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               Outline: 

- Nuclear gluon distribution at small x: fixed-target DIS, pA@LHC, future EIC 
and LHeC 

- Leading twist nuclear shadowing model 

- Gluon nuclear shadowing from coherent J/!  photoproduction on nuclei at 
the LHC
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¥ Nuclear parton distributions (nPDFs) fA(x,µ2) = densities/distributions of 
quarks and gluons in nuclei as function of momentum fraction x at resolution µ. 

¥ Due to collinear QCD factorization, nPDFs are universal quantities required 
for calculations of various hard processes with nuclei at high energies at RHIC, 
LHC, and future EIC and LHeC/FCC. 

¥ fA(x,! 2) are determined from global QCD fits to data on fixed-target DIS, 
nuclear Drell-Yan, hard processes in dA (RHIC) and pA (LHC)  " f A(x,! 2) with 
significant uncertainties:

Gluon distributions in nuclei: fixed-target DI S
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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 thedssz Þt, the
authors did not investigate the possible difference betweenRA

uV
and RA

dV
in the paper.

In the case ofRA
u , which here generally represents the sea quark modiÞcation, 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 scaleQ2 > Q 2

0, the sea quark modi-
Þcations are also signiÞcantly affected, especially at largex (x ! 0.2), by the corresponding gluon
modiÞcation 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 amongeps09, 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 modiÞcation observed in the inclusive
pion production at RHIC [26, 27]. An example of these data areshown 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) D k! " + X (z, Q2) in the calculation of the inclusive
pion production cross sections
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4

Rg(x, Q2) =
gA (x, Q2)

Agp(x, Q2)

Paukkunen, NPA 926 
(2014) 24shadowing

¥For small x < 0.005, 
nPDFs are suppressed 
due to nuclear 
shadowing:            
fA(x,µ2) < A fN(x,µ2)  



Gluon distributions in nuclei: adding dijet and 
W,Z production in pA@LHC
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¥ One of the goals of the LHC heavy ion program is to better constrain nPDFs. 

¥ However, Run 1 pA data on dijet and W,Z production does not really help 

- EPPS16 includes these data in the fit 
- nCTEQ15 does reweighting
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Fig. 9 The EPPS16 nuclear modiÞcations for Carbon (leftmost columns) and Lead (rightmost columns) at the parametrization
scale Q2 = 1 .69 GeV2 and at Q2 = 10 GeV 2 . The thick black curves correspond to the central Þt S0 and the dotted curves to
the individual error sets S±

i [!" 2 ] of Eq. (52). The total uncertainties are shown as blue bands.

EPPS16, Eskola et al, EPJ C77 (2017) 163
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(a) Charge Asymmetry (b) Forward-backward Asymmetry

Figure 21: Comparison of data and theory before and after the reweighting procedure using the charge asymmetry
(left) and the forward-backward asymmetry (right) from W ± production data by CMS [4].

(a) u PDF (b) g PDF

Figure 22: Comparison of PDFs at a scale of Q = 10 GeV before and after the reweighting procedure using
asymmetries measured by CMS [4]. The lower plots show the ratio compared to the central (average) distribution

before the reweighting.

nCTEQ15, Kusina at al, EJC 77 (2017) 7
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Gluon distributions in nuclei: adding Run 2 pA 
data

4

¥ Run 2 data and additional processes, e.g. heavy flavor production, may/
should give additional constraints on nPDFs, Paukkunen, arXiv:1811.01976 [hep-ph]. 

¥ Two examples of Hessian reweighing to study impact of Run 2 data:
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Fig. 10 The impact of reweighting the EPPS16 nPDFs with the data on the nuclear modification ratio of the dijet spectra. The original and
reweighted EPPS16 nuclear modifications for the lead nucleus are presented at the parametrization scale Q

2 = 1.69 GeV2. For better visibility, the
s-quark modifications are presented with a different vertical axis scaling.

10�4 10�3 10�2 10�1

0.5

1

1.5

x

R
Pb g

10�4 10�3 10�2 10�1

0.5

1

1.5

x

R
Pb g

1 1

Q
2 = 10 GeV2

Q
2 = 104 GeV2

EPPS16
reweighted Fig. 11 The EPPS16 gluon nuclear modifi-

cations in Pb at the scales Q
2 = 10 GeV2 and

Q
2 = 104 GeV2 before and after reweighting

with the dijet data.

direction a slight enhancement in the central prediction can be
observed, but this is far less prominent than the suppression
in the forward bins. In total, we obtain an improvement in the
goodness of fit from ! 2/Ndata = 1.68 to 1.41 with a penalty
P/" ! 2 = 0.14.

The corresponding effects on the EPPS16 nuclear modifi-
cations in lead at the parametrization scale Q

2 = 1.69 GeV2

are presented in Fig. 10. There is a striking impact on gluon
modification uncertainties, which are reduced across all x.
In the best-constrained mid-x region, the uncertainties are
reduced to less than half of their original size. As the uncer-
tainty band lies clearly above unity in this region, we find
strong evidence for gluon antishadowing in lead. At small
x, the reweighted uncertainty band goes respectively below
unity, giving evidence for gluon shadowing. These findings
are in accordance with those of Ref. [37], where inclusive
heavy-flavour production data from measurements at the
LHC were used to study the gluon PDF modifications in nu-
clei. As expected from inspecting the ratio of the dijet spectra,

the new central set seems to support stronger shadowing than
in the original EPPS16 central fit.

Even with the increased gluon shadowing, the most for-
ward bins of R

norm.
pPb are not well reproduced by the reweighted

results, which is also the reason why the ! 2/Ndata remained
somewhat high even after the reweighting. To be consistent
with these forward data points, a very deep shadowing for
the gluons would be required. Moreover, the probed x region
changes very little between the last and second-to-last #dijet
data point, and thus such a steep drop as that suggested by
the data is difficult to attain. This is because the DGLAP
evolution efficiently smooths out even steep structures in
the gluon nuclear modification, as can be seen in Fig. 11
where we show the gluon nuclear modifications evolved to
higher scales. We also note that the systematic uncertainty
dominates in the last #dijet bins, and thus taking into account
the data correlations, once available, could improve the fit
quality. These findings should, in the future, be contrasted
also with the recent ATLAS conditional yield measurement,
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Figure 8. The EPPS16 nuclear modifications for bound-proton PDFs in Pb nucleus before (blue)
and after (red) reweighting with the LHCb data. The scale is Q2 = 1.69 GeV2.
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Figure 9. The EPPS16 nuclear modifications for bound-proton PDFs in Pb nucleus before (blue)
and after (red) reweighting with the LHCb data. The scale is Q2 = 10 GeV2.
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Run 2 CMS jets, Eskola, Paakkinen, Paukkunen, 
EPJ C 79 (2019) 6, 511

Run 2 LHCb D0, Eskola, Helenius, Paakkinen, 
JHEP 05 (2020) 037
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Gluon shadowing and antishadowing from heavy 
flavor production in pA  

¥Data-driven analysis of inclusive heavy 
quark production in hadron scattering, 
Kusina, Lansberg, Schienbein, Shao, PRL 121 (2018) 5, 052004  

d! (pA ! HX )
d! 2

=
1
2s

!
dxpdxA f A (xA )f p(xp)|A (k1k2 ! Q + k3)|2

¥Re-weighting reduces the uncertainties 
and shows distinct and large shadowing 
and antishadowing of gluon distribution 

¥ This data can also be explained by energy 
loss, Arleo, Peigne, JHEP 03 (2013) 122 and CGC, 
Ducloue, Lappi, MŠntysaari, PRD91 (2015) 114005, PRD94 (2016) 

074031 " not possible to single out the main 
nuclear modification mechanism. 
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FIG. 1: Selected RpPb results before and after reweighting for (a) prompt D0, (b) prompt J/ , (c) B! J/ , (d) ! (1S) as well as
the final reweighted nPDF uncertainties (e) nCTEQ15 and (f) EPPS16 with constraints from both RpPb vs PT,H and yc.m.s.,H
data. The shown experimental data are from Refs. [88, 92, 93, 98, 99]. The error bands due to nPDF uncertainty are given at

68% C.L.

ferent observables like DIS and Drell-Yan processes, and yet
they allow us to reproduce the most important feature of the
data [54] which makes our reweighting analysis meaningful.
We see this as a confirmation of the LT factorization (see also
Refs. [100–103]).

As for the reweighting results (gray-blue hatched bands in
Figs. [1a–1d]), if we could simply fix the scale to a single

value for each particle, the LHC RpPb data for prompt D0 and
J/ would reduce the uncertainties of the gluon density by a
factor 3 for EPPS16 and 2 for nCTEQ15 down to x ' 7⇥10�6

[compare the gray-blue and red hatched bands in Figs. 1a and
1d). The current B ! J/ and ! (1S) data do not constrain
the gluon nPDFs due to their large uncertainties and relatively
large scales. Yet, the larger samples collected at 8 TeV should



Gluon nuclear shadowing at EIC   

6

¥ In the future, gluon nuclear shadowing will be constrained at EIC, Accardi et al, 

EPJ A52 (2016) no.9, 268; LHeC@CERN, LHEC Study Group, J. Phys. G39 (2012) 075001 due to wide 
Q2-x kinematic coverage, FLA(x,Q2) and F2charm(x,Q2) measurements:

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

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

¥ Are there strong color (quark and gluon density) ßuctuations inside a
large nucleus? How does the nucleus respond to the propagation of a
color charge through it? Our understanding of the spatial and momentum space
distributions of quarks and gluons inside the nuclei would not be complete without
studying their ßuctuations. The typical size of color ßuctuations can be measured
by sending a quark probe through the nucleus. Conversion of the quark probe into
a hadron (hadronization) may be a! ected by the nuclear environment, giving us a
chance at a better understanding of the process.
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FIG. 12. Results for the nuclear modiÞcations of Pb at Q2 = 1 .69 GeV2. The hatched bands correspond to the baseline Þt,
the blue bands are the results from Þts with no charm data included, and the black error bands denote the full analysis with
inclusive and charm data.
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Leading twist nuclear shadowing model   
¥Combination of Gribov-Glauber nuclear shadowing model for soft interactions 
with QCD factorization theorems for inclusive and diffractive DIS " 
shadowing is driven by diffraction for individual partons j, Frankfurt, Strikman (1999); 
Frankfurt, Guzey, Strikman, Phys. Rept. 512 (2012)  255 

¥Double scattering term (N=2) is a model-independent result of unitarity (AGK 
cutting rules). Higher terms (N > 3) require modeling.  

¥Graphs for gA(x,Q2):
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Fig. 10. Graphs corresponding to sea quark nuclear PDFs. Graphs a, b, and c correspond to the interaction with one, two, and three nucleons, respectively.
Graph a gives the impulse approximation; graphs b and c contribute to the shadowing correction.

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

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

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

F2(x, Q 2) = x
!

j= q,øq,g

" 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) = !

!

j= q,øq,g

" 1

!

dy
y
Cj

#
!
y

, Q 2
$
f D(4)
j (y, Q 2, xP, t), (47)

Ñ + Ñ

diffractive exchange diffractive intermediate state
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our numerical studies described below, ! decreases with decreasing x, which reflects the onset of the strong interaction
regime for the increasing fraction of the configurations contributing to the PDFs.

We shall postpone the detailed discussion of " j
soft until Section 5.1.2. At this point, to get the feeling about the meaning

and magnitude of " j
soft , we note that if diffraction were described by the aligned jet model, we would expect the typical

strength of the interaction of a large-size qøq configuration with the nucleon to be compatible to that for pions ( # mesons,
etc.), i.e., " aligned jet �N ⇡ 25 mb at x = 0.01 and " aligned jet �N ⇡ 40 mb at x = 10�5.

Applying the color fluctuation approximation to Eq. (61) , we obtain our final expression for the nuclear parton distribu-
tion modified by nuclear shadowing,

xfj/A(x, Q2
0 ) = Axfj/N(x, Q2

0 ) � 8$ A(A � 1) <e
(1 � i%)2

1 + %2
Bdiff

! 0.1

x

dxP&f D(3)
j (&, Q2

0 , xP)

⇥

!
d2b

!
1

�1

dz1

!
1

z1

dz2#A(Eb, z1)#A(Eb, z2)e
i(z1�z2)xPmN e�

A
2 (1�i%)" j

soft (x,Q
2
0 )

" z2
z1

dz0#A(Eb,z0), (64)

where Afj/N ⌘ Zfj/p + (A � Z)fj/n; Q2
0 is a low scale at which the color fluctuation approximation is applicable (see below).

The nuclear PDFsfj/A given by Eq. (64) are next-to-leading (NLO) PDFs since the nucleon diffractive PDFs f D(3)
j are obtained

from the NLO QCD fit.
Our master Eq. (64) determines the nuclear PDFs fj/A at a particular input scale Q2 = Q2

0 , which is explicitly present in

fj/N, f D(3)
j and " j

soft . The color fluctuation approximation is more accurate if the fluctuations are more hadron-like, i.e., when

the contribution of the point-like configurations (PLCs) is small. This demands that Q2
0 is not too large. At the same time, we

would like to stay within the perturbative regime, where higher twist contributions to the diffractive structure functions
are still small and where the fits to diffractive PDFs do not have to be extrapolated too strongly. (In the extraction of the
diffractive PDFs from the HERA data on diffraction, only the data with Q2 > 8.5 GeV2 were used [ 61]. However, it has been
checked that the extrapolation down to Q2 = 4 GeV2 works with a good accuracy.) Accordingly, in our numerical analysis,
we use Q2

0 = 4 GeV2. We will demonstrate that our results depend weakly on the choice of Q2
0 , even if we keep " j

soft fixed.
This is because the approximations discussed above are needed only for the interactions with three and more nucleons of
the target; the double rescattering contribution is evaluated in a model-independent way.

It is important to emphasize that while Eq. (61) gives a general expression for the effect of cross section (color)
fluctuations on the multiple interactions, Eq. (64) presents a particular approximationÑthe color fluctuation approximation.
In this approximation, the interaction cross section with N � 3 nucleons is " j

soft (x, Q2) = h" 3ij/h" 2ij , see Eq.(63) . Eq.(64)

allows for a simple interpretation: the factor Bdiff

" 0.1
x dxP&f D(3)

j (&, Q2, xP) describes the probability for a photon to diffract

into diffractive states in the interaction with a target nucleon at point (z1, Eb) and to be absorbed in the interaction with
another nucleon at point (z2, Eb), while the factor in the third line of Eq. (64) describes the interaction of the diffractive states
with other nucleons of the nucleus with the cross section " j

soft between points z1 and z2.

It is important to note that " j
soft (x, Q2) can be determined experimentally by measuring nuclear shadowing with a light

nucleus, for instance, with 4He. Alternatively, " j
soft (x, Q2) can be extracted directly from coherent diffraction in DIS on

deuterium [ 128]. After " j
soft (x, Q2) will have been determined, the leading twist theory will contain no model-dependent

parameters and can be used to predict nuclear shadowing for an arbitrary nucleus in a completely model-independent way.
The discussed measurements can be carried out at a future ElectronÐIon Collider.

In the treatment of multiple rescatterings in the leading twist theory of nuclear shadowing in Ref. [ 76], we used the
so-called quasi-eikonal approximation, which neglects color fluctuations and, hence, uses " j

soft (x, Q2) = " j
2(x, Q2) ⌘

h" 2ij/h" ij in Eq. (64) . Such an approximation gives the results identical to Eq. (64) for the interaction with one and two
nucleons of the nuclear target. However, it neglects the presence of point-like configurations in the virtual photon wave
function and, hence, overestimates shadowing at x ⇠ 10�3, where the contribution of the interactions with N > 2 is already
important, while the contribution of the point-like configurations is still significant. We will use a comparison between
the color fluctuation and quasi-eikonal approximations to illustrate the role of color fluctuations in Section 5.8. (Note that
the quasi-eikonal approximation is popular in the literature in spite of its deep shortcomings discussed above and also in
Section 3.1.4.)

In the very small- x limit, which for practical purposes means x < 10�2 (see Fig. 44), the factor ei(z1�z2)xPmN in Eq. (64) can
be safely neglected. This results in a significant simplification of the master formula after the integration by parts two times
(cf. [80]):

xfj/A(x, Q2
0 ) = A xfj/N(x, Q2

0 ) � 8$ A(A � 1)Bdiff <e
(1 � i%)2

1 + %2

! 0.1

x

dxP&f D(3)
j (&, Q2

0 , xP)

⇥

!
d2Eb

e�LTA(b) � 1 + LTA(b)

L2
, (65)

where L = A/2 (1 � i%)" j
soft (x, Q2

0 ); TA(b) =
"

1

�1
dz #A(z).

proton diffractive PDFs
effective cross section

¥ Measured in diffractive DIS on proton at 
HERA, H1, ZEUS    
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Fig. 17. Diffractive production of a hadron with momentum p0 in the nucleon fragmentation region in DIS.

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

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

2 is given by
the convolution of the same hard scattering coefficient functions Cj with universal diffractive parton distributions f D(4)

j :

FD(4)
2 (x, Q 2, xP, t) = !

!

j= q,øq,g

" 1

!

dy
y
Cj

#
!
y

, Q 2
$
f D(4)
j (y, Q 2, xP, t), (85)

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

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

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

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

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

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

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

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

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

X should be close to that for soft processes [138]. Another important contribution to diffraction is due to large size color
octet dipoles (qøqg configurations in the virtual photon). These predictions are in a good agreement with the current HERA
data, see below.

¥ One of main HERA results: diffraction in DIS 
is a leading-twist phenomenon " hence the 
name Òleading twist shadowingÓ 

¥ Beware : While extrapolated pQCD fits 
describe the HERA data well for Q2 < 6.5 
GeV2, higher-twist effects are potentially 
large for Q2 < 5 GeV2, Motyka, Sadzikowski, 
Slominski, PRD 86 (2012) 111501

¥Estimated using two models of 
photon fluctuations:  
 - like in the pion, Blattel et al, 1993 
 - like in the dipole model, 
McDermott, Frankfurt, Guzey, Strikman, 
2000 
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Fig. 29. The cross sections �
j(H)
soft , �

j(L)
soft , and �

j
2(x, Q2

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.

Fig. 30. The ratio Rof Eq. (116) at Q2
0 = 4 GeV2. The solid curves correspond to �max = 0.5; the dotted curves correspond to �max = 0.1; the dot-dashed

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

To quantify the contributions of different regions of integration over � to �
j
2(x, Q2), we introduce the ratio Rdefined as

follows:

R(�max, x) ⌘

R 0.1
x dxP�f D(3)

j/N (�, Q2
0 , xP)⇥(�max � �)

R 0.1
x dxP�f D(3)

j/N (�, Q2
0 , xP)

. (116)

The ratio R for the ū-quark and gluon channels at Q2
0 = 4 GeV2 is presented in Fig. 30. In the figure, the solid curves

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

One can infer from Fig. 30 the relative contributions of different �-regions to �
j
2(x, Q2) and, hence, to nuclear shadowing.

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

Another conclusion is that the diffractively produced masses M 2
X ⇡ Q2(1 � �)/� can be large. At very high energies

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

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

antishadowing and the EMC effect take place. However, we need to know nuclear PDFs at our chosen input scale Q2
0 =

4 GeV2 for a wide range of the values of Bjorken x0, x  x0  1, since we use those nPDFs as an input for the
Dokshitzer–Gribov–Lipatov–Altarelli–Parisi (DGLAP) evolution to higher Q2 > Q2

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

d f ns
j/A(x, Q2)

d logQ2 =
↵s(Q

2)

2⇡

Z 1

x

dx0

x0
Pqq

⇣ x

x0

⌘
f ns
j/A(x

0, Q2),

d

d logQ2

✓
f s
A(x, Q2)

fg/A(x, Q2)

◆
=

↵s(Q
2)

2⇡

Z 1

x

dx0

x0

0

B@
Pqq

⇣ x

x0

⌘
Pqg

⇣ x

x0

⌘

Pqg

⇣ x

x0

⌘
Pgg

⇣ x

x0

⌘

1

CA
✓

f s
A(x0, Q2)

fg/A(x
0, Q2)

◆
, (117)

uncertainty



Leading twist nuclear shadowing model-3    
¥Predicts form of nuclear PDFs at ! 2=3-4 GeV2  " input for DGLAP evolution. 

¥ Magnitude of shadowing is determined by proton diffractive PDFs, ZEUS, 
H1 2006 " naturally predicts large shadowing for gA(x,! 2). 

¥Presents alternative to small-x extrapolation of nPDFs from global QCD fits. 
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Leading twist nuclear shadowing model: b-dep.    

10

¥Model also predicts impact parameter dependent nuclear PDFs gA(x,b,Q2) 
(GPDs in a special limit):

¥Correlations between impact parameter b and x (shadowing is stronger in 
nucleus center) can be experimentally tested:  
- shift of t-dependence of "A " J/ ! A cross section in UPCs                                   - 
oscillations of beam-spin nuclear DVCS asymmetry at EIC and LHeC. 
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Fig. 39. The A dependence of nuclear shadowing. The points (squares for x = 10�4 and open circles for x = 10�3) are the results of our calculations for
fj/A(x,Q 2)/[Afj/N (x,Q 2)] for 12C, 40Ca, 110Pd, and 208Pb; the smooth curves is a two-parameter fit of Eq. (128).

5.5. Impact parameter dependent nuclear PDFs

Predictions of the leading twist theory of nuclear shadowing for nPDFs can be readily generalized to predict the depen-
dence of nuclear PDFs on the impact parameter b. The impact parameter dependent nPDFs, fj/A(x,Q 2, b), can be introduced
by the following relation [75]:

Z
d2Ebfj/A(x,Q 2, b) = fj/A(x,Q 2). (129)

Removing the integration over the impact parameter Eb in our master Eq. (64), one immediately obtains the nuclear PDFs as
functions of x and b:

xfj/A(x,Q 2
0 , b) = A TA(b)xfj/N(x,Q 2

0 ) � 8⇡A(A � 1)Bdiff <e
(1 � i⌘)2

1 + ⌘2

Z 0.1

x
dxP�f D(3)

j (�,Q 2
0 , xP)

⇥

Z
1

�1

dz1
Z

1

z1
dz2 ⇢A(Eb, z1)⇢A(Eb, z2) ei(z1�z2)xPmN e�

A
2 (1�i⌘)�

j
soft(x,Q

2
0 )

R z2
z1 dz0⇢A(Eb,z0), (130)

where TA(b) =
R

1

�1
dz⇢A(Eb, z). Note that the presence of the factor TA(b) in Eq. (130) is required by the condition of Eq. (129).

The impact parameter dependent nPDFs, fj/A(x,Q 2, b), have the meaning of the probability to find parton j at the impact pa-
rameter b at the resolution scale Q 2. In deriving Eq. (130) the finite size of the nucleon was neglected as compared to the
nucleus size.

As wewill discuss in Section 6.2, our impact parameter dependent nuclear PDFs are nothing else but the diagonal nuclear
generalized parton distributions,

fj/A(x,Q 2, b) = Hj
A(x, ⇠ = 0, b,Q 2). (131)

Let us now discuss the spatial image of nuclear shadowing. This can be done by considering the ratio Rj(x, b,Q 2):

Rj(x, b,Q 2) =
fj/A(x,Q 2, b)

A TA(b)fj/N(x,Q 2)
=

Hj
A(x, ⇠ = 0, b,Q 2)

A TA(b)fj/N(x,Q 2)
. (132)

The ratio Rj(x, b,Q 2) of Eq. (132) for 40Ca (upper green surfaces) and 208Pb (lower red surfaces) as a function of x and |Eb| is
presented in Fig. 40. The top panel corresponds to ū quarks; the bottom panel corresponds to gluons. All surfaces correspond
to Q 2 = 4 GeV2 and to model FGS10_H of nuclear shadowing (see the previous discussion). Note that in the absence of
nuclear shadowing, Rj(x, b,Q 2) = 1.

Several features of Fig. 40 deserve a discussion. First, as one can see from Fig. 40, the amount of nuclear shadowing – the
suppression of Rj(x, b,Q 2) compared to unity – increases as one decreases x and b. Second, nuclear shadowing for gluons
is larger than for quarks. Third, nuclear shadowing induces non-trivial correlations between x and b in the nuclear GPD
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FIG. 1. The dσγA→V A(Wγp)/dt cross section for ρ (upper panel)
and J/ψ (lower panel) for 208Pb normalized to its value at t = tmin

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

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

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

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

section, we use the following simple exponential form:261

dσγp→J/ψp(Wγp)
dt

= dσγp→J/ψp(t = 0)
dt

eBJ/ψ t , (12)

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

scribes well the HERA data on the t dependence of the263

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

Ref. [12].265

III. RESULTS AND DISCUSSION266

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

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

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

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

tmin = −m2
NM4

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

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

for Pb-Pb UPCs at
√

sNN = 5.02 TeV. In the upper panel, the273

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

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

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

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

photoproduction. For reference, we also show the normalized 278

nuclear form factor squared obtained by using the nucleon 279

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

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

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

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

see that the normalized momentum-transfer distribution is a 284

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

One can see from the figure that nuclear shadowing 286

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

the positions of the diffractive minima and maxima towards 288

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

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

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

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

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

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

average σ3 cross section, which has a significant uncertainty 295

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

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

corresponds to the scenario with the larger gluon shadowing in 298

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

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

smaller gluon shadowing, the modification of the t distribution 301

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

the corresponding shift is %pt ≈ 6 MeV. 303

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

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

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

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

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

transverse size of these distributions by the equivalent radius 309

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

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

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

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

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

broadening of the nuclear gluon and sea quark distributions 315

caused by nuclear shadowing can also be studied in other 316

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

scattering, where it leads to dramatic oscillations of the 318

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

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

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

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

at
√

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

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

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

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

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

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

contribution partially fills in the first diffractive minimum in 329

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

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

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

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

corresponds to the calculations with the higher leading twist 334

005200-4

¥ Resulting shift = 5-11% broadening  in 
impact parameter space of gluon nPDF, Guzey, 
Strikman, Zhalov, PRC 95 (2017) 025204 

¥ Similar effect is predicted to be caused by 
saturation, Cisek, Schafer, Szczurek, PRC86 (2012) 
014905; Lappi, MŠntysaari, PRC 87 (2013) 032201; Toll, 
Ullrich, PRC87 (2013) 024913; Goncalves, Navarra, 
Spiering, arXiv:1701.04340 
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Ultraperipheral collisions  
¥ Ions can interact at large impact parameters b >> RA+RB  " ultraperipheral 
collisions (UPCs) " strong interaction suppressed " interaction via quasi-
real photons, Fermi (1924), von WeizsŠcker; Williams (1934)

- UPCs correspond to empty detector with only two lepton/pion 
tracks from vector meson decay 

- Nuclear coherence by veto on neutron production by Zero 
Degree Calorimeters (ZDCs) and selection of small pt 

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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g A
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x=10-3

x=0.01

Figure 3: (Left) Predictions for ratio of the gluon distribution in 208Pb to that in the free proton,
gA(x,Q2

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

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

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

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

5

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

Photoproduction 
cross section

= J/!  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:                                        

UPCs@LHC = 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 )]



d! !T !J/"T (W, t = 0)

dt
= C(µ2)

⇥
xGT (x, µ2)

⇤2

x =
M2

J/ 

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

J/ �ee⇡
3↵s(µ

2)/(48↵emµ8)
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Exclusive charmonium photoproduction   
¥ In leading logarithmic approximation (LLA) of pQCD and non-relativistic 
approximation for charmonium wave function (J/! , ! (2S)), Ryskin, Z. Phys. C57 (1993) 89

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

 9 Springer-Verlag 1993 
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Abstract. Cross section of diffractive J / ~  production in 
deep inelastic scattering in the Born and the leading-log 
approximations of perturbative QCD are calculated. 

I Introduction 

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

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

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

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

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

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

Thus, our amplitude is proportional to ~G(Y, ~2) and the 
exclusive diffractive cross sect 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 

2

¥ Beyond LLA and NR approximation for charmonium:  

- kT-factorization, Ryskin, Roberts, Martin, Levin, Z. Phys. C76 (1997) 231; Martin, Nockles, Ryskin, Teubner, PLB 
662 (2008) 252; Jones, Martin, Ryskin, Teubner, JHEP 1311 (2013) 085: gluon and quark kT " additional 
suppression by factor 1/2; some NLO effects using unintegrated g(x,kT) reducing to NLO g(x,! 2) + 
skewness factor to relate GPDs and PDFs " successful LO and NLO pQCD description of HERA and 
LHCb data on charmonium photoproduction 

-kT-factorization , Cisek, Schafer, Szczurek, JHEP 1504 (2014) 159: unintegrated gluon distribution with 
saturation seems to be somewhat preferred by LHCb data on J/!  photoproduction 

- color dipole model framework , Frankfurt, Koepf, Strikman (1998): relativistic effects in charmonium wf 
are very important; gluon virtualities are much higher than in NR case; Goncalves, Machado 2008-present; 
Lappi, MŠntysaari (2013): dipole cross section with/without saturation; large dependence on charmonium 
wf; phenomenological description of HERA and UPC data for proton. For Pb targets, nuclear 
suppression due to shadowing is generally underestimated. 
- Collinear  factorization  at NLO, Ivanov, Schaefer, Szymanowski, Krasnikov (2015); Jones, Martin, Ryskin, 
Teuber (2015): large ~200% NLO corrections and scale dependence
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Coherent charmonium photoproduction on nuclei    

¥ Application to nuclear targets:

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

From HERA and LHCb

�A(tmin) =

Z tmin

�1
dt|FA(t)|2

From nuclear 
form factor

¥ Nuclear suppression factor S (like RpA or RAA)  " direct access to Rg

Nucleus/proton 
gluon ratio Rg

S(W! p) =

!
�! P b!J/ " P b

�IA
! P b!J/ " P b

" 1/ 2

= A/N
GA (x, µ2)

AGN (x, µ2)
= A/N Rg

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

¥ Well-defined impulse approximation (IA):

! IA
! A ! J/ " A (W! p) =

d! ! p! J/ " p(W! p, t = 0)
dt

! A (tmin )

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

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

��A!J/ A(W�p) = 2
A/N

d��p!J/ p(W�p, t = 0)

dt


GA(x, µ2)

AGN (x, µ2)

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

¥ Good agreement with ALICE data on coherent J/!  photoproduction in Pb-Pb 
UPCs@2.76 TeV  " evidence of large gluon shadowing, Rg(x=0.001) # 0.6. 

¥ Also good description using central value of EPS09, EPPS16, large uncertainty. 

¥ Color dipole models generally give too little suppression, Goncalves, Machado (2011); Lappi, 
MŠntysaari, 2013, but proton shape fluctuations help, MŠntysaari, Schenke, PLB 772 (2017) 681

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

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

! 2=3 GeV2

S(W! p) =

!
�! P b!J/ " P b

�IA
! P b!J/ " P b

" 1/ 2

= A/N
GA (x, µ2)

AGN (x, µ2)
= A/N Rg
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!  Small-x nPDFs Ñ especially the gluon nPDFs Ñ are poorly constrained 
constrained by available fixed-target and Runs 1 and 2 pA LHC data. 

!  An alternative is leading twist nuclear shadowing model, which connects 
shadowing and diffraction and predicts large gluon shadowing. 

!  Photoproduction of J/!  in Pb-Pb UPCs at the LHC gives direct evidence of 
large gluon nuclear shadowing Rg(x=0.001, µ2 # 3 GeV2) =0.6. 
   
!  There are several opportunities to extend current theoretical approaches to 
the calculation of charmonium and dijet photoproduction in UPCs@LHC. 

!  Challenge: include UPC data in global QCD fits for nPDFs. 

!  UPCs@LHC = forerunner of measurements of nPDFs at an EIC and LHeC/
FCC-eh, where nPDFs in a wide x-Q2 range will be determined with high 
precision.

Summary


