leading twist theory of nuclear shadowing makes predictions for incoherent case 
without introducing extra parameters: 

Incoherent J/ψ photoproduction in Pb-Pb UPCs at LHC (2) 

• ... 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.
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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:
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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.
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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 

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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 - has different t-dependence → can be used to constrain  
                                                    experimentally. 
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• UPCs can be also accompanied by additional photon 
exchanges leading to e.m. excitation to one or both nuclei 
with subsequent neutron emission.

UPCs accompanied by neutron emission 

• Additional photon exchanges cost   
  and can be taken into account by modification of photon flux: 

Baltz, Klein, Nystrand (2002)
FIGURES
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FIG. 1. The dominant Feynman diagrams for vector meson production with nuclear excitation.
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In particular, according to the estimates of [3, 4], for 1.5 < |y| < 2.5 in Pb-Pb UPCs at

2.76 TeV, the dσAA→AAJ/ψ(y)/dy rapidity distribution in the coherent case is exceedingly

dominated (by the factor of four) by the low-photon-energy contribution corresponding to

10−2 > x > 5 × 10−3 of the probed nuclear gluons. The high-photon-energy contribution is

suppressed by the much lower photon flux and the larger nuclear gluon shadowing. Hence,

it is rather difficult to extract the high energy nuclear coherent J/ψ photoproduction cross

section from the UPC data and, hence, to probe the nuclear gluon distribution around

x ≈ 10−4.

The method to overcome this difficulty was suggested in [29]. It is based on the ob-

servation of [30] that coherent photoproduction of vector mesons in heavy ion UPCs can

be accompanied by additional photon exchanges which lead to electromagnetic excitation

of one or both nuclei with the subsequent neutron emission. These neutrons will have the

energy close to that of the colliding beams and can be detected by zero degree calorimeters

placed at large distances on both sides of the detectors. With the additional requirement

to have in the final state only two muons from the J/ψ decay (in addition to the neutrons)

and the large rapidity gap, i.e., by requiring the absence of any other charged particle in

the whole range of y covered by the detector system, the strong interaction of the colliding

nuclei should be suppressed.

To calculate the cross section of photoproduction of vector mesons in UPCs accompanied

by the additional electromagnetic excitation of the colliding nuclei followed by their subse-

quent neutron emission, we use the model developed in [30]. This approach is justified by the

success of the calculations of [31] describing very well the ALICE data on electromagnetic

dissociation in Pb-Pb UPCs [32]. The model is based on the assumption that an additional

photon exchange does not destroy coherence of the photoproduction process but influences

the impact parameter of the ultraperipheral collision. The latter is taken into account by

the modification of the flux of the photons participating in photoproduction:

N i
γ/A(ω) =

∞
∫

2RA

d2bNγ/A(ω, b⃗)Pi(⃗b) , (19)

where the impact parameter dependent factor of Pi(⃗b) takes into account different channels

of the nuclear decay by the neutron emission (i = 0n0n, 0nXn, XnXn, . . .). In particular,

the 0n0n-channel corresponds to the selection of events without additional electromagnetic

17

impact-parameter dependent factor 
for different decay channels 
(i=0n0n,Xn0n,XnXn)

• Measuring any two channels one can separate high-ω (ω1) and low-ω (ω2) contrib’s:

dissociation with the nucleus neutron decay; the 0nXn-channel corresponds to one-side exci-

tation with the nucleus neutron decay of only one of the colliding nuclei; the XnXn-channel

corresponds to mutual electromagnetic dissociation with both excited nuclei decaying by

neutron emission. To obtain a rough estimate of the size of the effect, each additional pho-

ton exchange in Pb-Pb UPCs leads to the suppression of the cross section by the factor of

Z2α2
e.m. ≈ 0.3− 0.4.

Based on the assumption that an additional photon exchange influences only the flux

of photons, see Eq. (19), one can try to separate the low-energy (ω1) and high-energy (ω2)

J/ψ photoproduction contributions in the rapidity spectra measured in heavy ion UPCs. To

this end, it is necessary [29] to measure rapidity distributions of vector meson production

in any two channels, e.g., 0nXn and XnXn, and using the calculated photon fluxes for these

channels, to solve simple equations at a fixed value of the rapidity y. For the coherent case,

one then obtains:

dσ0nXn/dy = N0nXn
γ (ω1)σγ→J/ψ(ω1) +N0nXn

γ (ω2)σγ→J/ψ(ω2) ,

dσXnXn/dy = NXnXn
γ (ω1)σγ→J/ψ(ω1) +NXnXn

γ (ω2)σγ→J/ψ(ω2) . (20)

Since the photon fluxes N0nXn
γ and NXnXn

γ can be calculated with good accuracy, measure-

ments of different channels will allow one to study nuclear gluon shadowing in a wide range

of x. According to our calculations presented and discussed below, the relative contribu-

tions of low-photon-energy and high-photon-energy J/ψ photoproduction in these channels

are strongly different: while in the 0nXn-channel they are almost equal, the high-energy

photoproduction dominates in the XnXn-channel.

Production of forward neutrons in quasielastic incoherent photoproduction of J/ψ in

heavy ion UPCs with the nuclear breakup has been considered in [33]. Since in this case the

momentum transfer in elastic J/ψ photoproduction on the nucleon can be as large as |t| = 1

GeV, this target nucleon escaping from the nucleus participates in additional quasielastic

rescattering. The average excitation energy of a heavy nucleus in the one-nucleon removal

process is about 20 − 25 MeV, which is much higher than the separation energy of 7 − 8

MeV of one neutron. It was shown in [33] that in incoherent J/ψ photoproduction in

heavy ion UPCs, the residual nucleus will decay emitting one or more neutrons with the

probability of about 85%. Therefore, imposing the constraint that no neutrons are emitted,

i.e., considering the 0n0n-channel, one can almost completely (at the level of 10 − 15%)
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possibility to extend probed values of x!
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In the rapidity range 1.5 < y < 2.5, the separation of the ω1 and ω2 terms will allow  
one to probe gluon density in Pb down to x=10-4  
                          → order of magnitude smaller than can do without neutron tagging.

UPCs accompanied by neutron emission (2)

Baltz, K
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FIG. 5: Predictions of the leading twist approximation (LTA) for the rapidity distribution of

coherent (two left panels) and incoherent (two right panels) J/ψ photoproduction in Pb-Pb UPCs

with neutron emission in the 0nXn-channel (two upper panels) and in the XnXn-channel (two lower

panels) at
√
s = 2.76 GeV.

leads to excitation of the target nucleus which decays by emission of neutrons.

Figure 5 presents the results of our calculation of the rapidity distributions in J/ψ pho-

toproduction in Pb-Pb UPCs with neutron emission in the 0nXn-channel (upper row of
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UPCs accompanied by neutron emission (3)
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FIG. 6: Upper panel: Predictions for the sum of the coherent and incoherent cross section of

J/ψ photoproduction in Pb-Pb UPCs accompanied by neutron emission in the 0nXn-channel as

a function of pt in the rapidity range of 1.5 < y < 2.5. Middle panel: The same quantity for the

situation when the direction of J/ψ coincides with that of the neutrons (upper band) and when

the directions of J/ψ are the neutrons are opposite (lower band). Bottom panel: the ratio of the

two curves from the middle panel.

can see such first three diffractive peaks in Fig. 6. The t dependence of the incoherent nuclear

cross section is the same as in the elementary process, i.e., exp[−BJ/ψ|t|]. Our predictions

for the sum of the coherent and incoherent cross sections of J/ψ photoproduction in Pb-

23

In the incoherent case in the 0nXn-channel, one can separate the ω1 and ω2 terms 
by studying correlation between direction of J/ψ and neutrons. 
                          

Pb+ Pb ! Pb+Xn+ J/ 
p
s = 2.76 TeV

1.5 < y < 2.5

Coherent+incoherent 
 - upper: low-ω 
 - lower: high-ω

• For coherent contribution at small pt, directions of J/ψ and neutrons are not  
correlated since e.m. excitation is independent from coherent photoproduction. 

!
• For incoherent contribution, high-energy photons correspond to J/ψ and neutrons 
   (target) moving in opposite directions → possibility to probe smaller xA 
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Photoproduction of ψ(2S) in Pb-Pb UPCs
• In the leading logarithmic approximation of pQCD, photoproduction of ψ(2S) 

and J/ψ on the same footing:                        
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Comparison of ψ(2S) and J/ψ photoproduction cross sections in

Pb-Pb ultraperipheral collisions at the LHC

Vadim Guzey∗ and Michael Zhalov†

Petersburg Nuclear Physics Institute (PNPI),

National Research Center “Kurchatov Institute”, Gatchina, 188300, Russia

Within the leading logarithmic approximation of perturbative QCD and the lead-

ing twist approach to nuclear shadowing, we compare the cross sections of photopro-

duction of J/ψ and ψ(2S) mesons on nuclei in Pb-Pb UPCs in the LHC kinematics.

We find that the nuclear suppression of these cross sections due to the nuclear gluon

shadowing is large and rather similar in the J/ψ and ψ(2S) cases.

In a recent series of papers [1, 2] it was argued that the ALICE data on J/ψ photopro-

duction in Pb-Pb ultraperipheral collisions (UPCs) at the LHC at
√
s = 2.76 GeV [3, 4]

constrains the nuclear gluon distribution at small x and favors the significant nuclear gluon

shadowing at x ≈ 10−3. This note presents an extension of the analysis of [2] to the case of

photoproduction of ψ(2S) vector meson, the first excitation of J/ψ, in Pb-Pb UPCs at the

LHC. We show that the nuclear suppression is rather similar in the ψ(2S) and J/ψ cases,

which provides additional constrains on the dynamics and magnitude of the nuclear gluon

shadowing at x ≈ 10−3.

In QCD the cross sections of photoproduction of J/ψ and ψ(2S) vector mesons on the

nucleon and nuclei can be treated on equal footing. In this work we use the leading logarith-

mic approximation of perturbative QCD, where the γ + T → J/ψ[ψ(2S)] + T cross section

is proportional to the gluon density of the target GT (x, µ2) squared [5]:

dσγT→J/ψ[ψ(2S)]T

dt
(Wγp, tmin) = C(µ2)[αs(µ

2)xGT (x, µ
2)]2F 2

T (tmin) , (1)

where T denotes the nucleon or a nucleus; Wγp is the invariant photon–target center of

mass energy per nucleon; t is the four-momentum transfer squared and tmin = −x2m2
N is its

minimal kinematically-allowed value, where mN is the nucleon mass; µ is the factorization
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• In our implementation, the only difference is the value of µ2  
!

- µ2=3 GeV2 for J/ψ to reproduce                                           H1, ZEUS 
!

- µ2=4 GeV2 for ψ(2S) to reproduce 
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scale; x = M2
V /W

2
γp is the light-cone momentum fraction associated with the two-gluon

ladder, where MV is the vector meson mass (V = J/ψ or ψ(2S)); C(µ2) determines the

cross section normalization and depends on the wave function of the final charmonium state

and approximations used in the calculation of the strong γ+T → J/ψ[ψ(2S)]+T amplitude;

FT (t) is the form factor of the target. While for the proton target Fp(t) = 1 with the very

good accuracy, the effect of tmin ̸= 0 is important for heavy nuclei.

In the case of J/ψ photoproduction on the proton, Eq. (1) was first derived in [5] using

the non-relativistic approximation for the J/ψ wave function and later extended beyond

the non-relativistic and collinear approximations in [6, 7]. It was found that µ2 = O(m2
c),

where mc is the charm quark mass (µ2 = M2
J/ψ/4 = 2.4 GeV2 in the non-relativistic limit)

and C(µ2) = F 2(µ2)(1 + η2)R2
gπ

3ΓeeM3
J/ψ/(48αemµ8), where Γee is the J/ψ → e+e− decay

width; αem is the fine-structure constant; η is the ratio of the real to the imaginary parts

of the γ + p → J/ψ + p scattering amplitude; Rg is the skewness factor taking into account

the off-forward nature of the γ + p → J/ψ + p amplitude. The factor of F 2(µ2) ≤ 1 takes

into account the relativistic corrections in the J/ψ wave function and next-to-leading order

corrections in αs.

Using the freedom to vary the factorization scale µ within a reasonable range, 2.4 ≤ µ2 ≤

3.4 GeV2, it was shown in [2] that Eq. (1) with µ2 ≈ 3 GeV2 reproduces correctly the Wγp

dependence of the γ + p → J/ψ + p cross section measured at HERA and LHCb with a

wide array of modern gluon distributions of the proton. This emphasizes that high-energy

diffractive photoproduction of charmonium places an important constraint on the small-x

behavior of Gp(x,Q2) down to 5× 10−6.

A similar analysis can be carried out in the case of ψ(2S) photoproduction on the proton.

This is supported by the H1 [8] and ZEUS [9] results on diffractive photoproduction of ψ(2S)

mesons which found that the energy behavior of the diffractive ψ(2S) cross section is similar

to or possibly somewhat steeper than that for J/ψ mesons:

R ≡
σ(ψ(2S))

σ(J/ψ)
∝

(

Wγp

90 GeV

)∆δ

(2)

where ∆δ = 0.24± 0.17 on the interval 40 < Wγp < 150 GeV [8]. Using as a representative

example the leading order CTEQ6L1 parton distribution [11], we find that Eq. (1) reproduces

Eq. (2) with 3.8 < µ2 < 4.5 GeV2, where the range of the µ2 values corresponds to the large

experimental error on ∆δ. In view of this uncertainty, in the analysis below, for definiteness,

2

scale; x = M2
V /W

2
γp is the light-cone momentum fraction associated with the two-gluon

ladder, where MV is the vector meson mass (V = J/ψ or ψ(2S)); C(µ2) determines the

cross section normalization and depends on the wave function of the final charmonium state

and approximations used in the calculation of the strong γ+T → J/ψ[ψ(2S)]+T amplitude;

FT (t) is the form factor of the target. While for the proton target Fp(t) = 1 with the very

good accuracy, the effect of tmin ̸= 0 is important for heavy nuclei.

In the case of J/ψ photoproduction on the proton, Eq. (1) was first derived in [5] using

the non-relativistic approximation for the J/ψ wave function and later extended beyond

the non-relativistic and collinear approximations in [6, 7]. It was found that µ2 = O(m2
c),

where mc is the charm quark mass (µ2 = M2
J/ψ/4 = 2.4 GeV2 in the non-relativistic limit)

and C(µ2) = F 2(µ2)(1 + η2)R2
gπ

3ΓeeM3
J/ψ/(48αemµ8), where Γee is the J/ψ → e+e− decay

width; αem is the fine-structure constant; η is the ratio of the real to the imaginary parts

of the γ + p → J/ψ + p scattering amplitude; Rg is the skewness factor taking into account

the off-forward nature of the γ + p → J/ψ + p amplitude. The factor of F 2(µ2) ≤ 1 takes

into account the relativistic corrections in the J/ψ wave function and next-to-leading order

corrections in αs.

Using the freedom to vary the factorization scale µ within a reasonable range, 2.4 ≤ µ2 ≤

3.4 GeV2, it was shown in [2] that Eq. (1) with µ2 ≈ 3 GeV2 reproduces correctly the Wγp

dependence of the γ + p → J/ψ + p cross section measured at HERA and LHCb with a

wide array of modern gluon distributions of the proton. This emphasizes that high-energy

diffractive photoproduction of charmonium places an important constraint on the small-x

behavior of Gp(x,Q2) down to 5× 10−6.

A similar analysis can be carried out in the case of ψ(2S) photoproduction on the proton.

This is supported by the H1 [8] and ZEUS [9] results on diffractive photoproduction of ψ(2S)

mesons which found that the energy behavior of the diffractive ψ(2S) cross section is similar

to or possibly somewhat steeper than that for J/ψ mesons:

R ≡
σ(ψ(2S))

σ(J/ψ)
∝

(

Wγp

90 GeV

)∆δ

(2)

where ∆δ = 0.24± 0.17 on the interval 40 < Wγp < 150 GeV [8]. Using as a representative

example the leading order CTEQ6L1 parton distribution [11], we find that Eq. (1) reproduces

Eq. (2) with 3.8 < µ2 < 4.5 GeV2, where the range of the µ2 values corresponds to the large

experimental error on ∆δ. In view of this uncertainty, in the analysis below, for definiteness,

H1 (2002)

• Thus, the formalism predicts only the W-dependence of                          . 
   The normalization is fixed using the H1 result:

�(�p !  (2S)p)
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scenario [12]. In the EPS09 case, we show the central value with the associated uncertainty

due to the uncertainty of the extracted nuclear gluon PDF [13].

Taking the ratio of the cross sections in Eq. (9), we obtain:

dσAA→AAψ(2S)(y)/dy(y = 0)

dσAA→AAJ/ψ(y)/dy(y = 0)
=

⎧

⎨

⎩

0.15− 0.16 , LTA + CTEQ6L1

0.15+0.03
−0.01 , EPS09 .

(10)

These values can be be compared to: (i) the ratio of the ψ(2S) and J/ψ photoproduction

cross sections on the proton, and (ii) the ratio of ψ(2S) and J/ψ photoproduction cross

sections in Pb-Pb UPCs calculated in the impulse approximation.

For the case (i), the H1 analysis gives [8]:

σγp→ψ(2S)p

σγp→J/ψp
= 0.166± 0.007(stat.)± 0.008(sys.)± 0.007(BR) (11)

on the interval 40 < Wγp < 150 GeV. Using the measured slopes of the t dependence of the

J/ψ and ψ(2S) diffractive photoproduction cross sections, BJ/ψ
el = (4.99±0.13±0.39) GeV−2

and Bψ(2S)
el = (4.31 ± 0.57 ± 0.46) GeV−2 [8], one can find the ratio of the corresponding

differential cross sections at t = 0 and at the values of Wγp corresponding to y = 0:

dσγp→ψ(2S)p/dt(t = 0)

dσγp→J/ψp/dt(t = 0)
=

Bψ(2S)
el

BJ/ψ
el

σγp→ψ(2S)p

σγp→J/ψp
= 0.157± 0.032 , (12)

where the experimental errors have been added in quadrature. In Eq. (12) we took into

account that at y = 0, Wγp in the ψ(2S) case is slightly higher than that in the J/ψ case.

For the case (ii), we obtain:

dσIA
AA→AAψ(2S)(y)/dy(y = 0)

dσIA
AA→AAJ/ψ(y)/dy(y = 0)

= 0.133 . (13)

A comparison of the results in Eq. (10) with those of Eqs. (12) and (13) shows that

(i) the nuclear suppression of J/ψ and ψ(2S) photoproduction in Pb-Pb UPCs at cen-

tral rapidities due to the nuclear gluon shadowing is rather similar, and (ii) in compar-

ison to the J/ψ case, the effect of the slightly smaller nuclear shadowing suppression

in the ψ(2S) case is compensated by a somewhat smaller photon flux, which makes the

(dσAA→AAψ(2S)(y)/dy(y = 0))/(dσAA→AAJ/ψ(y)/dy(y = 0)) ratio numerically close to the

(dσγp→ψ(2S)p/dt(t = 0))/(dσγp→J/ψp/dt(t = 0)) ratio for the free proton.

C. Adloff et al. [H1 Collaboration], PLB 541 (2002) 251 
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Photoproduction of ψ(2S) in Pb-Pb UPCs (2)

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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sections in Pb-Pb UPCs calculated in the impulse approximation.

For the case (i), the H1 analysis gives [8]:
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= 0.166± 0.007(stat.)± 0.008(sys.)± 0.007(BR) (11)

on the interval 40 < Wγp < 150 GeV. Using the measured slopes of the t dependence of the

J/ψ and ψ(2S) diffractive photoproduction cross sections, BJ/ψ
el = (4.99±0.13±0.39) GeV−2

and Bψ(2S)
el = (4.31 ± 0.57 ± 0.46) GeV−2 [8], one can find the ratio of the corresponding

differential cross sections at t = 0 and at the values of Wγp corresponding to y = 0:
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where the experimental errors have been added in quadrature. In Eq. (12) we took into

account that at y = 0, Wγp in the ψ(2S) case is slightly higher than that in the J/ψ case.

For the case (ii), we obtain:

dσIA
AA→AAψ(2S)(y)/dy(y = 0)

dσIA
AA→AAJ/ψ(y)/dy(y = 0)

= 0.133 . (13)

A comparison of the results in Eq. (10) with those of Eqs. (12) and (13) shows that

(i) the nuclear suppression of J/ψ and ψ(2S) photoproduction in Pb-Pb UPCs at cen-

tral rapidities due to the nuclear gluon shadowing is rather similar, and (ii) in compar-

ison to the J/ψ case, the effect of the slightly smaller nuclear shadowing suppression

in the ψ(2S) case is compensated by a somewhat smaller photon flux, which makes the

(dσAA→AAψ(2S)(y)/dy(y = 0))/(dσAA→AAJ/ψ(y)/dy(y = 0)) ratio numerically close to the

(dσγp→ψ(2S)p/dt(t = 0))/(dσγp→J/ψp/dt(t = 0)) ratio for the free proton.

• Leading twist shadowing suppression is very similar in J/ψ and ψ(2S) cases:

• The ratio of ψ(2S) and J/ψ photoproduction cross sections in Pb-Pb UPCs is 
the same as in the proton case   :

VG, Zhalov, 
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!
! Nuclear parton distributions at small x are suppressed compared to free    
  proton ones – nuclear shadowing. The magnitude of shadowing of the 
   gluon distribution in unknown for x < 0.01. 
!
! The leading twist theory of nuclear shadowing predicts large gluon shadowing. 
   Predictions can be tested in photon-nucleus processes in UPCs at the LHC. 
   
! Coherent photoproduction of J/ψ in Pb-Pb UPCs at the LHC gives first direct 
evidence of large nuclear gluon shadowing consistent with our predictions. 
!

! In the incoherent channel, there is discrepancy between the data and our 
predictions, which we attribute to nucleon dissociation contribution.  
!
• UPCs accompanied by e.m. excitations of nuclei with subsequent neutron 
emission can help to probe the nuclear gluon distribution at smaller x. 
!
• Shadowing suppression for photoproduction of ψ(2S) and J/ψ in Pb-Pb UPCs 
  is predicted to be very similar. 
!
!
!
!

Conclusions


